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ABSTRACT

An Orthotropic Steel Deck (OSD) is suspectable to fatigue and this forms an important design
criterium. In this research the rib-to-crossbeam connection with a cope hole is studied using Finite
Element Methods (FEM). The fatigue assessment is performed with the hot spot stress method making
use of surface stress extrapolation. Two fatigue cracks are investigated: the crack initiating from lower
weld end in the rib, and the crack which appears at the weld toe of the rib-to-crossbeam connection
and propagating in the crossbeam at some distance from the soft toe of the cut-out.

Engineering firms widely use shell elements to model the structure, instead of solid elements. The
modelling and computational time is limited when compared to the solid element. When a
comparison is made between the results from the solid and shell FE models, a scatter in results is often
seen. This thesis studies the difference of shell and solid element modelling in the hot spot stress
calculation of OSDs. Improvement of the shell element modelling is given based on the FE analysis
using various shell element modelling techniques and compared with solid element models which
represent as a reference.

Three different weld modelling techniques are applied to shell FE model: IIW, Eriksson and a
combination of the first two approaches. The weld modelling techniques for the shell FE model are
first applied on a simple single sided fillet welded transverse stiffener connection. In this study both
the deformations and hot spot stress are compared. The conclusions of the single sided fillet welded
connection are used for the full OSD specimen to investigate if similar conclusions are also valid.

A small parametric analysis is performed to investigate the difference in hot spot stress for pure in-
plane and out-of-plane rotation of the crossbeam. In this study the different weld modelling
techniques for the shell FE models are included. Furthermore, the difference between the stress
perpendicular to the weld toe and the principal stress is investigated, since it is concluded that a biaxial
stress state occurs in the crossbeam. In the extensive parametric analysis two different studies are
performed: one based on the influence of the loading positions, the second study is based on different
thicknesses of the parts of the OSD. One axle type C from fatigue load model 4 (FLM4) is considered.
Based on the loading positions study the critical loading positions, i.e. which result in the highest stress
range, are further investigated.

From both the fillet welded transverse stiffener specimen and the full OSD specimen it is concluded
that the shell FE model in which use is made of the combined weld modelling technique, gives the
largest improvement. The ratio between shell and solid FE models of the obtained hot spot stress is
reduced from a factor 1.25 to a factor 1.05 for the lower weld toe crack in the rib. The regular shell FE
model is not suitable for the crack in the crossbeam, since the stresses cannot be captured well from
the structural intersection point.

For the crack in the trough, the mean value of the hot spot stress ratios is equal to 1.04 for both the
old and new OSD variant and the coefficient of variation (CV) is equal to 0.8% and 2.2% respectively.
For the crack in the crossbheam, the mean values are equal to 0.80 and 0.76 for the old and new OSD
variant respectively. The CV is equal to 1.9% and 2.0% for the old and new OSD variant respectively.
Furthermore, the stress gradient and the stress at 40mm from the weld toe show similar results when
compared with the solid FE models. The coefficient of variation for both investigated cracks is low, i.e.
below 5%, thus the ratio between obtained hot spot stress of the shell with combined weld and solid
FE models is consistent.
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1. INTRODUCTION

1.1. Background

Orthotopic steel decks (OSD) are widely used in bridges due to their high load bearing capacity in
combination with low weight and fast erection speed (Wu W. , Kolstein, Veljkovic, Pijpers, &
Vorstenbosch-Krabbe, 2017). An OSD is made out of different parts: main girders, a deck plate,
crossbeams and troughs, also called longitudinal closed stiffeners or ribs, which is shown in Figure 1.1.
These different components are connected by welding. In combination with cyclic loading, due to the
traffic, OSD bridges are susceptible to fatigue damage (Li, Suzuki, Hashimoto, & Sugiura, 2017). In the
last years fatigue cracks are found in multiple bridges which consist of OSD’s (Kolstein, 2007). A fatigue
crack will first initiate and then propagate and based on the location of the crack, a part of the
structure may not be able to resist the loads which can cause failure of the overall structure. The
fatigue life is depending on different aspects: the fatigue detail class, the stress range and the intensity
of the cyclic loading.

(a) (b)

Deck plate

Deck plate Longitudinal stiffeners X
|

VvV VY Vv

Crossbeam

| Longitudinal stiffeners

Main girder — Main girder

Figure 1.1 Overview OSD (Freitas, Kolstein, & Bijlaard, 2011)

In an OSD fatigue cracks can occur at different locations. One location is the rib-to-deck joint, in which
a further distinction can be made between two different locations: at the crossbeam or in-between
the crossbeams. Another location is the longitudinal closed stiffener (trough), and crossbeam joint.
This thesis will focus on the latter joint.

Multiple guidelines and standards are available for the fatigue life analysis, e.g. Det Norske Veritas
(DNV GL, 2016), EN1993-1-9 (EN1993-1-9, 2011), and the International Institute of Welding (Niemi,
Fricke, & Maddox, 2018). Each design code or recommendation is based on a large amount of
experiments for different connections. These different types of connections are assigned to so-called
detail classifications or FAT classes. Each of the classifications comprises of a so-called S-N curve with
which it is possible to calculate the fatigue life. The detail categories are based on standard and simple
connections.

Obtaining the fatigue life of the OSD can be quite challenging because of the complex geometry, for
example a crossbeam with or without cope holes, and complex load transfer of the structure. For
determination of the stresses at the connections of the bridge finite element models are commonly
used. With the use of the FE analysis, it is possible to acquire the required stresses at the joints with a
complex geometry. Different fatigue assessment methods can be used for determining the stresses:
(modified) nominal stress method, hot spot stress method and the effective notch method. The hot
spot stress method and (modified) nominal stress method are included in (EN1993-1-9, 2011) while
for the effective notch recommendations can be found in the IIW recommendations: International
Institute of Welding (Hobbacher, 2014). Each method has his advantages or limitations. Engineering



firms widely use the hot spot stress method, because it is a straightforward and fast method with an
acceptable accuracy. With the hot spot stress method, the stresses are extrapolated at the weld toe.
When finite element modeling is used, the IIW (Niemi, Fricke, & Maddox, 2018) gives
recommendations on how apply this method, while the (EN1993-1-9, 2011) gives no
recommendations at all. The structural hot spot stress is the summation of the membrane stresses
and the bending stresses. The non-linear stress peak due to the notch is excluded in this method.

All mentioned assessment methods have their limitations and care should be taken for which method
to choose. The element type, for instance shell or solid elements, and the corresponding element size
also have an influence on the outcome of the obtained stress range. The accuracy of the outcome is
also depending on how detailed the model is. Normally, a more detailed model gives more local
information of the fatigue strength calculation, at the cost of a considerably higher modelling and
computational time.

1.2. Problem definition

As mentioned in the previous section, OSDs are susceptible to fatigue problems and in the last years
a lot of bridges had difficulties with this phenomenon. To calculate the fatigue life of bridges use is
made of finite element modelling. Engineering firms widely uses shell elements to model the
structure, instead of solid elements. Shell elements are 2D elements and give a good approximation
of the results if the thickness is a fraction of the width and length of the element. With shell elements
the structural elements are modelled based on the middle planes of the elements. The thickness of
the element is given as a property. Solid elements are elements which represents the structure in a
three-dimensional manner. The variation throughout the thickness taken into account with solid
elements. Solid elements give the most accurate approximation of the results, when compared with
experiments, since they are the closest to the real-life situation, but they do have some downsides.
The modelling and computational time for the model will drastically increase when solid elements are
used to model the whole structure. When a comparison is made between the results from the solid
and shell FE models, a scatter in results is often seen.

The results from shell elements can overestimate or underestimate the stresses when compared with
the solid elements. Overestimation of the stresses will result in a shorter fatigue life and thus an
overdesigned structure which will result in a more expensive structure. Underestimation of the
stresses when compared with solid elements can result in unsafe structure which is not desirable. It is
interesting to do further research on the differences in stresses between solid and shell elements
models. At this moment it is not clear if and how the stresses obtained from a shell FE model can be
related to the stresses obtained from a solid FE model in a consistent way.

At the moment TNO and Rijkswaterstaat (RWS) are performing research to update EN1993-1-9
(EN1993-1-9, 2011). An overview of the different detail categories of the OSD with closed and open
stiffeners are given in table 8.8 and 8.9. Those tables will be updated with the next revision of the
Eurocode. The idea is that those updated tables will have modelling requirements for the use of solid
and shell elements. The results of this thesis can be used for the development of those modelling
requirements.

The main aim of this thesis is to carry out research for suitable approaches for the complex connection
of the rib-to-crossbeam connection with a cope hole in an OSD bridge. The main task of this thesis is
to find a consistent method to relate the stress range obtained from the shell FE model, with the hot



spot stress obtained from the solid FE model, by keeping the model as ease of applicability as possible.
This leads to the following research question:

“What is the most consistent method to relate the stress range, obtained with shell FE modelling,
with the hot spot stress range, obtained from solid FE modelling, at the rib-to-crossheam
connection with cope hole?”

The following sub-questions should be investigated and answered first to obtain an answer to this
main research question:

1) What is the influence of different loading positions on the stresses at the hot spot location of
the rib-to-crossbeam connection with a cope hole in the OSD bridge?

2) What is the influence of the geometry, old and new OSD design, on the stress range at the hot
spot locations at the above-mentioned connection?

3) What are the differences in the hot spot stress range (Aayss) between the solid and shell FE
models, based on the different fatigue details for the critical loading positions?

4) With which weld modelling techniques can the differences of the shell and solid FE model be
reduced for obtaining the hot spot stress?

In the end an overview of the most suitable and consistent method will be given. Also,
recommendations about the possible relation of the results from the finite element model based on
shell and solid elements will be given.

1.3.Scope and limitations

The rib-to-crossbeam connection with a cope hole will be the focus of this master thesis. The fatigue
life assessment of the reference models is determined with the hot spot stress method based on
surface stress extrapolation. Both the ‘old’ and ‘new’ OSD geometries, with several configurations, will
be investigated. This means that the dimensions of those structural elements will differ. Several
geometric variants of the old and new OSD will be studied based on commonly used configurations.
The following two fatigue cracks are investigated: longitudinally in the trough starting from the weld
end at the weld toe adjacent to a cope hole and in the crossbeam parallel to the weld toe at some
distance from the soft toe, as can be seen in Figure 1.2.

FB

Figure 1.2 Fatigue cracks from weld toe to trough and crossbeam (Kolstein H. , 2007)

1.4. Methodology
In this master thesis FE modelling will be used to model the available experiments. Different element
types are compared in this research: shell elements and solid elements. The software Abaqus 2019 is
used for the modelling of the structure. First a simple connection, which is investigated by (Lee, et al.,
2010) is validated based on the stresses. This connection consists of two plates, one main and one

3



attachment, which are connected to each other by fillet welds. In this FE model the geometric,
boundary conditions and loading uncertainties are further investigated. This is done to see the effect
on the stresses when one parameter is adapted. After the validation of the simple connection, the
orthotropic steel deck which is currently being tested at the Stevinlab of the Delft University of
Technology, is modelled and validated. The validation is based on the experimental results by (Wu &
Kolstein, 2020). The first model consists of a shell element model. In the second model a small sub-
solid model is made at the location of interest. To keep the uncertainties in the FE model as limited as
possible, the actual geometry of the troughs and welds, and the actual location of the strain gauges,
at the connection with the longitudinal closed stiffener with the crossbeam, is measured. This
validation ensures that the outcome of the different models is reliable. Also the boundary conditions
are closely investigated to limit those uncertainties. The fatigue life assessment of both the simple
connection and OSD is based on the hot spot stress method using surface stress extrapolation.

After determination of the hot spot stress of the above mentioned OSD, a parametric study in which
also finite element modelling is used, is performed. In this parametric study the effect of different
parameters, on the stress range, is analyzed. This analysis is performed for a single sides fillet welded
transverse attachment joint and an OSD specimen. Different weld modelling techniques are
investigated for the shell FE models. The critical loading positions in the OSD specimen are determined
based on a DLOAD subroutine in which one axle type C from FLM4 is moved over the deck plate. Based
on the results from the parametric study, the most accurate and consistent weld modelling technique
for obtaining the hot spot stress range is determined.

1.5. Outline
In chapter 2 the overview of the literature research is given. In this literature research the following
parts are investigated to get a better understanding of the research question and problem: fatigue,
fatigue strength assessment methods, OSD general, performed research on the trough to crossbeam
connection and finite element modelling based on solid and shell elements.

In chapter 3 an overview of the reference finite elements models is given in which a distinction is made
between a simple joint and the full OSD specimen. Both reference models are made with shell and
solid elements. First the validation is done of a relatively simple case, which is a single sided fillet
welded longitudinal stiffener joint, in which the influence of the different parameters on the stress
range will be investigated. After this investigation the more complex case, which is the OSD currently
being tested at the Delft University of Technology is validated.

In chapter 4 the hot spot stress method is used as the fatigue assessment method for the reference
models. The obtained hot spot stresses of both the shell and solid FE model are compared with the
experimental results from the OSD.

In chapter 5 different weld modelling techniques for the shell FE models are investigated based on
single sides fillet welded transverse stiffener connection. Both the hot spot stress and the
deformations of the different weld modelling techniques are compared with the solid FE model.

In chapter 6 the parametric analysis is performed and the results of the two investigated variants are
discussed. In this parametric analysis the critical loading positions for the investigated cracks are
determined based on a DLOAD subroutine. Furthermore, a comparison is made between the
differences in results of the hot spot stress for the solid and shell FE models.



In chapter 7 a summary of the obtained results of all previous chapters is given and the results are
discussed.

The conclusions and recommendations of this research are given in chapter 8.



2. LITERATURE REVIEW

In this chapter an overview of the information retrieved from the literature research is given. The
literature research can be subdivided in different parts: fatigue, S-N curves, general information about
the OSD, fatigue strength assessment methods, recommendations from codes or guidelines and finite
element modelling based on solid or shell elements.

2.1. Fatigue
The classical definition of fatigue is obtained from the ASM handbook (ASM Handbook, Volume 19:
Fatigue and Fracture, 1996): “fatigue 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”.

Fatigue crack growth
The growth of a fatigue crack can be divided in three different stages: crack initiation stage, crack

propagation stage and the last stage which is the final fracture (Smith, 1994). In Figure 2.1 an overview
of those three stages is shown. The crack initiation starts at locations where a large stress range occurs
due to for instance: size and shape of the weld, local weld defects, or geometrical discontinuities. This
stage is the most complex stage in fatigue and a lot of research have been performed. The second
stage is the crack propagation period in which the cracks develops from a microcrack to a macrocrack.
In this stage the microcrack will further grow in a direction which is perpendicular to the tensile stress.
Factors which have an influence on the crack propagation are: material properties, geometry and the
stiffness of the specific detail. The last stage is the final fracture, or rupture, in which the propagation
of the crack weakens the structure to that point that fracture can occur. The total number of cycles to
failure is the number of cycles for the crack initiation, plus the number of cycles for the crack
propagation (Ny = N; + N,,) (Smith, 1994). The number of cycles for crack initiation is relatively high,
for high cycle fatigue, when compared with the number of cycles for crack propagation. When the
stress level is increased the number of cycles for crack propagation will dominate, and the number of
cycles for crack initiation will decrease. The final failure of the specimen can be either ductile or brittle.

Initiation period

S

propagation period

cyclic crack microcrack macrocrack final

failure

Figure 2.1 Different fatigue stages

An orthotropic steel deck is exposed to cyclic traffic load. This cyclic load will cause stress ranges in
the structure. An important aspect is the intensity of this stress range. Highway bridges have more
heavy traffic, like trucks, when compared with local bridges. This will result in relatively large stress
ranges and high load cycles and consequently those two aspects play a major role in constructions
which are sensitive for fatigue. In several OSD bridges in the Netherlands fatigue cracks are found: the
Galecopperbrug and Van Brienenoordbrug (Leendertz, 2008).

Cracks in OSD’s can occur at different locations (Kolstein, 2007):

- Atthe location of the deck plate and trough connection, between or at the crossbeam;

- At the connection of the trough with the crossbeam, without or with cope holes;

- Atthe location of the splice welded joint of the troughs.
The focus of this thesis is on the rib-to-crossbeam connection with a cope hole, thus only the cracks
which can initiate over here are included in this research.



2.2.5-N curves

In a S-N curve, also known as the Wohler curve, a graphical representation of the stress magnitude
and the number of cycles until failure, on a logarithmic scale is shown. On the horizontal axis the
number of cycles until failure (N) is shown, while on the vertical axis the stress magnitude is shown
(Smith, 1994). S-N curves are based on experimental results in which specimens are tested under
repetitive loading conditions. During these experiments the stress range and the number of cycles
until failure are measured. As can be seen from Figure 2.2, the experimental results show a large
scatter in the data. To take this into account a design curve, also named characteristic curve is used.
A 100% survival probability will result in very conservative structures which are not economical
desirable, so a probability of survival of 97.7% or 95% is evaluated statistically based on the mean
curve.

Mean curve

Log S

Log N
Figure 2.2 S-N curve with mean and characteristic curve (Bak, 2015)

Detail categories
Detail categories are based on standardization of commonly used joints. These detail categories

represent the stress range at failure, which occurs when 2 million load cycles are applied. The detail
categories which can be found in EN1993-1-9 (EN1993-1-9, 2011) or the IIW recommendations (Niemi,
Fricke, & Maddox, 2018), are based on the characteristic curve based on experiments. Due to the
detail category it is relatively simple to perform a verification of a standard connection.

A S-N curve for different detail categories is shown in Figure 2.3. Three different points are important
in this figure: 1, the detail category, 2, the CAFL, constant amplitude fatigue limit and 3, the COL, cut-
off limit. The detail category corresponds with the stress range at 2 million load cycles, the constant
amplitude fatigue limit with the stress range at 5 million load cycles and the cut-off limit with the
stress range at 100 million load cycles (Mashiri & Zhao, 2007). When stress ranges with a constant
amplitude are applied which are below the CAFL, the fatigue life will be infinite. When stress ranges
with a non-constant amplitude are applied which is below the COL, the fatigue life will also be infinite.
The slope of the graph between the detail category and the CAFL is equal to m=3 and from the CAFL
to the COL equal to m=5 (Leonetti, Allaix, Maljaars, & Hashemi, 2017). The constant amplitude fatigue
limit, Aop , and the cut-off limit, Aoy, can be calculated with the following equations:

1
2\3
Aop = (E) * Ao¢

1
5

5
Aoy, = (m) * Aop

7



Several different effects, which are not taken into account in the design stress of the fatigue
assessment, are included in the detail categories. These effects are: residual stresses and weld
imperfections due to welding. The stress concentrations due to the weld geometry and detail
geometry are included by the detail category or the design stress. Which stress concentrations are
taken into account is depending on the fatigue assessment method which is used for the calculation
of the stress range.

1000 —

Constant ampliude
- fatigue limit Aoy

3

Cut-off limit Ac_ )
—

Direct stress range Ao [N/mm?]

10 L L ' |
5
1,0E+04 1,0E+05 1.0E+06 2 1,0E+07 1.0E+08 1,0E+09

Number of cycles N

Figure 2.3 S-N curve with different detail categories from Eurocode (EN1993-1-9, 2011)

2.3. Orthotropic Steel Deck (OSD)
An orthotropic steel deck (OSD) is a structure which consists of a deck plate, main girders, closed
stiffeners (troughs) and crossbeams. To make the manufacturing easier, a cope hole can be applied in
the crossbeam. The troughs can be discontinuous, in which they are fitted between the crossbeams,
or continuous in which they are passing through the crossbeam by cut-outs. The longitudinal stiffeners
provide support to the deck plate and can be open or closed stiffeners. This research focusses on
closed stiffeners only.

An overview of an OSD is shown in Figure 2.4 in which: 1: deck plate, 2: welded connection between
trough and deck plate, 3: connection between crossbeam and trough, 4: cope hole in crossbeam and
5: stiffener splice joint.
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Figure 2.4 Overview OSD (EN1993-2, 2011)

2.3.1. Behavior of OSD under loading
When traffic passes the bridge, the deck will deform and due to the deformation of the supporting
main girders, this will result in axial, shear and bending stresses in the primary system. As mentioned
before, the OSD consists of different parts. This means that also the local behavior of the system needs
to be verified. A distinction is made between the local behavior of the troughs and the local behavior
of the crossbeams.

Local behavior deck plate and trough connection
The troughs are connected by the deck plate and a local load can be applied above or between the

stiffeners, see Figure 2.5. As can be seen from the figure, the deck plate will deform both between the
web of the troughs and between the troughs, and the deformation for both load cases will be
different. The local deformation of the deck plate will result in bending stresses at the connection with
the troughs. Another distinction can be made if the deck plate and trough connection is between
crossbeams or at the crossbeam. When the connection of the deck plate and trough is between the
crossbeams, the deformation will be the same as in Figure 2.5. If the connection of the trough and
deck plate is at the location of the crossbeam, another situation will occur. Due to the much larger
stiffness of this connection, which can be schematized as a fixed connection, it will only deform locally
between the webs of the trough. Consequently, this will result in higher local bending stresses when
compared with the connection between the crossbeams (Kolstein, 2007).

Deck plate Wheel load

Trough stiffener
Figure 2.5 Local wheel load deck plate (Kolstein, 2007)

Local behavior crossbheam and trough connection
The trough to crossbeam connection can be seen as a complex connection since two highly stressed

elements are connected with each other. Depending on where the load is applied the behavior of the
orthotropic steel deck will be different. The crossbeams can be schematized as a beam which is
supported at it ends by the main girders. When a load is applied at the location of the crossbeam, the



crossbeam will deform and this results in in-plane rotation, see Figure 2.6a. Another possibility is when
the load is applied between the crossbeams. In this case the stiffener can be schematized as a
continuous beam which is supported by the crossbeams. The connection between the troughs and
crossbeams are welded, so the in-plane deformation of the troughs will result in out-of-plane rotation
of the crossbeam, see Figure 2.6b (Aygul, 2012).

==

Figure 2.6 (a) In-plane rotation crossbeam and (b) out-of-plane rotation crossbeam (EN1993-2, 2011)

2.3.2. Fatigue cracks in trough to crossbeam connection
At the crossbeam to trough connection cracks can occur at different locations. A distinction needs to
be made between discontinuous and continuous troughs. An overview of the detail with a
discontinuous trough, and a continuous trough with a cope hole is shown in Figure 2.7.

COPEHOLE

| STIFFENER FITTED BETWEEN CAOSSEEAMS | | CONTINUOUS STIFFENER |

CROSSBEAM
FILLET WELD

CHOSSEEAM
FILLET WELD BUTT WELD

STIFFENER . STIFFENER STIFFENER

Figure 2.7 Geometries of crossbeam to trough connection (Kolstein, 2007)

In the discontinuous troughs, in which they are fillet welded between crossbeams, three different
fatigue cracks are possible (Kolstein, 2007):

- From the root through the weld throat, see Figure 2.8 left;
- From the weld toe through the crossbeam, Figure 2.8 crack C2;
- From the weld toe through the trough, Figure 2.8 crack C1.

c2

W T
Figure 2.8 Overview cracks with trough fitted between crossbeams (Leendertz, 2008)

10



If continuous troughs are used a further distinction need to be made between crossbeams with and
without cope holes. When no cope hole is applied, the trough will pass the crossbeam through cut-
outs. The connection is fully welded all around the crossbeam and a crack starts most likely at the
weld toe at the location of the trough soffit, see Figure 2.9a. This crack is due to the longitudinal
stresses in the trough and may further propagate into the crossbeam. Those longitudinal stresses are
caused by local wheel loading, which is located above a trough, next to the crossbeam, plus out-of-
plane bending of the crossbeam (Kolstein, 2007). This causes longitudinal bending moments in the
trough. When a crack has initiated in the trough, it may further grow into the crossbeam, because of
out-of-plane bending and shear stresses, which are present in the crossbeam. Also for the cracks which
start at the location of the weld end adjacent to a cope hole, which are shown in Figure 2.9b and Figure
2.9¢, the maximum stress range occurs when a load is applied on the trough web next to the
crossbeam. This statement is also supported by a research performed by (Yokozeki & Miki, 2016), in
which they investigated the critical loading positions for the trough to crossbeam connection with
cope hole.

o~ : N : 4 ‘

(a) (b) (c)
Figure 2.9 Failure modes continuous trough to crossbeam connection (Kolstein, 2007)

If a cope hole is applied three other different cracks are likely to occur in the connection (Kolstein,

2007):

- A crack starting from the weld toe located vertically in the trough;

- A crack starting from the weld end at the weld toe adjacent to a cope hole which propagates;
longitudinally in the trough, Figure 2.9b;

- A crack starting from the same weld ends located in the crossbeam, Figure 2.9c.

It is also possible that a crack occurs at the edge of a cope hole and propagates into the crossbeam
which is shown in Figure 2.9b. All the above mentions crack locations are visible during inspection.
The height and stiffness of the crossbeam will have a significant effect on the stress at the rib-to-
crossbeam connection.

2.3.3. Effect of OSD elements on fatigue resistance

Deck plate

In the past OSD’s were designed based on the static resistance and not designed based on the fatigue
resistance. In new bridges the fatigue resistance is taken into account and the main difference,
between the old and new OSD design bridges is the thickness of the deck plate. In the past the
thickness of the deck plate was 10-12mm, depending if it was a movable or fixed bridge. New bridges
have a deck plate thickness of 18-22mm. Several studies have shown that increasing the deck plate
thickness will improve the fatigue life (Murakoshi, Hirano, & Harada Hideaki) (Nassif & Linzell, 2013).
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In EN1993-2 (EN1993-2, 2011), minimum values for the deck plate thickness can be found which are
depending on the traffic category. For traffic category 1 the deck plate thicknesses are between 18
and 22mm. In general, the plate thickness of the rib is 6-8mm and the thickness of the crossbeam is
10-16mm.

Trough and crossbeam
In a research performed by (Nassif & Linzell, 2013) a parametric study was performed to determine

the influence of the trough and crossbeam thickness on the fatigue life. Several different fatigue
details were investigated: the connection of the rib-to-deck plate joint and rib-to-crossbeam joint with
and without a cope hole. The thickness of the crossbeam, trough and deck plate was varied to
investigate the influence on the stress range. The following conclusions can be drawn based on their
research:

1) Out of the three investigated parts, increasing the thickness of the trough web had the least
effect on the peak stresses at the critical locations;

2) Increasing the thickness of the crossbeam will have a positive effect on the fatigue resistance
at the connection of the crossbeam, trough and deck plate, but limited effects were observed
at the location of the weld toe connection of the trough and crossbeam with cope hole.

2.3.4. Relevant detail categories OSD EN3
Inthe EN1993-1-9 (EN1993-1-9, 2011), several different detail categories are listed for different details
in the OSD. Since the focus of this thesis is on the rib-to-crossbeam connection only the detail
categories of these details will be stated.

For the rib-to-crossbeam connection several detail categories are possible depending on the
configuration of the structural elements. EN1993-1-9 (EN1993-1-9, 2011) proposes a detail category
of 80 for the continuous longitudinal stringer with an additional cut-out in cross girder, when the
thickness of the crossbeam is less or equal than 12mm. When the thickness of the crossbeam is larger
than 12mm, EN1993-1-9 (EN1993-1-9, 2011) gives a detail category of 71. When the critical section in
the web of the crossbeam with cut-outs is considered, the detail category is equal to 71. These detail
categories can be used when assessment is based on the direct stress range (Ac). An overview of the
detail categories from EN1993-1-9 (EN1993-1-9, 2011) can be seen in Figure 2.10.

Detail

Constructional detail Description Requirements
category
1) Continuous longitudinal 1) Assessment based on the direct
80 t<12mm \ I " stringer, with additional cutout stress range Ao in the longitudinal
LS L in cross girder. stringer.
g
t
71 t>12mm @
2) Continuous longitudinal 2) Assessment based on the direct
80 t<12mm ‘-1;‘\ i " stringer, no additional cutout in | stress range Ao in the stringer.
W . cross girder.
) A
71 t=12mm f2jl
6) Critical section in web of 6) Assessment based on stress
cross girder due to cut outs. range in critical section taking
account of Vierendeel effects.
7 (é) NOTE In case the stress range is
determined according to

EN 1993-2, 9.4.2.2(3), detail
category 112 may be used.

Figure 2.10 Detail category for stringer to crossheam connection (EN1993-1-9, 2011)
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The national annex of EN 1993-2 (EN1993-2-NB, 2011) proposes different detail categories when the
fatigue assessment is based on the hot spot stress approach based on a 3D FE model calculation. Detail
category 100 may be used when a crossbeam with cope hole is used. For the connection of the trough
and crossbeam, the detail categories from Figure 2.11 should be used.

4) Non load-carrying fillet 4)

welds. - Weld toe angle =60°.
- See also NOTE 2.
100

5) Bracket ends, ends of 5)
longitudinal stiffeners. - Weld toe angle <60°.

100 - See also NOTE 2.

Figure 2.11 Detail categories hot spot stress approach (EN1993-1-9, 2011)

Detail category 125 may be used when no cope hole is present. There is no distinction made between
the thickness of the crossbeam. In a research performed by (Kolstein, 2007) the same characteristic
detail categories are proposed for the direct stress range approach. Kolstein also investigated the
detail categories for different crack locations in the structural member. An overview of these results
can be seen in Figure 2.12.

cnoss dom] + 3) Continuous trough to 3a) Assessment based on the
80 : t<12m crossheam joint with cope direct stress range Aag in the
| ‘ holes = trough failures trough web at the crossbeam.
| l 3a) Failure of the trough web
71 _l_s‘_mm | t>12mm along the vertical weld tis thickness of crossbeam
3b) Failure of the trough web at | 3b and 3c) Assessment based
the lower end of the weld on the geometric stress range
125 ‘”"“"“’“@j{_ extrapolated to the weld toe in
| | the web of the trough.
i | 3b) The joint is loaded in one
; | direction only.
«lﬂ'f“i — 4» 3¢) See 3b) 3¢) The joint is loaded in two
56 directions.
4) Continuous trough to 4a and 4b) Assessment based
CRosS BEm crossheam joint with cope on the geometric stress range
125 | holes = crossbeam failures at the free edge of the cope
4a) Cracks starting at the free hole.
\ edge of the cope hole 4) The joint is loaded in one
direction only.
80 All typesof | L-—. J 4b) See 4a) ;}:ilc'l;mjsoint is loaded in two
cope holes 4b) Cracks starting at the weld 4b) Assessment based on the
toe in the cope hole geometric stress range inside
Vel the cope hole at the weld toe

Figure 2.12 Detail category for stringer to crossheam connection (Kolstein, 2007)

2.3.5. Performed experiments on trapezoidal stiffeners and crossbeam connection
In the past years a lot of research has been performed on the trough to crossbeam connection. The
different types of loading of these experiments can be divided in three different cases: three-point
bending test, in-plane bending and out-of-plane bending.

Three point bending tests
Most of the time, the three-point bending tests were performed on a single trough and crossbeam.

These tests were performed in the 70’s and 80’s of the last century. An overview of a test set-up and
dimensions which was performed by (Nunn, 1974) is shown in Figure 2.13. The total length of the
trough is equal to 1.37m and the throat thickness is 6mm.
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Figure 2.13 Overview three-point bending test (left), dimensions trough (right) (Nunn, 1974)

In this full scale experiment the trough is fitted between the crossbeam, which corresponds with detail
category 36 in (EN1993-2-NB, 2011). The crossbeam is supported at both ends and the load is applied
directly above the crossbeam by an actuator, and distributed over the full width of the trough by an I-
section. Half of the tested specimens had a gap, 0.5mm, between the crossbeam and trough, while
for the other half there was no gap. During this experiment a sinusoidal load with a frequency of 45
Hertz was applied with a load range of -45kN to 45kN for the batches with no gap and a load range of
-35kN to 35kN for the batches with a gap. The focus of this research was on the edge of the trough
soffit and all cracks occurred at the weld root which propagated through the weld almost parallel to
the crossbeam. The out-of-plane bending of the crossbeam is not taken into account in the test
program. (Hansch & Miiller, 1961) performed an experiment on a backing strip in which both full
penetration butt welds and fillet welds with a throat thickness of 5mm were tested. The results of
both research programs are shown in Figure 2.14 in which it can be seen that the butt welded
connection has a higher fatigue resistance than the fillet weld. The obtained stress range of the
experiment performed by (Nunn, 1974) is the stress range at 14mm measured with strain gauges,
which were placed on the soffit of the trough, 14mm from the crossbeam.

3-POINT BENDING TEST

1000

® A Nunn Fillet Weld

O Haensch Fillet Weld

® Haensch Butt Weld

100

H ——EN 1993 1-9: Cat 36

Stress range (N/mm2)

10
1,E+04 LE+05 1,406 1E+07 1E+08

Number of cycles

Figure 2.14 Results research programs trough fitted between crossbeam (Kolstein, 2007)

In-plane bending
The fatigue resistance of a crossbeam which is loaded by in-plane loading is investigated by (Lehrke,

1990). An overview of a test set-up and geometry is shown in Figure 2.15. The test set-up consists of
six continuous troughs with a total length of 2300mm and the span of the crossbeam is equal to
3900mm. The crossbeam is supported at both ends and is loaded by a concentrated force of 200kN,
which causes shear forces and bending moments. Both the “normal” cope hole, with a radius of
40mm, and “Haibach” cope hole were tested during these experiments. (Lehrke, 1990) concluded
that, for both tested cope hole configurations, the highest stresses are found at the free edge. This is
caused by bending of the crossbeam between the cutouts which causes tension and compression
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stresses which can be seen in Figure 2.16. As can be seen from the figure, the maximum tensile and
compressive stresses at the edge of the cope hole, are almost the same for both cope holes, but also
some differences occur. The maximum stress at the location of the connection where the cope hole is
fillet welded to the trough is lower for the “Haibach” cope hole. Furthermore, the area of the highly

|”

stressed surface is larger for “normal” used cope hole when compared with the “Haibach” cope hole.

3 F
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Figure 2.15 Test set-up in-plane bending crossbeam (Lehrke, 1990)

® meosured at - Zmm
distance fo the edge

lead F= 200 kN

Figure 2.16 Distribution of stresses along cope hole edges, normal cope hole (left), and Haibach cope hole (right) (Lehrke,
1990)

During the experiment cracks occurred at two different locations. The first location is at the edge of
cope hole, which was the case for both the “normal” and “Haibach” cope hole. The second location is
at the end of the weld where the cope hole is welded to the trough. This latter crack only occurred for
the “Haibach” cope hole. In Figure 2.16 it can be seen that the stresses which occur at this location

I”

are lower for the “Haibach” cope hole when compared with the “normal” cope hole. An explanation
for this crack is that at the end of the weld the residual stresses are locally higher, due of the heat-flux
caused by welding. Another observation which indicated residual stresses is the fact that the cracks
which occurred at the free edge, which was in compression, remained open after removing of the
load. Based on the performed experiment it was concluded that the fatigue resistance of the

cope hole.

|II

“Haibach” cope hole when looking at the free edge is 3 to 5 times higher than the “norma

In a research performed by (Zhang, Cui, Bu, Liu, & Ye, 2015) a full scale bridge deck was tested and
modelled in which different loads were applied at the crossbeam on the trough web. Different loading
cases were investigated: loaded above the trough web and loaded between the troughs. The location
of interest was the rib-to-crossbeam connection with cope hole. During the experiment cracks
occurred at the rib-to-crossbeam connection at the bottom of the weld toe. Three different fatigue
assessment methods were investigated: nominal stress-, effective notch- and hot spot stress method.
When the results for nominal stress method were compared with the recommended detail category
71, the results were not consistent with the recommended detail category. The results of the effective
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notch- and hot spot stress method were in agreement with the detail categories from E1993-1
(EN1993-1-9, 2011) or IIW recommendations (Hobbacher, 2009). The hot spot stress range is
calculated based on the linear extrapolation method recommended by IWW (Niemi, Fricke, &
Maddox, 2018) and the results of the research are shown in Figure 2.17.

1000 ]
[ 4 Fatigue stress ranges
B —— FAT90 in EC3/IW
_ L —-— - FATI100 in IW
& USSR I I R R IR FATI112 in EC3
= .
Z TREE
& PR
g 1004 <
-
4
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i
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10 10" 2 10 10°

Loading Cycles
Figure 2.17 Test results based on hot spot stress method (Zhang, Cui, Bu, Liu, & Ye, 2015)

Out-of-plane bending
In a research performed by (Beales, 1990) a full scale orthotropic steel deck specimen which has a

total length of 1500mm was tested. The test consists of a single trough and a fully supported
crossbeam. The force is applied, at the end of the trough, with a hydraulic actuator with a frequency
of 3 to 6 Hertz. A typical test set-up is shown in Figure 2.18.

%
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s,';// v &

% -

Figure Z.Ié Tst set-up in-plane bending crossbeam (Beales, 1990)
In different experiments performed by (Kolstein & Leendertz, 1989) and (Kolstein, 1997), which has a
similar loading and type of specimen as shown in Figure 2.18, the continuous trough and crossbeam
connection was investigated with out-of-plane loading. Trapezoidal troughs were used during the
experiment. A distinction can be made between a crossbeam with and without a cope hole in which
the “normal” cope hole, with a radius of 40mm and “Haibach” cope hole were used, which is shown
in Figure 2.19. The total height of the trough is 325mm, the bottom width is 105mm and the thickness

is equal to 6mm.
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Type T: Normal cope hole Type R: Haia cope hole

Figure 2.19 Tested joints between crossbeam and continuous troughs (Kolstein H. , 2007)

Depending on the type of configuration: continuous trough, with or without cope hole, the following
cracks occurred during the experiment (Kolstein & Leendertz, 1989), (Kolstein, 1997):

- Atthe end of the weld in the trough web;

- At the end of the weld in the crossbeam;

- At the edge of the trough soffit, at the weld toe;
- Atthe free edge of the cope hole.

In section 2.3.2, Figure 2.9, a graphical representation of those cracks are shown. For the trapezoidal
stiffener which is welded all around, cracks occurred at the edge of the trough soffit, at the weld toe,
see Figure 2.19 type S, the results are shown in Figure 2.20a. In this subfigure the longitudinal stresses
are shown, which are based on the strain gauges which were placed 15mm away from the weld toe.
For the troughs including a crossbeam with cope hole, see Figure 2.19 type T and R, the cracks occurred
at two different locations: at the end of the weld in the trough web and at the free edge of the cope
hole. The stress range which is shown in Figure 2.20b is obtained by placing strain gauges in
perpendicular direction to the crack growth. It can be concluded that the fatigue strength of the
“normal” cope hole is slightly lower when compared with the “Haibach” cope hole, based on the
measured longitudinal stress in the trough web, which can be seen in Figure 2.20b. The results of the
experiment in which the cracks occurred at the free edge of the cope hole are shown in Figure 2.20c.
The obtained stress range is measured at the free edge of the cope hole, and a large scatter in results
can be seen, in which the fatigue strength of both cope hole shapes is more or less similar.

TRAPEZOIDAL TROUGH welded all round TROUGH WEB LOWER END WELD (Kolstein, 1939)
Kolstein (1990) 2 N ] ol
1000 1000 ormal cope hole
T ;
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£5 I TE 1y
£2 i o £z & =——EN 1993 1-0: Cat. 56
gg SNy e EN 1993 1-9: Cat. 80 -z.:g ‘.‘: N (Long attachment)
2 Eq0 LT LI S £ 100 nk:d — — EN 1993 1-9: Cat. 80
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Figure 2.20 Overview results performed experiment by (Kolstein & Leendertz, 1989)
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Palmgren-Miner rule
The Palmgren-Miner rule is a cumulative damage model in which the total damage (D) of load cases

with different amplitudes can be calculated. This damage is defined with the following formula:

D—zni—n1+n2+n3+ <1.0
LN, Ny N; N T

In which n; is the number of cycles with the specified stress range (Si) and N, is the amount of load
cycles to failure, for the detail category, at the specified stress range (Si) (Zhao, Wilkinson, & Hancock,
2005). If the calculated fatigue damage for the detail is larger than one, it is expected that failure will
occur.

2.4. Fatigue strength assessment methods

There are different fatigue strength assessment methods to determine the stress range which can be
used for the estimation of the fatigue life: (modified) nominal stress method, effective notch method
and hot spot stress method (Hobbacher, 2014). The hot spot stress method and (modified) nominal
stress method are described in EN1993-1-9 (EN1993-1-9, 2011). Generally, when a simple detail
calculation needs to be performed, the nominal stress method is used. For details with a more complex
geometry, it is recommended to use the hot spot stress method. Another fatigue strength assessment
method which it not included in EN1993-1-9 (EN1993-1-9, 2011), but is included in the International
Institute of Welding recommendations (Hobbacher, 2014) is the effective notch method. An overview
of the nominal stress, notch stress and hot spot stress is shown in Figure 2.21.

Notch stress (non-linear stress peak)

Hot spot siress

Structural Nominal
stress region | stress region

1

Figure 2.21 Different stresses for fatigue assessment methods (Aygiil, 2012)

2.4.1. (modified) Nominal stress method

With the nominal stress method, only the nominal stresses are used for the determination of the
fatigue life. This method does not take the weld imperfections and geometry of the weld into account,
those stress concentrating effects should be considered in the corresponding detail category. In the
cases that a stress concentration needs to be considered, a modification factor, ks, can be applied. This
method is also called modified nominal stress method. The stress concentration factor takes into
account the stress concentrating effects like geometric discontinuities, misalignments or
eccentricities. By multiplying the nominal stress with the stress concentration factor, ks, the modified
nominal stress is determined.

2.4.2. Hot spot stress method
The hot spot stress method is applied to study the stress states at the hot spot positions where cracks
may initiate. The hot spot stress method is based on the stress range at the hot spot location in the
vicinity of the weld. An overview of the stresses is shown in Figure 2.22. A distinction can be made
between three types of stresses: the membrane stress (0,,), the bending stresses (g;,) and the
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nonlinear peak stress (0y,;,). A nonlinear stress concentration due to the notch effect of the weld is
present at the weld toe (Niemi, Fricke, & Maddox, 2018). The membrane stresses are constant
throughout the thickness and can be seen as the average stress in the member without taking
geometrical discontinuities and the weld geometry into account. The bending stresses are linear
through the thickness. The non-linear stress peak, which results from the weld geometry, is depending
on the weld form, the weld toe geometry and the size of the weld (Akhlaghi, 2009). With the hot spot
stress method this latter part, the nonlinear peak stress, is not taken into account.

MNaotch stress @, = Oy + O nlps

Figure 2.22 Hot spot stress: summation of membrane stress and bending stress (Niemi, Fricke, & Maddox, 2018)

|,.+ﬁ

The hot spot stress method is a method in which stresses at the weld toe are extrapolated. This
method is only appropriate when cracks initiate from the weld toe. If the crack initiates from the weld
root and propagates in the weld throat, the hot spot stress method is not applicable. With the hot
spot stress method geometric discontinuities are taken into account. The local weld geometry is not
considered with this method, but the weld geometry is considered in the S-N curve. The hot spot
stresses can be obtained based on codes and recommendations, like EN1993 (EN1993-1-9, 2011) and
IIW (Niemi, Fricke, & Maddox, 2018), or when FE modelling is performed by extrapolating the stress
from specific reference points.

When the finite element analysis is used for the calculation of the stresses, those stresses will be
influenced by the notch effect, the welds local geometry. This notch effect, which occurs at the weld
toe, will result in very high stresses due to a singularity that will occur at that location. In reality this
singularity is not present at the weld toe. To disregard this very high peak stress, extrapolation at
specific points at a distance from the notch is used to calculate the hot spot stress. The notch effect
will “disappear” at approximately 0.3-0.4 times the plate thickness. An overview of the notch stress
and hot spot stress can be seen in Figure 2.23. The nominal stress is the stress which is not affected
by the weld- and global geometry.

Surface
stress

Notch stressio »—p
H _Stress Increase due fo the weld’s
\4" local geomelry (nofch effect)

Hol spol siressiq—oi
S Stress increase due to

‘\ /f globai geomsiry
e Nominal
: e _/siress o

Distance from the weld foe

/F
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\_ Expecled crack location af
the weld toe (hot spot)

Figure 2.23 Overview hot spot stress and notch stress (Niemi, Fricke, & Maddox, 2018)
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Types of hot spot
A distinction can be made between two different types of hot spots: type a and type b. Those two

types are shown in Figure 2.24. With a type a hot spot the weld toe is located on the plate surface,
while with a type b hot spot the weld toe is located on the plate edge. For a type a hot spot the
reference points, and thus the stress distribution which approaches the weld toe, are depending on
the thickness of the plate. For type b hot spot reference points are not depending on the thickness of
the plate (Niemi, Fricke, & Maddox, 2018). This is because for a type b hot spot the thickness of the
plate is not a relevant parameter for the reference point and thus reference points with a fixed value
are proposed.

Figure 2.24 Type a and type b hot spot (Hobbacher, 2014)

Hot spot stress extrapolation methods
There are different types of methods to determine the hot spot stress range. One method is by

extrapolation of the stress on the plate surface while the second method is by extrapolation of the
stress through the thickness of the plate.

HSS extrapolation based on experimental results
In an experimental set-up the hot spot stress can be determined using strain gauges which are placed

at specific locations. When the structural stress is calculated based on the strain gauges, the linear
extrapolation is sufficient to obtain the stress. With linear extrapolation the strain should be
extrapolated at 0.4t and 1.0t the thickness of the plate and the hot spot strain can be calculated with
the following formula:

ghs = 1.6780.4t - 0.6751.01:

During experimental set-ups often multi-strip strain gauges are placed in which their locations does
not exactly match with the extrapolation point which are mentioned above. In such cases sufficient
strain gauges should be placed to calculate the strain at the specific locations based of interpolation.
The structural stress can be calculated from the structural strain with the following formula in uniaxial
stress state, in which E is the Young’s modulus:

Ops = Eps * E

HSS extrapolation based on finite element modelling
As mentioned previously, to calculate the hot spot stress extrapolation points are needed. The [IW

(Niemi, Fricke, & Maddox, 2018) gives recommendations about those extrapolation points depending
of the mesh size, coarse or fine, and the type of hot spot, a or b. In Figure 2.25 those recommendations
are shown. To obtain the hot spot stress when a coarse mesh is applied, linear extrapolation is used.
When a fine mesh is applied, both the quadratic or linear extrapolation can be used depending on the
hot spot type, a or b.
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Relatively fine mesh Relatively coarse mesh
(as shown or finer) (fixed element sizes)
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Figure 2.25 Structural stress evaluation guideline for surface stress extrapolation (Niemi, Fricke, & Maddox, 2018)

A further distinction can be made based on the element types used: solid or shell elements. The IIW
recommendation (Niemi, Fricke, & Maddox, 2018) also gives a guideline for the different type of
elements. Based on the mesh size and element type the table shown below gives reference points for
the location of the extrapolation points.

Table 2-1 Guideline on stress evaluation and meshing (Niemi, Fricke, & Maddox, 2018)

Types of model and weld toe: Relatively coarse models Relatively fine models
Type a Type b Type a Type b
Element Length = Width Shells: =t fand fowow 10 mm = 10 mm “ihde o and “4 mm « 4 mm
2" 0dr x wi2*
Solids: <t randrx w 10 mm = 10 mm = {hdr ¢ and =4 mm = 4 mm
(Lebr w0 w2*
Extrapol, Points Shells: L5671 51 (mid-side 5 mm{15 mm {mid-side (A1 (nodal points) 4 mm'S mmd 12 mm (nodal
pis. " points points
Solids: (L501 5¢ (surface 5 mm/15 mm {surface (LA 1L (nodal points) 4 mm's mmd 12 mm (nodal
centre) centre) points)

" = attachment width (attachment thickness 42 weld leg lengths), see also 4.4

Paurface centre at transverse welds, if the weld below the plate 15 not modellad, see Fig. 4.4¢, d
The IIW recommendations (Niemi, Fricke, & Maddox, 2018) recommends using elements with a higher
order when a coarse mesh is applied, since the read out values are at mid points of the elements. In
the case of a relatively fine meshed model, 0.4t and 1.0t are used as the extrapolation points. With
relatively fine meshed models it is also possible to obtain the stresses through quadratic extrapolation.
Quadratic extrapolation is advised for thick-walled structures, when the applied force has a sharp
change in direction, or when, due to structural discontinuity, a large nonlinear stress increase, at the
location of the hot spot is expected (Niemi, Fricke, & Maddox, 2018).

As mentioned before, when a relatively fine mesh is used the extrapolation points are at 0.4t and 1.0t.
The hot spot stress value can then be calculated, based on the values of the extrapolation points, with
the following formula:

O-hS = 1'670-0.4t - 0'670-1.0t

From Table 2-1 it can be concluded that the hot spot stress method using surface stress extrapolation
is depending on the: element type (solid or shell), element size (relatively coarse or fine) and the type
of hot spot (type a or b). In a study performed by (Al-Emrani & Aygiil, 2014) the same conclusion is
stated.
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2.4.2.1.  Other structural stress determination approaches
One-point hot spot stress method
Another extrapolation technique is proposed by (Fricke, 2002) and is called the one-point hot spot

stress method. With this method the hot spot stress at a specific location, 0.5t, is directly read out
from this point. The results from the experiments, performed by Fricke, look promising and the scatter
in test results was smaller when compared with the other extrapolation methods. However, to match
the experimental results, the hot spot stress based on the reference point of the one-point-
determination need to be multiplied with a factor 1.12. The stress at the reference point, 0.5t, can be
directly read out from the FE model when quadratic elements, with an element size of t x t, are used.

T, 5 x 1,12 = Hot-spot stress

Figure 2.26 Determination one-point hot spot stress (Al-Emrani & Aygiil, 2014)

Sub surface (one-millimeter) stress method (Xiao and Yamada)
The one-millimeter stress method is proposed by (Xiao & Yamada, 2004), and is a method in which

the determination of the structural stress is done 1 mm below the surface of the weld toe. The
advantage of this method is that it is relatively easy and gives a better representation of the thickness
and size effect. The results from this research are in agreement with the linear surface extrapolation
method. For this method, since the reference point is 1mm below the surface, the thickness of the
elements is of importance. As a result, this approach is only applicable to solid elements and cannot
be used for shell elements. A graphical representation of this method is shown in Figure 2.27. A
limitation of this method is that it is not suitable for a combination of normal and bending stresses, it
is only applicable if solely normal stresses are present. The bending stresses will result in a linear stress
distribution over the thickness while normal stresses have a constant distribution. Due to this
limitation this method cannot be used.

Weld

PN

o' B

Figure 2.27 1mm stress method (Xiao & Yamada, 2004)

Structural stress method proposed by Dong
Another structural stress method is proposed by (Dong, 2001). To obtain the though thickness linear

stress distribution a special procedure needs to be used. Different procedures exist for solid and shell
element modelling. For solid elements this method requires two different planes which need to be
defined: one at the location of the weld toe, and another at some distance (8) from plane A-A: plane
B-B. This plane B-B is chosen because of the stress singularity which might occur at the location of the
weld toe. A graphical representation of this principle can be seen in Figure 2.28. As aforementioned,
the structural stress is a combination of bending stress and membrane stress. Based on equilibrium
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conditions in the stress resultants between both planes, the linear part of the structural stress can be
derived. The bending (03,) and membrane( g;,,) component must satisfy the equations shown below
in which the first equation is for plane A-A while the latter one is for plane B-B.

t t
t? t2

am*7+ob*Zzf”x(y)*y*dﬁ&*frxy(y)*dy

0 0
t

1
Om = ?fo-x()’) * dy

<

f
M L X

Figure 2.28 Through thickness procedure plane A-A and B-B

The hot spot stress can be directly evaluated at the location of the hot spot, which is along the weld
toe, when shell elements are used. This is because the elements already assume the stress distribution
to be linear. It is further preferred to use the element nodal forces for the calculation of the line
moments and line forces. The membrane and bending stresses can be calculated from these line forces
and moments. This procedure will result in a higher accuracy when compared with the procedure
based on element stresses.

2.4.3. Effective notch method

In the effective notch method both the geometry of the joint and the geometry of the weld are taken
into account. At the location of the weld toe and root in the FE model stress singularities may occur.
To omit those stress singularities a notch is applied at those locations. As stated before, in EN3 the
effective notch method is not included, but recommendations can be found in the NIIW
recommendations (Hobbacher, 2014). This method can be used for cracks which occur both at the
weld toe and at the weld root. At the location of the weld toe or weld root, a fictitious rounding, a
notch with a radius of 1mm, is applied, see Figure 2.29. For the fatigue strength assessment only one
S-N curve is needed.

Radius = 1 mm

Figure 2.29 Effective notch radius (Hobbacher, 2014)
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2.4.4. Comparison of fatigue strength assessment methods
Several researchers performed experiments in combination with finite element modelling to
investigate the accuracy of the fatigue strength assessment methods. In a study performed by (Beld,
2019) the connection of the rib-to-deck joint at the location of the crossbeam was investigated in
which the specific detail was modelled with both solid and shell elements. Specific attention was given
to the crack which initiate and propagates at the weld root. The experimental results of two rib-to-
deck joints were compared with the results from FE modelling. In this research the nominal stress
method, effective notch method and the hot spot stress method were compared. The nominal stress
method gave the lowest fatigue life of all three fatigue life assessment methods. A reason for this is
that the nominal stress method is most simple assessment method and the least factors, like the weld
geometry and weld discontinuity, are taken into account with this method. The effective notch
method resulted in only 10% of the fatigue life when compared with the fatigue life obtained with the
hot spot stress method. When the results from the finite element model are compared with the
corresponding detail category, 125, all models show a slight conservative result when compared with
the experimental results. The results of the hot spot stress method are shown in Figure 2.30 in which
the results are plotted with the recommended S-N diagram. The hot stress fatigue assessment method
gave the highest fatigue life when all three assessment methods are compared, and furthermore still
gave conservative results when compared with the experimental results.

1000 -
] M Experiment Wu et al.
] ——125 Mpa (Mean-2sd)
1 180 Mpa (Mean)
. \‘ - ‘o . Shell - "fine’ mesh (Mean-2sd)
= 1 " # Shell - fine’ mesh (Mean)
@
&
S &  Shell - "coarse’ mesh (Mean-2sd)
ﬁ 100 4 4 5hell - "coarse” mesh (Mean)
7 ] Shell- 1 point hs (Mean-25d)
[=]
% Shell - 1 point hs (Mean)
5
= + Solid (Mean-2sd)
+ Solid (Mean)
Hand calculation (Mean-2sd)
= Hand calculation (Mean)
1.0E+05 1.0E+06 1.0E+07

Figure 2.30 Comparison hot spot stress method and cycles to failure (Beld, 2019)

In another research, performed by (Aygiil, Al-Emrani, & Urushadze, 2012), also the nominal stress
method, effective notch method and hot spot stress method were compared. This research focused
on the open stiffener and crossbeam with cut-outs connection. A constant loading with a magnitude
of 200kN to 400kN was applied during the experiments and the boundary conditions chosen in such a
way to simulate a simply supported beam. The nominal stress method only gives good results when
the normal stress and shear stress distribution are considered correctly, otherwise it would result in
non-conservative results when compared with the relevant detail category in EN3.

The hot spot stress which was obtained from finite elements models showed good agreement with
the results from the static test. For obtaining the hot spot stress quadratic surface stress extrapolation
was used. FE models consisting of only solid elements were used for the effective notch method, while
for the hot spot stress method, both a shell and solid FE model was made. The fatigue life estimation
based on the effective notch method showed conservative results when compared with the
representative detail category 225. A detail category of 300 was proposed in this research for the
effective notch method. The calculated fatigue life based on the effective notch method was 50%
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lower when compared with the hot spot stress method. An overview of the fatigue assessment
methods with the recommended design S-N curves is shown in Figure 2.31.
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Figure 2.31 S-N curves for different fatigue assessment methods (Aygiil, Al-Emrani, & Urushadze, 2012)

2.5. Fatigue load models (FLM)

According to EN1991-2 (EN1991-2, 2011) there are five different types of fatigue load models which
can be used for bridges. EN1991-2 (EN1991-2, 2011) gives recommendations when to use which
fatigue load model. For the determination of the unlimited fatigue life with constant amplitude loading
fatigue load model 1 and 2 need to be applied. These two load models are not relevant and thus are
disregarded in this report. When a safe life of the bridge needs to be designed fatigue load models 3,
4 and 5 need to be applied. Fatigue load model 3 is based on a single vehicle model with a maximum
and minimum stress with a constant stress range. Fatigue load model 4 is based 5 different types of
standard lorries. This means that different types of lorries are used in this model which will result in a
stress range spectrum. The last fatigue load model is FLM 5 in which data from real life measurements
are used for the loading. This fatigue load model is not taken into account. A guideline made by
Rijkswaterstaat (RWS) (Ministerie van Infrastructuur en Milieu, 2017) prescribes to make use of FLM4
at all time. Furthermore EN1991-2 (EN1991-2, 2011) states that FLM 4 gives more accurate results
when compared with FLM3 based on the assumption that it can be neglected that more than one
vehicle is present on the bridge. Based on the above mentioned points fatigue load model 4 is used
for this thesis.

Fatigue load model 4 (FLM 4)
In fatigue load model 4, a distinction is made between 5 different types of trucks. Those 5 different

types have to be considered separately. In Table 2-2 an overview of the different types of commonly
used trucks are shown.
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Table 2-2 Overview different types of trucks for fatigue load model 4a (EN1991-2, 2011) and (Beld, 2019)

Type Traffic type
Wheel
Axle spacing Axle load l‘_’"g Medium Local type
distance distance traffic
m kN % ° % ° % °

45 70 20,0 50,0 80,0 A
130 B

4.20 70 5,0 5,0 50 A
1,30 120 B
120 B

3,20 70 40,0 20,0 50 A
5,20 150 B
1,30 90 c
1,30 a0 C

a0 Cc

3,40 70 250 15,0 50 A
6,00 140 B
1,80 90 C

a0 c

4,80 70 10,0 10,0 50 A
3,60 130 B
4,40 90 c
1,30 80 C

80 c

3 percentage of lorries

As can be seen from the table, for each truck type several different specifications are mentioned: the
wheel type, traffic type, axle load and the distance between the axles. These specifications can be
used for the different types of loading in the finite element models.

Axle types
A distinction can be made between the different axle types: A, B and C. An overview of these axle

types is shown in Figure 2.32 in which axle type A corresponds with subfigure (a), axle type B with
subfigure (b) and axle type C with subfigure (c). Axle type A is the single wheel with shape
220mm*320mm. The type B is the double wheel with shape 220mm*320mm, and the type Cis single
wheel with shape 270mm*320mm.

. 2,00 m | . 2,00 m | " 2,00 m |
| | l ’ [ |
X 54 X p, ¢
mm
320]: 320
mm
| 320 320
E l E aaoID D:[azo1 ]:D.D:[m mm IB D:[m
= = I m
220 220 220 230
mm mm mm mm
& ® ©

Figure 2.32 Definitions of different axle types (EN1991-2, 2011)

Traffic categories
In the design of bridges, the volume of the traffic can be classified into different categories based on

the function and the position of the bridge. In (EN1991-2, 2011), there are 4 different categories: low
flow rates (local and main roads), medium flow rates and high flow rates. An overview of these traffic
categories is obtained from (EN 1991-2 NB, 2011) and is shown in the Table 2-3. In which N is the
indicative number of heavy vehicles expected per year per slow lane which should be used to calculate
the total fatigue damage.
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Table 2-3 Traffic categories (EN1991-2, 2011)

Traffic categories Nohs per year and per slow lane

1 Roads and motorways with 2 or more 2.0 10°

lanes per direction with high flow rates

of lorries
2 Roads and motorways with medium 0.5 10°

flow rates of lorries
3 Main roads with low flow rates of 0,125 = 10°

lorries
4 Local roads with low flow rates of 0,05 = 10°

lorries

Statistical distribution of transverse wheels
The position of the transverse wheels is an important aspect in the fatigue life when an orthotropic

steel deck bridge is taken into account (EN1991-2, 2011). A statistical distribution of the transverse
wheel position must be taken into account with respect to the center life of the vehicle. This statistical
distribution of the wheel is shown in Figure 2.33. There are in total 5*0.1m parts in the model. Half of
the traffic volume is in the centerline of the vehicle, 18% locates within 0.1m from the center parts,
and 7% is at the outer side.

S0%

5=x ﬂ,i m
Figure 2.33 Statistical distribution of transverse location of center line of vehicle (EN1991-2, 2011)

2.6. Finite element analysis

2.6.1. Introduction

Finite element analyses are performed to obtain an approximation of a physical phenomenon. These
so-called physical phenomena are solved by the finite element program using partial differential
equations. Solving these differential equations is needed in order to compute desired quantities like
strains, stresses or displacements. For this thesis the finite element software “Abaqus 2019” is used
to perform the finite element analysis. The orthotropic steel deck is modelled with a 3D model with
different element types to perform the analysis. The different element types which are used in these
models are solid and shell elements. As mentioned in section 2.4.2, it is extremely important to take
into account the different types of elements and element sizes to obtain reasonable results for the
hot spot stress using surface extrapolation. In this section shell and solid elements will be investigated
and differences will be stated.

2.6.2. Shell elements
Shell elements are 2D elements and give an accurate approximation of the results if the thickness is
substantially smaller than the width and length of the element. When modelling a structure with shell
elements, the mid-planes of this structure are modelled. The thickness of the element is given as a
property. Usually, when shell elements are used, the welds are not modelled, but in some cases, it can
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be important to do so. For instance between two discontinuities, where high local bending occurs, the
welds can be modelled with different modelling techniques: rigid links, increased thickness or oblique
shell elements (Hobbacher, 2014).

Rigid links

With rigid links the rigidity of the weld is modelled by linking the two adjacent shell elements to each
other with rigid links. This method is proposed by (Fayard, Bignonnet, & Dang, 1996). Those rigid links
are defined by nodes which are along the full length of the weld. It is important to choose the length
of two adjacent shell elements, E1 and E2, as accurately as possible, since this represents the rigidity
of the weld. The hot spot stress can be directly read from the center of gravity, and thus no need for
any extrapolation technique is required.

E1=Element 1
E2=Element 2 T"T
Attached plate L
Y ) E2's centre of gravity
Upper weld toe
L
Main plate o § Inclined rigld lInk
— u
- Lower weld toe
w
| . )
Y e e o - . o o o o
i - )
\ !
E1  E2 \ E2's centre of gravity y

Figure 2.34 Shell modelling weld making use of rigid links (Aygiil, 2612)

Increased thickness
Another method to model the weld with shell elements is by using the increased thickness. (Niemi E.

, 1995) proposed this method to locally increase the thickness at the location of the weld. The principle
of the increased thickness weld modelling is shown in Figure 2.35. The thickness is locally increased
by the plate thickness plus the throat thickness of the weld. The length of the locally increased
thickness is equal to half the plate thickness, due to midplane modelling, plus the weld leg length.
When a cruciform joint is considered, (Eriksson, Lignell, Olsson, & Spennare, 2003) suggested to use
two rows of shell elements in which the local thickness is increased, for both plates.

I—-—--I i

Element with Increased Shell I'E; with
thickness (T,) thickness T = £,
Shell FE with increased — A

thickness T =t; + g «

Element with Increased
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ty ( ' I

|| ) 2

! )l
{ |

Element with Increased

thickness (T, - ’

Shell FE with increased
thickness =t + ¢

Element with Increased
thlckness (1))

Figure 2.35 Shell modelling weld making use of increased thickness (Aygiil, 2012), left, and (Echer & Marczak, 2017),
right

IIW approach (local increased thickness and weld tip included)

Another weld modelling technique can be found in the IIW recommendations regarding the hot spot
stress approach (Niemi, Fricke, & Maddox, 2018). A graphical representation of this method is shown
in Figure 2.36. With this method the weld ends are modelled and furthermore the thickness is locally
increased, which is a similar procedure as with the increased thickness method proposed by (Eriksson,
Lignell, Olsson, & Spennare, 2003). An element with increased thickness, which is equal to the
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thickness of the plate plus the weld leg length, is applied at the location of the weld. The height of the
increased thickness region is equal to half the plate thickness plus the weld leg length.

Plate thickness increased by /

Thickness t

I = weld leg length

Figure 2.36 Weld modelling technique reinforced plate strips with inclined ends (Hobbacher A. , 2009)

Oblique shell elements
The weld modelling making use of oblique shell elements is proposed by (Niemi E. , 1995). With this

method both the stiffness and the geometry of the weld can be modelled in an accurate way. The
main plate should be connected with the attached plate at the common node which is shown in Figure
2.37. The thickness of the oblique shell elements is equal to the throat thickness of the weld.

1 second order { i HHH

I e element slze

obllgue Shell
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Figure 2.37 Shell modelling weld making use of oblique shell elements (Niemi E. , 1995) and (Aygiil, 2012)

Without the modelling of the weld, the plate stiffness is underestimated between two adjacent
discontinuities. With shell elements, a distinction can be made between different geometrical shapes:
triangular or rectangular. The elements which have a triangular shape are beneficial when the
geometry is curved or irregular. At the nodes of an element the degrees of freedom are defined. Linear
triangular elements and linear rectangular elements have 3 and 4 nodes, respectively. Elements with
a rectangular shape have more nodes and thus more degrees of freedom when compared with
elements with a triangular shape. In general this will result in results which have a more accurate
approximation.

Besides to the linear elements, higher order elements can also be used. The quadratic elements have
additional nodes: 6 for the triangular and 8 for the rectangular elements. When using the quadratic
elements the computational time will increase, but also higher accuracy is achieved. Prior to the finite
element modelling it should be determined if the higher order elements are required for the analysis.
A graphical representation of a shell element model is shown in Figure 2.38. When shell elements are
used for analyzing the hot spot stresses, the hot spot is at the location where the different plates
intersect, i.e. the structural intersection point. Shell elements have 5 degrees of freedom per node
which are three translational and two rotational.
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Figure 2.38 Shell element model without the weld modelled (Hobbacher A., 2009)

Limitations shell element modelling hot spot stress
There are two different situations in which the hot spot stress cannot be captured well with shell

elements. One situation is a cruciform joint or welded transverse stiffener connection, where a
transverse stiffener is welded to the main plate, is loaded in tension. In this case no stress flow in the
transverse stiffener will occur in the shell element in which the transverse stiffener is only represented
by a line. As a consequence, the obtained hot spot stress range is equal to the nominal stress range.
Another situation occurs in the case of simple butt-welded joints, also loaded in tension. In this case
no stress concentration will occur and the obtained hot spot stress range is equal to the nominal stress
range. When the S-N curve for the hot spot stress range is used in those situations, non-conservative
results are obtained. In those cases it is recommended to use the nominal stress method (DNV GL,
2016).

2.6.3. Solid elements

Solid elements are elements which give a 3D representation of the structure. Solid elements give the
most accurate approximation of the results since they are closest to the real life situation. With solid
elements a distinction can be made between two different geometrical elements: 4-noded
tetrahedral, or 8-noded hexahedral elements. These elements are similar as the shell elements, but in
the case of solid elements they are a three dimensional representations. Also higher order elements
are possible with solid elements. A graphical representation of a solid element model is shown in
Figure 2.39. With a solid FE model the geometry of the weld can be modelled and this will result in
more precise results when compared with a FE model which consists of shell elements. The degrees
of freedom (DOF) per node in the solid elements is equal to three translational DOF’s. Solid elements
take the variation throughout the thickness of the element into account.

Figure 2.39 Solid element model with weld modelled (Hobbacher A., 2009)
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2.6.4. Differences between shell and solid elements
When the solid and shell elements are compared, different results can be expected. The mid-surface
of the structure is modelled with shell elements, and the thickness of the element is given as a
property. An approximation is that the results will not be influenced by the thickness. This
approximation may, in some cases, give inadequate results. Solid element takes the variation
throughout the thickness into account and will this give more precise results.

Solid elements require more modelling and computational time when compared with shell elements,
but the results are closer to reality. Depending on the required accuracy of the results one could
choose which element type is most suitable for the analysis. Another difference is that the weld can
be fully modelled with solid elements, while with shell elements only and approximation based on the
stiffness can be done.

When the bending behavior of the shell and solid elements are compared another difference can be
found. In a research performed by (Osawa, et al., 2011) the accuracy of the hot spot stress based on
a shell model and solid model is compared for a specific connection. When a connection is made
between a flange plate and web plate with only shell elements the different parts are only supported
by a line. If the same connection is made with solid elements, the flange plate is supported over the
plate thickness. This principle is represented in Figure 2.40. The transverse bending of the flange plate
is close to zero over the thickness of the web plate in the case of solid elements. This is not the case
for shell elements since the web plate is modelled as a line and thus will have a different influence on
the longitudinal stresses. Consequently, the curvature of the shell element model is larger than the
solid element model.

Fine solid elements Flange shell elements
on the flange-web adjacent to the
intersection :
intersection “lange plate
(Trans. bending Flangs piate
curvature is negligible) s
Flange plate
/£ r -
P /
/
X g / 3 :
| Web plate
Web plate Web shell element

Figure 2.40 Comparison curvature solid (left) and shell element (right) (Osawa, et al., 2011)

2.7. Performed research on different modelling techniques (shell and solid)
In several researches both solid and shell elements were used for the finite element modelling. In this
subchapter the most important conclusions and remarks are summarized to get an idea which
differences to expect between FE modelling with both elements.

In a research performed by (Aygil, Al-Emrani, & Urushadze, 2012) the differences in modelling
techniques for a connection which consists of an open stiffener to crossbeam connection with a cope
hole were investigated. An overview of the investigated detail is shown in Figure 2.41.
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Figure 2.41 Overview investigated test specimen (Aygiil, Al-Emrani, & Urushadze, 2012)

The research focused on the modelling of the detail with solid and shell elements. Several different
techniques of modelling the shell model were investigated: no weld modelled, weld end modelled
with same thickness as the crossbeam, see Figure 2.42(a), weld modelled by using oblique elements,
see Figure 2.42(b), weld modelled by increasing the thickness in the region of the weld, see Figure
2.42(c) and weld modelling with oblique rigid links, see Figure 2.42(d).
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Figure 2.42 Different modelling techniques weld modelling shell elements (Aygiil, Al-Emrani, & Urushadze, 2012)

Two different hot spot locations were investigated: HS1, which is at the bottom cope hole, and HS2,
which is at the top cope hole. The hot spot stress method is used for the fatigue life assessment.
Furthermore, the differences in the linear and quadratic surface stress extrapolation, in which the
recommendations from IIW were followed were investigated. Also, a non-extrapolation method
where the stress at 0.5t was extracted was used. The results of this research for both hot spot locations
are shown in Figure 2.43, in which the ratio of the adapted shell model and the solid model is
calculated and a large scatter in results is observed. When making use of quadratic extrapolation the
scatter in results is reduced. It can be concluded that the ratio between the solid and shell hot spot
stresses is depending on how the detail is modelled. When a regular shell FE model, in which the weld
is not modelled, is used, the scatter in results is the largest and overconservative. For the shell model
without weld modelling the structural intersection point, which is the shared node of the crossbeam
and stiffener at the location of interest, is taken as the extraction point. When modelling techniques
for the welds are used for the shell FE model, the ratio between the differences is smaller. Care should
be taken, because for some modelling techniques the shell model will underestimate the stresses
which result is non-conservative results.
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Figure 2.43 Results FEM models for hot spot locations (Aygiil, Al-Emrani, & Urushadze, 2012)

In a recent research performed by (Beld, 2019), the focus was on the connection of the rib-to-deck
joint at the location of the crossbeam of an OSD. Special attention was given to the weld root failure.
This specific detail was modelled with both shell and solid elements. Quadratic elements were used
for the shell model, while for the solid FE model both types of elements: linear and quadratic, were
used. The weld was modelled in the solid FE model, while for the shell FE models the weld was
disregarded. First a mesh sensitivity study was performed to investigate for which element size the
results are not depending on the element size anymore. It was concluded that an element size of 4mm
for the shell model, and an element size of 2mm for the solid model, gave a stable element size, in
with quadratic elements were used. In Figure 2.44 the strain range versus distance from weld root is
shown, and some differences in results are observed. The difference in results for quadratic and linear
solid element models is approximately 10% and the trendline of the graph is a bit different. When the
results from the quadratic solid element model, are compared with the results from the quadratic
shell element model, with an element size of 4mm, the shell model is overestimating the strains at
the location close to the weld root. After 20mm the results for both the shell and solid elements are
still approximately 10% different. Furthermore, the shell model with an element size of 4mm matches
the experimental results within 10%, except at the first location which is at 4mm from the weld root.
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Figure 2.44 Comparison of results shell and solid models (Beld, 2019)

In a research performed by (Liu, Huang, Gao, & Li, 2011), the comparison between the differences of
shell and solid elements is made for four different specimens. In Figure 2.45 an overview of these
specimens is given. Specimen 1 consists of a plate of which a gusset is welded with fillet welds, for
specimen 2 a hopper corner is used, specimen 3 consists of a welded connection between transverse
and longitudinal frames and specimen 4 is welded T-joint.
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Figure 2.45 Overview investigated specimens (Liu, Huang, Gao, & Li, 2011)

Both quadratic solid and shell elements were used for the comparison and an overview of the results
can be seen in Table 2-4. Linear surface extrapolation is used for obtaining the hot spot stresses at the
weld toe. For the shell models the structural intersection point is used as reference point. Specimen 1
is loaded with a uniform tension load of 0.67MPa, which results in a nominal stress equal to 1.0MPa.
Specimen 2 is loaded with a vertical force of 244N, which results in a nominal stress range at the weld
toe which is equal to 1.0MPa. Specimen 3 is loaded with a uniform tension load which is equal to
368.84kN. For specimen 4 two different load cases were examined: load case one in which an axial
force of 10kN is applied in the brace, and load case two in which a shear force of 50kN is applied to
the brace, to simulate in-plane bending of the brace.

As can be seen the difference in hot spot stress results of the shell and the solid models for both
specimen 1 and 2 are quite small. This is because the stresses of specimen 1 and 2 are mainly
membrane- and bending stresses which can be described accurately with shell elements. For specimen
3 the difference is results is 35% which is caused by the eccentric connection and the torsional stiffness
which are not well captured by the shell elements. This is because the shell element does not have
any stiffness in the rotational degree of freedom, which is normal to the element, also called the
drilling rotation, in the local axis system. When elements which are non-planar, not on the same line,
join at a node, a very small stiffness, in the drilling rotation, may occur due to the transformation from
local to global axis system when the element size is sufficiently small. This small torsional rotational
stiffness may cause problems in the evaluation of the stiffness matrix and thus may give erroneous
results. This problem can be solved by applying a torsional spring with a small fictitious stiffness in the
normal rotation direction (Krishnamoorthy, 1994). For both load cases of specimen 4 a large difference
in hot spot stresses for the solid and shell model is obtained, i.e. 31 and 26%. Even though the T-joint
connection seems rather simple, at the intersection of the joint a complex stress distribution occurs
which cannot be accurately described with the shell elements.

Table 2-4 Comparison of results shell and solid models for hot spot stress approach (Liu, Huang, Gao, & Li, 2011)
Hot spot stress Shell-Solid

FE models (MPa) ~eoid x100%
Specimen 1 :gilcli iiéz -6.35%

Specimen 2 :21611(11 ;f;i 3.12%

Specimen 3 :21611.:11 i;:g:i 35.41%

Specimen 4 22;1(11 ifggg 31.05%

_ Shell | 30.840
S 4 _ 26.25%
pecimen Solid | 24428 °
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3. VALIDATION OF FEM MODELS

In this chapter, Finite Element models are created using solid and shell elements to study the effect
of these to different modelling techniques on the hot spot stress calculation by the surface
extrapolation approach. First a single sided fillet welded longitudinal attachment joint is investigated
to analyze the hot spot stress under tension and bending moment. Afterwards, FE models based on
the OSD test specimen which is currently being tested in Stevinlab Il laboratory of Delft University of
Technology is built and validated with measured results. A comparison between shell element and
solid elements is also given.

3.1. Validation: single sided fillet welded longitudinal attachment connection

To see the differences in results for the FE models based on solid and shell elements a simple and
straightforward connection is investigated. This simple connection consists of a main plate and gusset
plate which are welded all around by fillet welds. In this study both tension and bending load will be
applied. Since this study is based on the differences between the solid and shell elements, and the
influence of the different parameters, tension and bending is applied to obtain the ratio between the
different elements. The validation of the model is based on tension loading and when the results are
in good compliance with the experimental results, the model will be adapted to a bending load.

3.1.1. Description of the model
In a research performed by (Sledziewski, 2018) the fatigue life assessment of a longitudinal non-load
carrying attachment is carried out and the results for different specimens are given. An overview of
the tested specimen is shown in Figure 3.1. The tested specimens are subjected to uniform tension.

3.1.1.1. Dimensions and geometry
The connection consists of two plates, one main and one attachment, which are connected by fillet
welding. An overview of the geometry and dimensions can be seen in Figure 3.1. The steel plates both
have a thickness of 16mm, and the longitudinal attachment has a height of 50mm and a length of
60mm. The total length of the main steel plate is 300mm and the throat thickness of the welds is 5mm.
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Figure 3.1 Overview dimensions tested specimen (Sledziewski, 2018)

3.1.1.2.  Boundary conditions

Since the tested specimen is symmetrical over plane A-A, which can be seen in Figure 3.1(a), only half
of the specimen is modelled. An overview of the boundary conditions for both the tension and bending
loading is shown in Figure 3.3. At the symmetry plane the translation in X-direction is constrained. To
prevent kinematic movement the translational degrees of freedom in Y- and Z-direction are
constrained at one location in the finite element model. For the shell model, also the rotational
degrees of freedom are constraint in the symmetry plane. The boundary conditions are shown in
Figure 3.3.
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3.1.1.3.  Material properties and loading
Steel with a Young’s modulus of 210.000 MPa and a poison ratio of 0.3 is used. During the experiment
loads with a magnitude of 144 to 260kN were applied on the specimen. Since it is a linear elastic
calculation, the validation is done based on one load case which is equal to 144kN.

3.1.1.4.  Elements used and mesh size

Shell

For the shell elements use is made of 4-noded, S4(R), and 8-noded elements, S8R, which uses linear
and quadratic interpolation. Different element sizes will be investigated: 0.5mm, 1mm, 2mm, 4mm,
and 8mm. Both plates are modelled making use of mid-surface modelling, see dashed lines in Figure
3.1b. This means that the height of the stiffener plate is equal to 50mm + 0.5*t, =58mm. The mesh
sensitivity analysis is performed based on the difference in hot spot stress range between the different
element sizes. If the difference, of the hot spot stress range, between one mesh refinement is smaller

than 1%, it is concluded that convergence occurred.

Solid

The solid elements which are used for the FE model consists of 8-noded and 20-noded elements in
which interpolation is done linearly and quadratically: C3D8(R), and C3D20(R). For both the linear and
guadratic elements, also the element type in which full integration is used, C3D8 and C3D20, is
investigated, to see the differences between the two elements. As with the shell model, also for the
solid model a mesh sensitivity study is performed. The investigated elements sizes are: 1Imm, 2mm,
4mm and 8mm. Furthermore, a seam is applied to model the gap between the gusset plate and the
main plate.

In Table 3-1 an overview of the integration points for each element type is shown. With the reduced
integration elements less integration points are used to solve the integral when compared with the
full integration elements. More integration points will result in a higher accuracy of the results, but it
will also increase the computational time. In Figure 3.2 an overview of a linear shell element is shown
in which a distinction is made between full (54) and reduced (S4R) integration.

Table 3-1 Overview integration points investigated elements

Element type Integration points
C3D8 2x2x2

C3D8R 1x1x1

C3D20 3x3x3

C3D20R 2x2x2

S4 2x2

S4R 1x1

S8R 2x2

Full integration

Reduced integration
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Figure 3.2 Overview integration points linear shell element full and reduced integration (SIMULIA, 2011)




3.1.2. Overview solid and shell FE models
An overview of both the shell and the solid model for tension loading is shown in Figure 3.3 and an
overview for the bending loading is shown in Figure 3.4. The uniform tension load is applied on the
edge of the main plate. The uniform bending load is applied by constraining the edge of the plate to
the reference point and applying the bending load to this reference point.

Figure 3.4 Overview FE models bending solid (left) and shell (right)

3.1.3. Analysis of element type and element size for shell and solid FE models
An element size sensitivity study is carried out for both load cases to obtain results which are not
depending on the element size anymore. Furthermore, four different types of elements are
investigated for the solid FE model. Linear and quadratic elements with full integration (C3D8 and
C3D20), and linear and quadratic with reduced integration (C3D8R and C3D20R). An overview of the
applied mesh for both the shell and solid model is shown in Figure 3.5 in which an element size of
2mm is used. In Figure 3.6 an overview of the mesh around the weld is shown.

Figure 3.5 Overview FE model mesh solid (left) and shell (right)
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Figure 3.6 Local mesh around weld solid model

The results of the mesh refinement study, including graphs and tables, for both the solid and shell FE
models, loaded in tension, can be found in Annex Al. In Figure 3.7 the result of the element sensitivity
for different type of solid elements types is shown.
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Figure 3.7 Overview result solid 2mm quadratic (C3D20R) and 1mm linear (C3D8R) loaded in tension

In this section only the conclusions of the study are stated. With the mesh refinement study the ratio
of the obtained hot spot stress and nominal stress is calculated.

The quadratic solid element, C3D20(R), converges with an element size of 2mm, in which the
difference between the reduced integration and full integration is small, i.e. less than 1%. For the
linear solid element, C3D8(R) convergence occurs for an 1Imm element size.

The quadratic shell element, S8R, converges with an element size of 1mm, and for the linear elements,
S4(R), convergence occurs at an element size of 0.5mm. If the 2mm quadratic solid elements,
C3D20(R), are compared with the 1mm linear solid elements, C3D8(R), the results also almost the
same. The scatter is results between the four investigated element types, for the solid elements, is
the largest for the larger element size. If a sufficiently small element size is chosen, the results of the
elements with and without reduced integration are almost the same. This same observation is valid
for the shell elements.

Since the computational time without reduced integration will increase significantly, the elements
with reduced integration can be used if the mesh size is sufficiently small, which is in this case equal
or smaller than 2mm for quadratic solid elements, and 1mm for quadratic shell elements. With the
element size which is not larger than 1 mm, first order element and second order elements show close
results in both solid and shell type elements. The sensitivity of the element size and element type is
not high for the studied cases.
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3.1.4. Validation of solid element model loaded in tension and shell results comparison
For the validation of the built finite element model consisting of solid elements use is made of the
results which can be found in (Sledziewski, 2018). Different load ranges were used on different
specimens, and for the validation the results of the FE model are compared with the results of the
stresses which occurred at a tension loading of 144kN. The obtained hot spot stress range from the
experiment, making use of linear surface extrapolation, is 118.4MPa.

In Figure 3.8 the results from the solid FE model are shown in which quadratic elements with an
element size of 2mm are used. The weld toe is taken as the origin for the horizontal axis. The nominal
stress range is equal to 100.3MPa and the hot spot stress range is obtained using linear extrapolation.
The stress range at 0.4t, which is 6.4mm, is equal to 113.7MPa and the stress range at 1.0t, which is
16mm, is equal to 105.4MPa. This results in a hot spot stress which is equal to 119.4MPa. The results
for the hot spot stress obtained from the FE model and experiment are very close to each other, the
difference is smaller than 1% and thus it can be concluded that the solid FE model is reliable. The ratio
between the obtained hot spot stress and nominal stress is equal to 1.18 in the experiment. Linear
surface extrapolation is used for obtaining the hot spot stresses at the weld toe. In Figure 3.8 an
overview of the stress range versus weld toe distance is shown.
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Figure 3.8 Stress range obtained from solid FE model under tension load:144kN

3.1.5. Investigation of influence of different parameters on stresses
To investigate the behavior of both the solid and shell elements a parametric analysis is performed in
which the geometry is changed. To make the graphical representation more clear, the ratio between
the hot spot stress and nominal stress, versus the weld toe distance will be shown, which can be found
in Annex Al. Furthermore, an 1MPa pressure will be applied for the tension load case. The influence
of different parameters on the stress range will be investigated and the different parameters are:

- Weld shape;

- Weld throat thickness;

- Main plate thickness;

- Stiffener plate thickness.

The first two points can only be taken into account by the solid model since for the shell model the
weld is not modelled. The other two points are relevant for both the shell and solid model. In Table
3-2 an overview of the investigated sensitivity parameters and the variation cases are shown.

Table 3-2 Overview sensitivity analysis parameters

Sensitivity parameters Variation cases

Weld shape Round and sharp corners (solid)
Throat thickness [mm] 4,5 and 6 (solid)

Main plate thickness [mm)] 12, 16 and 20 (solid and shell)
Stiffener plate thickness [mm] | 12, 16 and 20 (solid and shell)
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Weld modelling with shell FE model
To investigate if the differences between the different elements can be reduced, the weld is modelled

in the shell FE model with a method which can be found in the IIW recommendations regarding the
hot spot stress approach (Niemi, Fricke, & Maddox, 2018), see section 2.6.2. The results of this
approach should be closer to the results from the solid elements, since the weld is modelled, but it
still is approximation of reality. A further advantage of modelling the weld end in the shell model is
that the weld toe can be taken as the origin, instead of the structural intersection point. Thus, both
the adapted shell model and the solid model have the same starting point for the read out of the strain
range and this will make the comparison more straightforward. An overview of the weld modelling
approach is shown in Figure 3.9. The thickness of the stiffener plate is locally increased by the weld
leg length. This will result in a total thickness of 16+7.07=23.07mm for the reference model.

Figure 3.9 Overview shell FE model with weld included

3.1.5.1. Loaded in tension
The results of the performed sensitivity study are shown in Table 3-3 for both the solid elements and
shell elements. The reference case is when both plate thicknesses are equal to 16mm. For the solid FE
model C3D20R elements are used, and for the shell FE model S8R, elements are used. The
corresponding graphs can be found in Annex Al. In Table 3-4 the differences of the parametric analysis
are shown as an percentage.

Table 3-3 Overview results sensitivity analysis solid and shell element model loaded in tension

Sensitivity Variation cases | Calculated ratio —55 solid | Calculated ratio 255 shell OHSS shell | THSS_shell weld
parameters nom Inom OHss_solid O HsS solid
Weld shape Round corners 1.192 - - -

Sharp corners 1.185 - - -
Throat 4dmm 1.199 - - -
thickness 5mm 1.190 - - -

6mm 1.185 - - -
Main plate | 12mm 1.227 1.340 1.09 1.16
thickness 16mm 1.190 1.219 1.02 1.09

20mm 1.160 1.152 0.99 1.04
Stiffener plate | 12mm 1.201 1.177 0.98 1.04
thickness 16mm 1.190 1.219 1.02 1.10

20mm 1.180 1.256 1.06 1.12
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Table 3-4 Overview difference in percentage solid and shell models

Sensitivity parameters | Variation | Difference ratio :HJ Difference ratio :"J Difference ratio :"SS shell
cases | oolid [%] " | shell [%] " withweld [%]
Main plate thickness 12mm +3.5 +9.9 +9.7
16mm - - -
20mm -2.5 -5.5 -6.7
Stiffener plate thickness | 12mm +0.9 -3.4 -2.8
16mm - - -
20mm -0.8 +3.0 +2.4

For the reference case, in which both plate thicknesses are 16mm, the hot spot stress obtained from
the shell FE model is higher when compared with the solid FE model, but this is not the case for all
variation cases. Increasing main plate thickness to 20mm and decreasing the stiffener plate thickness
to 12mm will result in a higher hot spot stress for the solid FE model, when compared with the shell
FE model. The obtained ratios are equal to 0.98 and 0.99 respectively. As can be seen from Table 3-4,
the behavior of the solid and shell FE models is similar in terms of signs, both models will increase or
decrease at the same time when the thickness of the main plate is adapted. When the main plate
thickness is increased or decreased, the ratio of the hot spot stress will increase and decrease,
respectively, for both the solid and shell FE model. The ratio between the obtained hot spot stress of
the shell and solid FE models will also differ if the thickness is increased or decreased, which can be
seen in Table 3-3.

When the thickness of the stiffener plate is adapted, the behavior between the shell and solid element
models is different. When the thickness of the stiffener plate is decreased from 16mm to 12mm, this
results in an increase in hot spot stress for the solid FE model, while it decreases for the shell model.
The opposite is observed when thickness of the stiffener plate is increased from 16mm to 20mm. The
ratio between the obtained hot spot stress of the solid and shell FE models will also change if the
thickness of the stiffener plate is adapted.

As can be seen from Table 3-3, the behavior of the adapted shell FE models is not becoming any closer
to the solid FE model. The ratio between the solid and shell with weld FE models becomes larger when
the weld modelling technique is applied. For this tension load, the shell element models with weld
modelled by a local thicker plate don’t show an improvement compared with shell without weld
modelled.

3.1.5.2.  Loaded in bending
For the specimen loaded in bending, an uniform bending moment is applied at the edge of the main
plate. To obtain a nominal stress which is equal to 1MPa, a load which is equal to 3840Nmm is applied.
As with the tension loading, also for this loading type an element sensitivity study is performed in
which the results are shown in Annex Al.

The difference between linear, C3D8(R) and quadratic, C3D20(R) solid elements, with a coarse mesh
size, i.e. 8mm, is large, the difference is 40%. When the element size is decreased also the differences
in results between the quadratic and linear elements will decrease. Another observation is that the
difference between the quadratic elements with full integration and reduced integration is only a few
percent, and when the element size is smaller than 2mm the differences are neglectable. Even for an
element size of 1mm the difference between the linear solid elements with full and reduced
integration is 2.5%. For the shell elements the difference between the linear elements with reduced
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and full integration is smaller when compared with the solids. With an element size equals 8mm the
difference is only 8% and for an element size of 2mm the difference is less than 1%. A quadratic solid
element converges with an element size of 2mm, in which the difference between the reduced
integration and full integration is less than 1%. This is a similar observation as for the tension loading.
For the linear solid element convergence occurs for an Imm element size, since the difference with
the smaller element size is smaller than 1%. For the shell element model the quadratic elements will
converge with an element size of 1mm, and for the linear elements convergence occurs at an element
size of 0.5mm.

The results of the performed sensitivity study are shown in the Table 3-5 for both the shell and solid
elements. The corresponding graphs can be found in Annex Al.

Table 3-5 Overview results sensitivity analysis solid elements loaded in bending

Sensitivity Variation Calculated ratio 255 solid | Calculated ratio 2255 shell | JHSS_shell | OHSS shell weld
parameters cases Tnom Inom OHSS _solid OHSS solid
Weld shape Round corners | 1.262 - - -
Sharp corners | 1.257 - - -
Throat thickness | 4mm 1.269 - - -
5mm 1.262 - - -
6mm 1.253 - - -
Main plate | 12mm 1.310 1.219 0.93 0.95
thickness 16mm 1.262 1.102 0.87 0.91
20mm 1.210 1.050 0.87 0.89
Stiffener  plate | 12mm 1.275 1.083 0.85 0.88
thickness 16mm 1.262 1.102 0.87 0.90
20mm 1.242 1.113 0.90 0.93
Table 3-6 Overview difference in percentage solid and shell models
Sensitivity parameters | Variation | Difference ratio :"J Difference ratio :”J Difference ratio :"SS shell
cases solid [%] | shell [%] | withweld [%]
Main plate thickness 12mm +3.8 +10.6 +8.5
16mm - - -
20mm -4.1 -4.8 -5.7
Stiffener plate thickness | 12mm +1.1 -1.7 -1.2
16mm - - -
20mm -1.6 +1.0 +0.9

Conclusions
Similar observations as with the tension loading are also observed for the bending loading. As can be

seen from Table 3-6, the behavior of the solid and shell element models is similar in terms of signs,
the hot spot stress of both models will increase or decrease at the same time when the thickness of
the main plate is adapted. If the thickness of the stiffener plate is adapted the behavior of the solid
and shell FE models is opposite. The ratio between the obtained hot spot stress of the solid and shell
FE models will also differ if the thickness is increased or decreased, which can be seen in Table 3-5.
For all investigated variation cases the shell FE model is underestimating the hot spot stress when
compared with the solid FE model. This underestimation is due the fact that the weld is not modelled
with the shell FE model, and thus the bending stiffness of this model is smaller when compared with
the solid FE model. This will result in lower stresses and thus a lower hot spot stress.
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In Table 3-5 it can be seen that the shell FE models with the weld modelled show a small improvement

in the ratio M' but this improvement is very limited since it is only 2 a 3%. The behavior of
HSS solid

the adapted shell FE model is still closer to the original shell FE model, than the solid FE model. As with
the tension loading, the difference in percentage, which is shown Table 3-6, is still similar to the shell
model. The behavior when the stiffener plate thickness is adapted did not change. When looking at
the results of the weld modelling technique for the shell FE models, it can be concluded that the
improvement for the bending load is very limited, while for the tension load results no improvement
is found.

3.1.6. Shell modelling using top/bottom-surface approach

Usually shell structures are modelled making use of mid-surface modelling. Another possibility is to
model the structure making use of shell offset by using the top-surface or bottom-surface approach.
In this approach the reference surface is shifted from the mid-surface which can be seen in Figure
3.10, in which Figure 3.10b represents the bottom-surface offset, while Figure 3.10c represents the
top-surface offset. With this first approach the geometry of the shell model is closer to the solid model,
since the overlap due to mid-surface modelling is eliminated. However, it is not clear what the
difference in stress distribution will be for both modelling techniques. Hence, a comparison between
the models using center line shell elements and shifted shell elements is given in this sub-section. The
shell element degrees of freedom are associated to the reference surface and kinematic quantities
and calculated from this location. Shifting the reference surface thus influences the results and it is
investigated how much it will differ in results based on the investigated welded transverse stiffener
specimen. An overview of both modelling approaches for the investigated detail can be seen in Figure
3.11, in which the shell render thickness option is used.
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Figure 3.10 Offset shell elements positive (top) and negative (bottom) approach

Figure 3.11 Modelling approaches shell elements, left mid-surface, right bottom-surface
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Applying the bottom-surface offset approach will cause an eccentricity for the tension loading, since
the uniform loading is applied at the nodes which are shifted from the mid-surface. Due to this
eccentricity secondary stresses occur which will influence the results, both for the nominal stress
range and the hot spot stress range. A similar observation was found by (Klarholm, 2016) in which the
FE software Nastran was used for offset modelling of a C-bar, which is used in airplanes. The calculated
hot spot stress for the reference model, making use of mid-surface modelling is 1.22, while this value
is equal to 6.00 for the bottom-surface approach. The results of the tension loading are shown in
Figure 3.12. It can be concluded that the bottom-surface approach is not suitable if the specimen is
loaded in tension, it will cause huge secondary stresses due to the eccentric which occurs with this
type of modelling. For the bending load a similar observation can be seen, but the influence is much

less.

The results of the bending loading type are shown in Figure 3.13. The calculated hot spot stress for
the reference model, making use of mid-surface modelling is 1.102 while this value is equal to 1.491
for the bottom-surface approach. As can be seen from the graph, the bottom-surface offset modelling
approach will only influence the results in the first 15mm, the nominal stress for both approaches is
the same. The stress concentration at the structural intersection point for the bottom-surface
approach is twice the value of the stress concentration due to the mid-surface modelling. This can be
explained by looking at the amount of material which is at the structural intersection point. For the
bottom-surface approach, it is on the edge of the main plate and stiffener plate, while for the mid-
surface modelling it is the main plate plus a part of the stiffener plate, since it is mid-surface modelled.
The latter method will result in more material at the structural intersection point, and thus in a lower
stress. Also for the bending load, the bottom-surface approach will influence the results, and thus it
this approach is also not suitable to use. All the outputs regarding the displacements can be found in
Annex A2.

120
100
B0

6.0
Midsurface medeling

Stress [MPa]

4.0
Top/bottom modeling

20

0.0
0 5 10 15 20 25 30

Distance from structural intersection point [mm]

Figure 3.12 Stress range obtained from shell FE model with different modelling approaches loaded in tension
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3.2. Validation: OSD in Stevinlab I

3.2.1. Description of the model
A full scale OSD which is tested at the Delft University of Technology forms the bases for the different
FE models. All data regarding the geometry and location of strain gauges is obtained from (Wu &
Kolstein, 2020). Furthermore, some real life measurements are performed for obtaining the exact
geometry of weld at location of the trough and cope hole, and exact locations of the strain gauges.

3.2.1.1.  Dimensions and geometry
The OSD consists of three crossbeams, eight continuous troughs (closed stiffeners) and a deck plate.
For the troughs a distinction can be made between troughs which cross the crossbeam with and
without cope holes, which can be seen in Figure 3.14b. Half of the troughs, four, includes a cope hole
with a specific shape: “Haibach” cope hole. The other four troughs pass the crossbeam through cut-
outs and are welded all around the crossbeam. The deck plate of the OSD has a total length of
9375mm, a width of 5100mm and a thickness of 20mm. The center to center distance between the
crossbeams is 3000mm. An overview of the dimensions of the deck plate can be seen in Figure 3.14a.
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Figure 3.14 (a) Top view of dimensions deck plate (b) distinction crossheam with and without cope hole (Wu & Kolstein,
2020)

The total height of the crossbeam, including the bottom flange and the deck plate is 1000mm. The
web of the crossbeam has a thickness of 16mm, and the thickness of the bottom flange is 12mm. The
troughs have a center to center distance of 600mm and the bottom flange has a width of 200mm. The
dimensions of the crossbeam are shown in Figure 3.15. Troughs which are labeled with number 1,3,5
and 7 are automatic welded to the deck plate while troughs which are labeled with number 2,4,6 and
8 are manually welded.
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Figure 3.15 Dimensions crossbeam (Wu & Kolstein, 2020)

Note: the detailed values are measured in the lab and the model is built following the detailed
information.
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The troughs have a height of 350mm, and the thickness is equal to 6mm. The distance between the
webs of the troughs is 140mm at the bottom, and 300mm at the top of the trough. As stated before,
half of the troughs includes a cope hole in the crossbeam. An overview of the dimensions of the trough
with a “Haibach” cope hole are shown in Figure 3.15. The troughs and crossbeam are connected
through fillet welding.

3.2.1.2.  Boundary conditions
During the performed experiments the crossbeam is fully supported over the whole length by an “1”-
shape beam. This is taken into account in the finite element model by constraining the translational
degree of freedom, in Y-direction, of the bottom flange. To prevent kinematic movement the
translational degrees of freedom in X- and Z-direction are constraint at one position of the bottom

flange, which is shown in Figure 3.18.

3.2.1.3.  Material properties
Steel with a Young’s modulus of 210.000 MPa and a poison ratio of 0.3 is used. An elastic calculation
is performed, so only those two material properties are needed. The elastic calculation is sufficient
since fatigue occurs at a stress range which is lower than the Yield strength of the material (Lee, et al.,
2010).

3.2.1.4. load
A static load is applied at two different locations at the same time, which is used for the validation of
the model. The load range has a magnitude of 2 times 100kN and is distributed over an area of 270 x
320mm. This will result in a distributed load with a magnitude of 1.16N/mm?2. The load is applied on
the right web of trough 5 with an offset of 600mm from crossbeam |. The load positions are shown in
Figure 3.16.
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Figure 3.16 Location of static load, subfigure a: top view, sub figure b: size view (Wu & Kolstein, 2020)

3.2.1.5. Modelling approach for shell model
For the shell model different modelling techniques are possible to model the structure. The shell
model can be divided in the following parts: deck plate, crossbeam |, Il and Ill, troughs 1-8 and the
bottom flange of the crossbeam. In Figure 3.17 a graphical representation of the modelling approach
is shown. In the left figure an overview of the connection is shown and in the right figure the render
shell thickness option is on to show the thickness of the shell elements. Mid-surface modelling is used
for the shell element models, since in section 3.1.6 it was concluded that the bottom-surface approach
is not a suitable method. With the mid-surface modelling approach, the mid-surface is taken as the
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reference. With this method a slight overlap, which is equal to 0.5t the plate thickness, will occur
where different parts intersect which can be seen in the right figure. All geometric information can be
found in section 3.2.1.1. To see if the same observations occur as with the simple fillet welded
transverse stiffener connection, the OSD is modelled with the bottom-surface offset approach. The
results of this modelling technique can be found in Annex B.

Figure 3.17 Overview modelling approach shell model

3.2.1.6.  Elements used and mesh size
Shell
The shell element model consists of 8-noded reduced integration elements which are named “S8R” in

Abaqus in which quadratic interpolation is done. Use is made of a global and local mesh size. This is
done to obtain more accurate results at the region of interest. The global mesh size is 100 mm, while
at the region of interest, a local mesh refinement is applied in which a distinction is made between a
coarse and fine local mesh refinement.

Solid
The solid elements which are used in the sub-solid element model consists of 8-noded reduced

integration elements which are named “C3D8R” and 20-noded elements which are named “C3D20R”
in Abaqus. The 8-noded element uses linear interpolation, while in the latter one, interpolation is done
guadratically. Since the solid element is a small sub-model of the whole structure, the global and local
mesh sizes of the shell element model remain the same. The local sub-model has an element size of
2mm, which means that the element is 2x2x2[mm?3]. The solid elements will give a better
approximation of the strain ranges when compared with shell elements. Due to the relatively small
solid sub-model the computational time will not increase in a significant manner. The edges of the
shells and the surfaces of the solid elements are connected with each other through the “tie”
constraint. With the sub-solid model also the weld geometry is modelled. Furthermore, a seam is
applied at the location of the at the rib-to-crossbeam connection. This seam is applied to model the
gap between the crossbeam and the trough, because in reality this connection is only connected with
fillet welds and thus all the forces are transferred through the welds.

An overview of the used element types and sizes, for both the solid and shell FE models, are given in
Table 3-7.
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Table 3-7 Overview used elements and mesh size

Element type Global mesh size [mm] | Local mesh size [mm]
Shell: S8R 100 8
Shell: S8R 100 2
Solid: C3D8R - 2
Solid: C3D20R - 2

3.2.2. Overview global shell element and solid sub-model
An overview of the global shell model is shown in Figure 3.18 and Figure 3.19, an overview of the sub-
solid model is shown in Figure 3.20, and in Figure 3.21 the weld detail is shown.

Figure 3.18 Overview global shell model

Figure 3.19 Side view global shell model

Figure 3.20 Overview sub solid model

Figure 3.21 Overview detail location solid model
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In Figure 3.22 a top view of the global shell model mesh is shown in which half of the total length of
the OSD is shown. The local mesh is shown in Figure 3.23 in which a local element size of 2mm is used.
To create a smooth transition between the global mesh size of 100mm and the local element size of
2mm, several transition zones are applied. The several transition zones are: from 100 to 50mm, from
50mm to 10mm and from 10mm to 2mm, in which one transition zone can be seen in Figure 3.23.

100mm

Location of interest

VRVERVEVAVAVAVAV

Figure 3.22 Top view global mesh size model

Element size 10mm

Transition zone 2mm to
10mm

i

Elementsize 2mm

element size 2mm

Figure 3.23 Overview local element size of 2mm and transition zone to 10mm
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An overview of the sub-solid mesh is shown in Figure 3.24 in which also a zoomed in detail of the weld

is shown.
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Figure 3.24 Overview global mesh sub solid model (left) and weld detail (right)

3.2.2.1.  Strain analysis and validation
The validation of the finite element models is based on the strain range values which were measured

during the experiment of (Wu & Kolstein, 2020). The measurement of the strain range is performed
by strain gauges and different locations of the strain gauges are used for the validation. A distinction
can be made between three locations of interest:

- X-direction from weld toe: free edge (strain gauges 61-57, 401 and 402);
- X-direction from weld toe: in-span (strain gauges 67-71, 405 and 406);
- Y-direction from weld toe (strain gauges 66-62, 403 and 404);

These locations are shown in Figure 3.25. The free edge direction is in the direction of the cantilever
part, left to crossbeam I, while the in-span direction is in the direction of crossbeam II, which is shown
in Figure 3.16. The trough of interest is trough number 5, and the shown strain gauges are placed on
the right web of this trough.

) (Y
39,40 56 7443
38 «—> 72
T5, free edge side

Figure 3.25 Overview locations strain gauges experiment OSD TUD (Wu & Kolstein, 2020)

In theory the strain gauges are at fixed location from the weld toe: 2,4,6,8,10,25 and 50mm. To obtain
the exact location of all the relevant strain gauges, the locations are measured in the lab and an
overview of the distances from weld toe are shown in Table 3-8. In the first column the predefined
values are shown, while in the second, third and fourth column the exact measured values are shown.
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Table 3-8 Overview strain gauges distance from weld toe

Predefined value Y-direction X-direction free edge | X-direction in span

4mm 4.5mm 6.3mm 6.1mm
6mm 6.5mm 8.3mm 8.1mm
8mm 8.5mm 10.3mm 10.1mm
10mm 10.5mm 12.3mm 12.1mm
12mm 12.5mm 14.3mm 14.1mm
25mm 26.8mm 26.8mm 26.3mm
50mm 51.1mm 51.7mm 51mm

As can be seen from Table 3-8, small differences occur between the theoretical and measured values.
The results from the finite element modelling are compared with the experimental results in which
the as-measured values for the location of the strain gauges is used.

3.2.3. Analysis and validation of solid-sub model and shell FE model

3.2.3.1.  Analysis of element size
Solid FE model
A study of the influence of the element size on the strain range, in the web of the trough, is performed

to obtain a stable element size for the solid element. Three different local element sizes are
investigated: 1Imm, 2mm and 4mm for which the results are given in the following figures. For
obtaining the strain range values, the average element output at the nodes is used in Abaqus. An
element size of 2mm means that the strain range is extracted every 2mm in Abaqus, and for an 1mm
element size, every Imm. This is not shown in the graphs below, because otherwise it becomes
difficult to read the results. Furthermore only the results of the mesh refinement study of the solid
and shell FE model for the Y-direction in the web of the trough is shown. The results of the solid and
shell X-direction path can be found in Annex C.

Y-direction (vertical)
In the Figure 3.26 the results for the strain range in Y-direction for the quadratic solid element models

with different element sizes are shown, while in Figure 3.27 the results of the linear solid elements
are shown.
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Figure 3.26 Strain range in Y-direction for different quadratic element sizes
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Figure 3.27 Strain range in Y-direction for different linear element sizes

As can be seen from Figure 3.26 and Figure 3.27, the smaller the element size, the higher the strain
range will be at the weld toe. This is due to the singularity which occurs at that location. The quadratic
element sizes of 1 and 2 millimeter have a more or less similar strain range at the location which is
2mm from the weld toe. At the location between 2 and 4mm the results with a 4mm element size
differ from the smaller element sizes. The first hot spot stress extrapolation point is at 0.4t from the
weld toe, which is equal to 2.4mm (0.4*6mm). Thus it is advised to use an element size of 2mm for
the quadratic solid elements, since there is a difference between the 2mm and 4mm elements size in
the first 4mm. When the hot spot stress results of the solid 2mm element size and the solid 1mm
element size are compared, the difference is 1%, so it can be concluded that the 2mm quadratic solid
elements are converged. All the investigated quadratic element sizes will converge to the same value
after a length which is equal to the element size.

As can be seen from Figure 3.27, there is quite a scatter in the first 20mm between the investigated
linear elements. The difference in results between the 0.5mm and 1mm linear elements in the first
10mm from the weld toe is still around 7%, while the difference between larger element sizes is even
larger. The difference in hot spot stress range between the 0.5mm and 1mm linear element size is 5%.
Elements smaller than the 0.5mm, are not feasible because it will increase the computational time in
a significant way when compared with the 2mm quadratic elements. Overall the linear solid elements
cannot simulate the bending behavior very well.

Shell FE model

A similar study as with the sub solid element model is performed to investigate the influence of the
element size on the strain range. Five different local element sizes are investigated: 0.5, 1Imm, 2mm,
4mm and 8mm for which the results are given in the following figures.

Y-direction (vertical)
In the Figure 3.28 the results for the strain range in Y-direction for the shell models with different

element sizes is shown, and in Figure 3.29 a zoomed in graph of the first 10mm from the structural
intersection point is shown. The structural intersection point is taken as the starting point, since the
weld is not modelled with the shell elements.
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Figure 3.28 Strain range in vertical direction for different element sizes

nran,

Shell_1mm_quad

Shell_2mm_quad

Shell_4mm_quad

Shell_8mm_guad

0.002

0.00175
< 0.0015
o Shell_0.5mm_quad
E 0.00125 Shell_lmm_guad
g o001 —a—Shell_2mm_guad
B

0.00075

0.0005

0 2 4 6 8 10

Distance from structural intersection point [mm]

Figure 3.29 Zoomed in results strain range in vertical direction for different element sizes

As can be seen from Figure 3.28, the smaller the element size, the higher the strain range will be at
the structural intersection point. This is due to the singularity which occurs at that location. The
element sizes of 0.5 and 1mm have a more or less similar strain range at the location which is 2mm
from the structural intersection point. The element sizes of 2mm and 4mm show comparable results
4mm and 8mm from the structural intersection point. The element size of 8mm will show comparable
results at 8mm from the structural intersection point. The first hot spot stress extrapolation point is
at 0.4t from the weld toe, which is equal to 2.4mm.

As can be seen in Figure 3.29, the results of the 2mm elements size at this location are higher when
compared with the Imm and 0.5mm element size. The difference in the hot spot stress range between
the 0.5mm element size, 238.73 MPa, and 1mm element size, 236.75MPa, is 0.8%, while this
difference is 5% between the 1Imm and 2mm element size. Thus it can be concluded that the results
of the Imm element size are converged. All the investigated element sizes will converge to the same
value after some distance, but to obtain more precise results, close to the structural intersection point,
it is advised to use an element size of 1mm. For obtaining the strain range at a larger distance away
from the weld toe a larger element size can be used.

3.2.3.2.  Strain analysis and validation

For the validation of the FE models use is made of the strain gauges which were placed for the
experiments of (Wu & Kolstein, 2020). For the solid FE model quadratic elements with an element size
of 2mm and linear elements with an element size of 0.5mm are compared with the experimental
results. For the shell FE model a coarse element size of 8mm and a fine elements size of Imm are
compared with the experimental results. For the shell element models the structural intersection
point of the crossbeam and trough is taken as the starting point. This point is different for the solid
elements, in which the weld toe is taken as the starting point, but the IIW recommendations (Niemi,
Fricke, & Maddox, 2018) states to use the structural intersection point as a starting point for shell
elements when the weld is not modelled.
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Y-direction (vertical)

In the Figure 3.30 the results for the strain range in Y-direction for the four different FE models are
shown. Furthermore the experimental results are shown in the figure.
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Figure 3.30 Strain validation solid and shell FE model Y-direction trough
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Figure 3.31 Strain validation solid and shell FE model X-direction trough, free edge
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Figure 3.32 Strain validation solid and shell FE model X-direction trough, in span

3.2.4. Conclusions based on validation of the different models

Solid FE model

For the strain ranges in Y-direction, the results of the first 5 strain gauges matches quite well with the
experimental results, for both the linear and quadratic solid elements. The average difference with
the experimental results of the first five strain gauges is 6%, for the quadratic elements, and 2.5% for
the linear elements. A side note should be placed here is that the difference in hot spot stress range
between the 0.5mm and 1mm linear element size is 5%. Elements smaller than the 0.5mm are not
applied because it will increase the computational time in a significant way when compared with the
2mm quadratic elements.

At 25.6mm the difference, for both element types, with the experimental results, is around 15-20%,
but at the location of the last strain gauge, which is at 51mm, the difference is 6%. The larger
difference in results between the FE model and experimental results at 25.6mm can be due to a locally
smaller thickness of the trough at that location due to fabrication tolerances.
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The strain range in X-direction on the free edge side, shows good compliance with the experimental
results, the average difference is 4% and furthermore the results are conservative. The results in X-
direction on in-span side are also within 10% difference on average. Only the first measured point has
a larger difference which is 16%. For all the three investigated validation paths the results of the FE
models are conservative at almost all locations. Only at the location of the last 2 strain gauges in
horizontal direction, which are at 25 and 50mm from the weld toe, non-conservative results occur,
but the difference in percentage is only 1 and 3%. Based on the performed element refinement study
it can be concluded that an element size of 2mm gives stable results.

Shell FE model
From the strain range in Y-direction it can be concluded that the results close to the structural

intersection point are depending on the elements size. The smaller the element size, the larger the
strain range at the location of the structural intersection point. The average difference for the first 6
strain gauges is only 4.2%, while for the last strain gauge the difference is 30%, but since the measured
strain range at that location is relatively small, a small difference in obtained stress will result in a large
difference in percentage.

The strain range in X-direction on the free edge side, has an average difference between the FE model
and experimental results of 9%. The trendline of the FE model is also is compliance with the trendline
from the experiments. All results from the FE model are non-conservative. At the in-span direction
also all results obtained from the FE model are non-conservative and the average difference between
the experiment and FE model is 9%. Based on the performed element refinement study it can be
concluded that an element size of 1mm gives stable results using shell elements.

3.2.5. Comparison results shell and solid models
Now that the element sizes in which convergence occurs are known a comparison between the solid
and shell FE model can be made. The results for all 3 investigated locations is shown in Figure 3.33 to
Figure 3.35.

As can be seen from Figure 3.33, the results obtained from the quadratic solid and shell elements are
quite similar. In the first 4mm there is an overestimation of the strain range by the shell model, this is
due the large stress concentration which occurs at the structural intersection point. The stress
concentration at the structural intersection point of the shell model, is 1.95 times larger than the
stress concentration which occurs at the weld toe in the solid model. From 5 to 15mm the trendlines
of both elements are close to each other. After 25mm a larger difference between the shell and solid
model occurs, but it should be noted that at 51mm both elements show a strain range which is almost
the same.

In Figure 3.34 the results for the X-direction free edge are shown and larger differences between both
type of elements occur for this case. The shell elements are underestimating the strain range, while
the solid elements are overestimating the strain range when compared with the experimental results.
As with the results in Y-direction, also for this direction a stress concentration occurs at the structural
intersection point. The trendline of both elements is more or less the same from 8 to 25mm, but in
the first 8mm the trendlines are opposite to each other. Similar observations are also valid for X-
direction in-span for which the results are shown in Figure 3.35. A comparison between the obtained
hot spot stress range for both element types will be performed in chapter 4.
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Figure 3.33 Y-direction: comparison 1mm quadratic shell element with 2mm quadratic solid element
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Figure 3.34 X-direction free edge: comparison 1mm quadratic shell element with 2mm quadratic solid element
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Figure 3.35 X-direction in-span: comparison 1mm quadratic shell element with 2mm quadratic solid element

3.2.6. Comparison of measured geometry versus ideal geometry
For the validation of the model, the geometry of the cope hole and weld is measured as precisely as
possible. Engineering firms use the ideal geometry to model the OSD so a comparison is made
between those two situations to see if large differences occur. Three differences with the ideal
geometry were measured and those differences are: radius of the cope hole, see “X” in Figure 3.363,
the length from the trough to the curved part of the cope hole, i.e. soft toe, see “Y” in Figure 3.36a,
and the weld geometry at the location of the trough and cope hole, see Figure 3.36b.

The ideal radius of the of the small curved part of the cope hole is equal to 20, while the measured
radius is equal to 21mm. A larger difference is found with the measured length soft toe, 16mm, since
the ideal length is equal to 10mm. The ideal throat thickness of the welds is 5mm, while the throat
thickness of the vertical weld at the web of the trough is measured as 6.1mm, see “a” in Figure 3.36b.
The ideal weld leg length is 7.07, see “X1” in Figure 3.36b, while the measured one is equal to 12mm.
All differences are summarized in Table 3-9.
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Figure 3.36 Overview differences between ideal and as-measured geometry

Table 3-9 Overview as-measured and ideal geometry

Variable Theoretical value [mm] As-measured value
[mm]
Length soft toe (Y) 10 16
Radius cope hole (X) 20 21
Throat thickness weld web trough (a) 5 6.1
Weld leg length (X1) 7.07 12

In Figure 3.37, Figure 3.38 and Figure 3.39 the results for the vertical and horizontal direction are

shown.
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Figure 3.37 Comparison ideal geometry and as-measured Y-direction , strain in Y-direction
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Figure 3.38 Comparison ideal geometry and as-measured X-direction free edge, strain in X-direction
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Figure 3.39 Comparison ideal geometry and as-measured X-direction in span, strain in X-direction
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As can be seen from Figure 3.37, the graphs of the ideal and as-measured geometry are almost the
same for the first 22mm. After 22mm a difference can be seen until approximately 42mm. Since the
weld leg length in the as-measured model is equal to 12mm, while the ideal weld leg length is equal
to 7.07mm, the location of the weld toe for both models is not the same, a difference of 5mm occurs
between both models. When the results of both FE models are compared with the experimental
results, the values are similar for the first 5, and last strain gauge. Only at the strain gauge, which is
26.8mm away from the weld toe a difference occurs.

The vertical distance between the strain gauges in X-direction from the lower edge of weld toe, see
red dot in Figure 3.36b, is equal to 20mm. Since this value is related to the weld leg length, X1, also
the read out point for the strain ranges is different in both models in X-direction. For both the
horizontal free edge and in-span direction the strain range is constant over the measured length of
50mm, for the ideal geometry. The as-measured strain range shows a trendline which is similar with
the experimental results. The results of the obtained strain ranges from the ideal geometry FE model
are a bit closer to the experimental results, but the trendlines are clearly different. The difference
between the ideal and as-measured geometry remains more or less constant over the measured
length.

Overall it can be concluded that the differences in results between the ideal geometry and the as-
measured geometry is around 6% in this specific case. Even with a relatively large difference in
geometry, weld leg length 12mm instead of 7.07mm and the length of the soft toe equal to 16mm
instead of 10mm, the difference in results is not significant. Applying the ideal geometry instead of
the as-measured geometry is a good approximation, since the differences are small. The ideal
geometry is much faster and easier to model. Furthermore obtaining the exact geometry is very time
consuming and thus expensive and at some locations, for instance the throat thickness of the weld,
still difficult to measure very accurately. Moreover in case of the design of an OSD bridge measuring
the as built measurements is not possible, since the bridge is not build yet.
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4. FATIGUE ASSESSMENT BASED ON HSS METHOD REFERENCE MODELS

In this chapter the fatigue strength assessment method based on the hot spot stress method will be
performed using the solid and shell reference FE model of the orthotropic steel deck. Different
extrapolation types will be used: linear and quadratic. Furthermore, a “fine” and “coarse” element
size will be used for the FE models. A detail category of 100 is used for the calculation of the fatigue
assessment as was concluded in section 2.4.2. The fatigue assessment is based on the crack in the
trough at the lower end of the weld flank.

4.1. HSS results from experiments

Based on the results of the experiments performed by (Wu & Kolstein, 2020), the hot spot stress can
be determined based on the strain measurements. The IIW recommendations are followed for
obtaining the hot spot stress at the weld toe. Since the weld toe is located on the surface of the plate
this type of hot spot is classified as type a. Since the first strain gauge is located at a distance which is
larger than 0.4t, a trendline is used to determine the required value at 0.4t. For obtaining this trendline
the results of the multistrip strain gauges which are at 4.5 to 12.5mm from are used. First the strain
range at the specific location is calculated and multiplied with the Young’s modulus, of 210GPA, to
obtain the hot spot stress at the weld toe.

Hot spot stress vertical direction
When a series of strain gauges are attached, the linear extrapolation trend line can be applied. After

multiplying the &ns with the Young’s modulus a hot spot stress of 183.75 MPa is obtained.

4.2. HSS results from Finite element models
The hot spot stress is obtained from the different FE models and calculated based on linear and
guadratic extrapolation. In section 3.2.3.1 it is concluded that a singularity will occur at the weld toe.
this singularity is not taken into account in the fatigue analysis, since extrapolation points which are
at a certain distance from the weld toe are used for the calculation of the hot spot stress method.

Based on the IIW recommendations both linear and quadratic extrapolations methods can be used.
For linear surface stress extrapolation the strains at 0.4t and 1.0t are required, while for quadratic
extrapolation the strains at 0.4t, 0.9t and 1.4t are required. The formulas for obtaining the hot spot
stresses can be found in section 2.4.2. A further distinction is made between the “fine” and “coarse”
element sizes. An overview of the results can be found in Table 4-1 in which a distinction is made
between the different type of extrapolation and element sizes.

Table 4-1 Overview results HSS extrapolation vertical direction

HSS extrapolation points | HSS solid [MPa] | HSS shell [MPa] O HSS shell
OHSS solid
Vertical direction
coarse mesh type a 0.5t and 1.5t 180.24 224.83 1.25
fine mesh type a linear 0.4t and 1.0t 195.93 236.28 1.21
fine mesh type a quadratic 0.4t, 0.9t and 1.4t 203.34 257.55 1.27
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The hot spot stress results are depending on the size of the element and on which type of
extrapolation is used. The coarse meshed models, with an element size equal to 4mm, 0.67t, give a
bit lower hot spot stress results, when compared with fine meshed models, which have an element
size of 1mm, 0.167t, for the shell elements and 2mm, 0.33t, for the solid elements. Also the type of
extrapolation, linear or quadratic, will influence the results. Since the stress concentration at the weld
toe is smaller for the solid FE model, the difference between the linear and quadratic hot spot stress
extrapolation is less. With the fine meshed models the stress concentration, and thus the trendline of
the stress, which occurs at the structural intersection point can be better approximated by the FE
model. This will result in more accurate results when compared with the relatively coarse meshed
models. The performed study based on the element size shows that a refined solid element model
with global size of 2mm show higher values than the 4mm one. An refined model with element size of
1mm is applied for the shell FE model.

Comparison results shell and solid FE models
As can be seen from Table 4-1, the obtained hot spot stress with shell elements is higher in all cases

when compared with the hot spot stress results from the solid model. The ratio between the coarse
element models is 1.25, while the ratio for the fine element models the ratio is 1.21 with linear
extrapolation, and 1.27 with quadratic extrapolation. The overestimation of the hot spot stress is 25%
when compared with the results obtained from the solid FE models.

4.3. Comparison FE model solid and experimental results
The hot spot stresses for both the experiment and finite element modelling, with solid elements, were
calculated and an overview of the results in shown in Table 4-2.

Table 4-2 Overview experimental and FE model results HSS

HSS extrapolation | HSS solid model [MPa] | Experiment [MPa] | ZHSS solid | OHSS shell
points OHSS_exp OHSS exp
Vertical direction
Linear extrapolation 0.4t and 1.0t 195.93 183.75 1.07 1.29
Quadratic extrapolation 0.4t, 0.9t and 1.4t 203.34 - 1.10 1.40

As can be seen from Table 4-2, the results of the hot spot stress of the solid FE model are close to the
experimental results, the difference is 7% for the linear extrapolation and 6% for the quadratic
extrapolation. In both cases the hot spot stress obtained from the FE model are higher than the
experimental results and thus the results are conservative. The solid FE element model includes the
geometry of the joint and the geometry of the weld, while the shell FE model only includes the former
one and thus the solid FE model gives a better approximation of reality. With the shell FE model a
larger overestimation of the hot spot stress is obtained which is equal to 29-40%.
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5. TRANSVERSE STIFFENER CONNECTION: WELD MODELLING TECHNIQUES
SHELL FE MODEL

In this chapter it is investigated if different weld modelling techniques for the shell FE models are valid
for a simple connection. This is investigated for a single sided fillet welded transverse attachment joint.
In total 4 different models are compared: solid, shell without weld, shell weld IIW and shell weld
Eriksson. The comparison will be made for both the obtained stresses and the deformations. The latter
is done to see if the bending stiffness of the adapted shell models is in compliance with the solid FE
model bending stiffness. Furthermore different type of load cases are applied to simulate in-plane and
out-of-plane behavior of the specimen.

The investigated joint is similar to the trough to crossbeam connection in the OSD. An overview of the
specimen is shown in Figure 5.1. In total two geometrical variants will be investigated in which the
plate thicknesses are the same as the thickness of the trough and crossbeam in the old and new OSD
design. As was concluded in section 2.3.3 the old and new OSD designs have different plate
thicknesses. The thickness of the trough is equal to 6mm for the old OSD design and equal to 8mm for
the new OSD design which is matching with the thickness of the main plate. The thickness of the
crossbeam is equal to 12mm and 16mm for the old and new OSD design respectively which is similar
with the stiffener plate, see Table 5-1. The throat thickness of the fillet weld is equal to 5mm.

At
v &2

A
Figure 5.1 Overview geometry FE model

Table 5-1 Overview dimensions specimen

Length (l1) 250mm

Width (b1) 50mm

Height (h1) 50mm
Thickness main plate (ti) 6mm or 8mm
Thickness stiffener plate (t2) 12mm or 16mm

Boundary conditions
The specimen is constrained at one end by a pinned constraint and at the other end by a roller

constraint which is shown in Figure 5.2.

Material properties and applied loading
Steel with a Young’s modulus of 210.000 MPa and a poison ratio of 0.3 is used. Four different load

cases will be applied which are shown in Figure 5.2. For load case 1 (LC1) an uniform in-plane load of
1N/mm?is applied while for LC2 a bending moment of 0.12kNm is applied over the width direction of
the stiffener. For the new design variant this bending moment is scaled by the plate thickness of the
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stiffener plate and a uniform bending moment of 0.21kNm is applied which will result in similar
stresses as with the old variant. For LC3 the same load is applied, but applied at the thickness direction
of the stiffener, which will result in torsion. The fourth load case is a combination of LC1 and LC2:
uniform tension load and out-of-plane bending.

LC1: tensi
ension LC2: bending

LC3: torsion LC4: LC1 + LC2

Figure 5.2 Overview different loading cases

Elements used and mesh size

For the shell elements use is made of 8-noded quadratic elements, S8R, while for the solid elements
use is made of 20-noded quadratic elements, C3D20R. An element size of 2mm is used for the solid FE
model and an element size of 1mm is used for the shell FE model. Furthermore the shell FE models
are modelled based on mid-surface modelling. An overview of the mesh for both the shell and solid
FE model is shown in Figure 5.3.

Figure 5.3 Overview meshed FE models. Left: solid FE model and right: shell FE model
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Weld modelling techniques shell FE models
Two different types of weld modelling techniques are investigated which are similar to the weld

modelling techniques for the OSD. On the left side of Figure 5.4 the IIW approach is shown in which
only the thickness of the stiffener plate is locally increased by the weld leg length. In the right figure
the Eriksson approach is shown in which both the main plate and the stiffener plate are increased by
the weld throat thickness. Both adapted shell FE models and the shell model without weld are
compared with the solid FE results. The weld modelling techniques are discussed in section 2.6.2.

Figure 5.4 Different weld modelling techniques: IIW (left) and Eriksson (right)

The Eriksson weld modelling approach is based on a cruciform joint and for this type of joint the
thickness of both plates is locally increased with: t+a. Since the investigated joint is similar to a T-joint
geometry, which is basically half of cruciform joint, an additional model will be made in which the
thickness of the main plate is increased with t+0.5a, instead of t+a. The model in which the thickness
of the main plate is locally increased with t+a is named: Eriksson |, while the model in which the main
plate is increased with t+0.5a is named: Eriksson II.

Results
As was stated earlier, both the results of the stress and the deformations are compared. For the stress

extrapolation the results of the path which is shown in Figure 5.5 (left) are compared. The
deformations in X, Y and Z-direction at the top of the stiffener are compared for the comparison of
the bending stiffness, which is shown in Figure 5.5 (right). Also the path for the deformation
extrapolation is shown in this figure.

A

Z X

Figure 5.5 Stress extrapolation path (left) and deformation extrapolation path (right)
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In Figure 5.6 the comparison of the stress is made for the old OSD dimensions, thickness main plate
6mm, thickness stiffener 12mm, for LC4. The other load cases and the graphs of the new OSD variant
can be found in Annex J.
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Figure 5.6 Stress range load case IV: combination in-plane and out-of-plane |, old variant
As can be seen from the figure, the shell without weld and the shell weld with the IIW approach show
very similar results. For those two FE models the structural intersection point of the two plates is taken
as the starting point. For the solid and shell weld with the Eriksson approach the weld toe is taken as
the starting point. The shell with the Eriksson weld modelling approach give results which are very
similar to the solid FE model results. An overview of the obtained hot spot stress results is shown in
Table 5-2 for both the old and new OSD design variants. An overview of the ratios is shown in Table

5-3.

Table 5-2 Overview obtained hot spot stress results old OSD variant thicknesses

Solid Shell Shell weld Shell weld Shell weld
[MPa] | [MPa] | IW[MPa] | Eriksson|[MPa] | Eriksson Il [MPa]
LC1: in-plane-uniform load Old OSD | 118.89 | 144.69 144.52 120.95 117.62
New OSD | 86.96 | 106.27 106.32 85.87 84.02
LC2: out-of-plane bending | Old OSD | 195.32 | 233.83 234.72 196.92 191.15
New OSD | 189.59 | 229.70 230.10 187.86 183.18
LC3: out-of-plane bending Il Old OsD 0.00 0.00 0.00 0.00 0.00
New OSD 0.00 0.00 0.00 0.00 0.00
LC4: combination LC1 and LC2 | Old OSD | 314.33 | 378.53 379.26 317.87 308.77
New OSD | 276.51 | 335.97 336.43 274.42 267.80

Table 5-3 Overview ratios HSS different FE models

OHSS shell | OHSS shell IIW | OHSS _shell Eriksson_I | OHSS_shell Eriksson_II
OHSS solid O HSS solid O HSS solid O HsS solid
LC1: in-plane-uniform load old OSD 1.22 1.22 1.02 0.99
new OSD 1.22 1.22 0.99 0.97
LC2: out-of-plane bending | old OSD 1.20 1.20 1.01 0.98
new OSD 1.21 1.21 0.99 0.97
LC3: out-of-plane bending Il old OSD 1 1 1 1
new OSD 1 1 1 1
LC4: combination LC1 and LC2 | old OSD 1.20 1.21 1.01 0.98
new OSD 1.22 1.22 0.99 0.97

For the old design variant, thickness main plate 6mm, thickness stiffener 12mm, the results of the
obtained hot spot stress of the solid FE model and shell weld Eriksson | FE model, in which both plate
thicknesses are locally increased with t+a, are within 1.5%. The shell weld Eriksson | hot spot stress
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results are a bit higher when compared with the solid. Both the shell model without weld and the shell
model with the IIW weld will result in an overestimation of the hot spot stress of 20%. For the new
design variant, thickness main plate 8mm, thickness stiffener 16mm, the obtained hot spot stress
results of the solid and Eriksson | FE models are also within 1%. In this case the obtained hot spot
stress of the shell weld Eriksson | is lower, i.e. 0.70%, when compared with the solid FE results.
Applying the IW weld modelling technique will hardly influence the results for this investigated detail.
If the Eriksson Il weld modelling approach is applied, in which the thickness of the main plate is locally
increased with t+0.5a instead of t+a, the hot spot stress is underestimated for both the new and old
OSD design variant. The results of the Eriksson | weld modelling approach are better matching with
the solid FE results. Based on the obtained hot spot stresses this method is preferable.

Comparison deformations

A similar study as was performed with obtaining the hot spot stress is also performed for the
deformations. The four different load cases will all result in a deformation which is predominantly in
one or two directions. The in-plane load (LC1) will result in deformation in predominantly Y-direction,
while the out-of-plane load | (LC2) will result in deformation predominantly in X-direction. The out-of-
plane-load Il (LC3) will result is both deformation in Y- and Z-direction, respectively. Load case 4 (LC4),
which is a combination of the in-plane load and out-of-plane loading will result in both deformations
in X- and Y-direction. The deformations in the other directions are smaller than 10*mm and not taken
into account.

In Figure 5.7 to Figure 5.9 the deformations for load case four (LC4) are shown. The results for the
other load cases and the results of the new OSD variant are shown in Annex J.
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Figure 5.7 Total deformation U, load case IV: combination in-plane and out-of-plane |, old variant
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Figure 5.8 Deformation U1 (X-direction), load case IV: combination in-plane and out-of-plane I, old variant
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Figure 5.9 Deformation U2 (Y-direction), load case IV: combination in-plane and out-of-plane I, old variant
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The weld modelling approach proposed by (Eriksson, Lignell, Olsson, & Spennare, 2003) shows good
results for all four investigated load cases when the deformation is compared with the solid FE results.
The results are plus and minus 3% for the individual load cases, and depend on the loading type.
Applying LC1 and LC2 at the same time, the difference between the solid FE model and shell weld
Eriksson | is equal to 6%. It can be concluded that for this simple specimen the weld modelling
approach proposed by Eriksson is a good method to simulate the weld with the shell FE model.

Overall conclusions differences t+a and t+0.5a Eriksson weld modelling technique

When the differences in deformation between the Eriksson | and Eriksson Il weld modelling techniques
concluded that the deformations of the Eriksson Il weld modelling technique are higher when
compared with the solid FE model, while the Eriksson | weld modelling technique give slightly smaller
deformations, i.e. 6% for the investigated load cases, expect load case 3 (torsion load case). With this
load case the deformations are 4% larger when compared with the solid FE results. With the Eriksson
Il weld modelling technique, in which the main plate thickness in locally increased with t+0.5a the
deformation are a bit higher, i.e. within 5%, when compared with the solid deformations. Based on
this observation the bending stiffness of the Eriksson Il approach is lower compared with the solid FE
models.

For the hot spot stress extrapolation, the Eriksson Il weld modelling technique gives a hot spot stress
which is lower than the obtained hot spot stress of the solid FE model. This will result in a non-
conservative hot spot stress. The Eriksson | weld modelling technique is overestimating the hot spot
stresses for all the investigated load cases of the old OSD variant. With the new OSD variant the
Eriksson | weld modelling technique is underestimating the hot spot stress, by only 0.70%.

When the hot spot stresses are compared the Eriksson | weld modelling technique give results which
are closer to the solid FE model when compared with the Eriksson Il technique. The Eriksson Il weld
modelling technique gives non-conservative hot spot stresses. Since the main task of this thesis is to
perform the comparison of the hot spot stress of different FE models, the Eriksson | weld modelling
technique is preferable since the results are better matching and conservative when compared with
the solid FE model.

Hot spot stress results in transverse attachment plate
Furthermore the comparison between the obtained hot spot stress in the stiffener is made for the

solid FE model and the shell weld Eriksson | FE model. The extrapolation is performed in the middle of
the stiffener plate, as was also the case with the main plate. This investigation is performed for load
case 2 and 4 for which the results are shown in Table 5-4. The corresponding graphs with the stress in
the stiffener can be found in Annex J. As can be seen from Table 5-4, the obtained hot spot stress with
the shell Eriksson | weld modelling approach is lower when compared with the solid FE hot spot stress
results. The obtained ratio is equal to 0.95-0.99.

Table 5-4 Overview obtained hot spot stress results stiffener

Solid Shell Eriksson | O HSS _shell_Eriksson_I
[MPa] [MPa] OHss solid
LC2: out-of-plane bending | Old OsD 108.57 103.80 0.96
New OSD 106.92 102.00 0.95
LC4: combination LC1 and LC2 Old 0SD 109.03 107.75 0.99
New OSD 107.50 105.08 0.98
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6. PARAMETRIC STUDIES

In this chapter, a comparison of the FE models using shell and solid element is carried out with
different geometric variants and load cases. First both the parametric studies will be explained in
detail. The solid FE model will be used as reference for the analysis as good agreement was found in
section 3.2. The results of the shell FE model are compared with the results from the solid FE model.
The following two crack locations are studied in this chapter: longitudinally in the trough starting from
the weld end at the lower weld toe adjacent to the cope hole and in the crossbeam parallel to the
weld toe at some distance from the soft toe. Both cracks were shown in section 1.3. Different
geometrical variants will be investigated in this chapter: the thickness of the different parts of the
0OSD, i.e. trough, deck plate and crossbeam, and furthermore one axle loading from fatigue load model
4 (FLM4) will be used: axle type C.

6.1. General information of parametric studies

6.1.1. Geometric information FE model

The basis of the FE model which is used for the parametric studies is different on several points when
compared with the FE model which was used for the validation of the OSD in section 3.2. This
validation of the FE model was based on the as-measured dimensions. To make the results of the
parametric analysis more general, the nominal dimensions of the trough, cope hole and weld are used.
Furthermore, since the focus of this thesis is on the crossbeam with a cope hole, all troughs will pass
the crossbeam through a cut-out with cope hole. Another point of attention is that in the validation
of the OSD, the full bottom flange of the crossbeam was supported, and thus in-plane deformation
was fully prevented. To make the FE model more realistic, other boundary conditions are applied
which will also result in in-plane deformation of the crossbeam. To simulate the main girder, both
ends of the crossbeam are constraint in X,Y and Z-direction over the full height, as can be seen in
Figure 6.3.

Since the point of interest is the local behavior of the connection of the crossbeam and trough at the
location of the cope hole, a smaller part of the overall global FE model can be modelled. This model
consists of three crossbeams in which the crossbeam of interest is the middle one. The height of the
web of the crossbeam is equal to 1200mm and the length is equal to 12.5m. The web of the crossbeam
has a thickness of 12 or 16mm, depending on the old or new design of the OSD. The thickness of the
bottom flange is equal to 25mm and the width of the bottom flange of the crossbeam is 350mm. The
troughs have a center to center distance equal to 600mm, thus 19 troughs are modelled for the
crossbeam which is shown in Figure 6.1. The distance from the outer side of the crossbeam to the web
of the first trough is equal to 700mm. The dimensions of the crossbeam are determined in cooperation
with Rijkswaterstaat.

100 B0 o~ TI0R

! 3 | \ A h A h dah &b dah A h dh dafh & - d K o4
L h— b - o~ 1 i b Wt o b —4 - i - el i b

l 12500 I

Figure 6.1 Overview dimensions crossheam [mm]
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A sideview of the bridge is shown in Figure 6.2 in which the considered ranges in thickness of the deck
plate and web of the crossbeam are shown. At both sides of the outer crossbeams the deck plate is
extended by 500mm and thus the overall dimensions of the FE model, are 12.5m by 7m.
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Figure 6.2 Side view dimensions bridge and variation dimensions [mm]

An overview of the global shell FE model is shown in Figure 6.3.

Figure 6.3 Overview global shell FE model

6.1.2. Old and new OSD dimensions
As stated in section 2.3.3, a distinction need to made between the thicknesses of different parts of
the OSD for the old and new design. The main difference between the old and new OSD design are
the thicknesses of the deck plate, crossbeam and trough. In Table 6-1 an overview of those differences
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is shown, and these thicknesses form the basis for the variation cases. As with the dimensions of the

crossbeam, the different thicknesses are also determined in cooperation with Rijkswaterstaat.

Table 6-1 Overview investigated thicknesses parts OSD

Old OSD [mm] New OSD [mm]
Trough 6 8
Crossbeam 12 16
Deck plate 12 22

6.1.3. Shape of the trough
There are three different types of trough shapes which are used in OSD’s: trapezoidal, V-shape and

the U-shape, which are shown in Figure 6.4. The most commonly used shape is the trapezoidal (Federal
highway administration, 2012) and this shape will form the starting point of this study. The geometric
dimensions of this trapezoidal trough are the same as the dimensions which are used for the reference
model and can be found in section 3.2.1.1. The troughs have a center to center distance of 600mm

which is the same as for the reference models.

Trapezoidal U-Shape V-Shape

Figure 6.4 Investigated trough shapes (Federal highway administration, 2012)
6.1.4. Cope hole geometry

The Haibach cope hole will be investigated which is shown in Figure 6.5. Also the geometrical

dimensions are shown in this figure.
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Figure 6.5 Overview geometrical variant cope hole

6.1.5. Overview variants
Based on the above mentioned geometric variants the following variants will be investigated which

are shown in Table 6-2.

Table 6-2 Overview variants parametric study

Description Shape trough Shape cut- Deck plate Trough Crossbeam
out [mm] [mm] [mm]
Variant 1 Old variant 1 Trapezoidal Haibach 12 6 12
Variant 2 New variant 1 Trapezoidal Haibach 22 8 16
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6.2.Small Parametric analysis
To get a better understanding about the differences in behavior between the shell and solid FE model,
several loading positions are investigated first. This small study is performed for both the old and new
OSD variant with a Haibach cope hole. Furthermore the differences in results between the new and
old OSD variant will also be determined. The different loading positions will result in pure in-plane or
pure out-of-plane rotation of the crossbeam which is shown in Figure 6.6. Three different types of
loading will be investigated:

- pure in-plane global deformation crossbeam;
- pure in-plane local deformation crossbeam;
- pure out-of-plane rotation.

—

Figure 6.6 (a) In-plane rotation cross?)eam and (b) out-of-plane rotation crossbe(aaz (EN1993-2, 2011)
The wheel patch, which was used in section 3.2, is also used for this study: 270mm x 320mm and the
total applied force equal to 100kN. For global pure in-plane deformation, the load will be applied at
locations (1A’)+(1A"), see Figure 6.7a, in which the load is applied on both sides of the crossbeam. The
offset from the center of the load to the crossbeam is equal to 500mm and the loads are positioned
between the webs of the trough, see position 1 in Figure 6.7b. For the pure out-of-plane rotation the
same loading position, (1A’)+(1A”), is used, but instead of placing both loads facing downwards, one
load is placed upward and the other one downwards. This will result in pure out-of-plane rotation of
the crossbeam, see Figure 6.6b. The last loading position is the local in-plane deformation of the
crossbeam at the location of the cope hole. For this case the loads are placed at three different
positions on top the crossbeam: between the webs of the trough, position 1 in Figure 6.7b, between
the troughs, position 2 in Figure 6.7b, and on the web of the trough, position 3 in Figure 6.7b.

— 1

Figure 6.7a Loading positions longitudinal direction
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Figure 6.7b Loading positions transverse direction

All five investigated loading positions are summarized below:

- Loading position 1 (LP1): 500mm offset from crossbeam, loaded between webs in-plane,
(1A')+(1A7);

- Loading position 2 (LP2): 500mm offset from crossbeam, loaded between webs out-of-plane
loading, (1A’)+(1A”);

- Loading position 3 (LP3): on top of crossbeam, loaded between webs, local in-plane, 1B;

- Loading position 4 (LP4): on top of crossbeam, loaded outside webs, local in-plane, 2B;

- Loading position 5 (LP5): on top of crossbeam, loaded on web trough, local in-plane, 3B.

In the main part of the report only the results of loading position 1 and 2 for the old OSD variant are
shown. The other loading positions and the similar study for the new OSD variant can be found in
Annex E.

6.2.1. Mesh sensitivity analysis
A study of the influence of the element size on the stress range, in the web of the trough and the
crossbeam, is performed to obtain a stable element size for the solid and shell elements. In section
3.2.3.1 a similar mesh sensitivity analysis is performed for the OSD from the Stevinlab. Three different
loading positions are investigated: loading position 1,2 and 3 which will result in different types of
behavior of the crossheam.

A similar mesh lay-out as was used in section 3.2.2 is also used for the mesh of this FE model. For both
the solid and shell elements the results for the three investigated loading positions can be found in
Annex D. Furthermore the local mesh for both FE models is shown. It is concluded that quadratic solid
elements, C3D20R, with an element size of 2mm and quadratic shell elements, S8R, with an element
size of 1mm, give converged results.

6.2.2. Crack in trough (crack 1)
An overview of the investigated path for the crack in the web of the trough is shown in Figure 6.8. This
path starts at the lower weld toe and continues perpendicular to the weld toe.
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Figure 6.8 Overview path in web trough

6.2.3. Crack in crossbeam (crack 2)

6.2.3.1.  Critical crack location crossbeam
In an orthotropic steel deck in which a “Haibach” cope hole is used different types of crack can occur
in which two cracks are shown in Figure 6.9 by the orange and blue lines. The blue crack initiates
directly at the weld end of the crossbeam, see black dot (X=0) in Figure 6.9, while the orange crack
occurs at some distance away from the soft toe, wherever the stress in the orange path is the largest.

Figure 6.9 Different cracks which can occur in the crossbeam which Haibach cut-out (Kitner, 2016)

In an OSD with a regular “Haibach” cope hole the crack will initiate at X=0mm which is shown with the
blue crack. If the improved “Haibach” cope hole is used it is not expected that a crack can occur, since
there will be no stiffness which is because the crossbeam stops abruptly over there. To investigate
this, both cracks are investigated to check which crack is the critical one. The local geometries of both

types of cope holes is shown in Figure 6.10.

4

Figure 6.10 Overview local geometry cope with regular “Haibach” cope hole and cope hole with improved “Haibach”
cope hole (Kitner, 2016)
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The principal stress and the stress perpendicular to the weld toe will be compared for the following 2
cases: the red path (Path 1) with the green path (P1 TT) and the yellow path (Path 2) with the purple
path (P2 TT), which is shown in Figure 6.11. In which TT stands for through thickness. The black dot,
which is shown in Figure 6.11 is a singular point. Due to this reason this point is not taken into account
in the comparison of the different stresses. The yellow path (Path 2) has an offset from the red path
(Path 1) which is equal to 1.46mm, which is half of the length from the weld toe to the curved part of
the cut-out. For the through thickness stresses the X=0mm is at the location of the black dot in the
figure below.

Figure 6.11 Overview investigated paths

This investigation is performed for the five loading positions are shown in section 6.2 and the results
for those loading positions can be found in Annex F.

For all investigated load positions a high value occurs at X=0mm, due to the singularity, in both the
red (Path 1) and green (Path 2) path from Figure 6.11. If the results of X=0mm are disregarded, the
absolute maximum principal stress and stress perpendicular to the weld toe of the red path (Path 1)
show higher stress values at the maximum location, i.e. approximate X=30mm, when compared with
those same stresses through the thickness of the crossbeam, green path (P1 TT).

The stresses through the thickness of path 2, see purple line (P2 TT), in Figure 6.11, are very low which
is because this path is at the end of the crossbeam and thus zero stiffness is at that location. The
maximum obtained principal stress in this path is approximately 2MPa which occurs with loading
position 6. The stress perpendicular to the weld toe is close to zero for the investigated load cases.

The highest stress in the path parallel to the vertical weld of the crossbeam occur at approximately
X=30mm and those stress values are higher when compared with the stress through the thickness at
X=0mm for all investigated load cases. Based on this it can be concluded that the crack which initiates
at some distance from the soft toe, is the governing crack.

6.2.3.2.  Crack in crossbeam at some distance from soft toe
For a regular linear hot spot stress extrapolation, the stress need to be extrapolated at a distance of
0.4t and 1.0t from the weld toe. Depending on where the crack which initiate in the crossbeam, this
regular hot spot stress extrapolation may not be possible. As can be seen from Figure 6.12, the
distance from the trough to the rounded part of the cope hole, i.e. soft toe, is only 10mm which is
marked with the red circle. This 10mm is without the weld modelled, which has a leg length of
7.07mm. This will result in an available path of only 2.93mm in which the thickness of the crossbeam
is 12mm and the thickness of the trough 6mm. This 2.93mm is not sufficient to perform a regular hot
spot stress extrapolation. If the crack will initiate at a height which is larger than 20mm, which is equal
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to the radius of the small circle of the cope hole, see Figure 6.13, a regular hot spot stress extrapolation
is possible.

Figure 6.12 Overview dimensions trough and Haibach cope hole

Four different paths are investigated to see how the stress behavior is locally. The four different paths
are shown in Figure 6.13. Path 1 is parallel to the weld toe, path 2 is also parallel to the weld toe with
an offset of 1.47mm, which is 0.5x2.93mm, and path 3 has an offset from the weld toe which is equal
to 2.93mm. Path 4 is chosen in the direction perpendicular to the crack initiation and the location of
path 4 is where the stress perpendicular to the weld toe in path 1, 2 and 3 is maximum. This critical
location in path 1,2 and 3, forms the starting point of path 4. The starting point of path 1, 2 and 3 is
the soft toe of the cut-out.

®

7.07mm
2.93mm

Figure 6.13 Overview path location crossbeam (left) and starting positions path 1,2 and 3 (right)

Biaxial/multiaxial stress state
In the case of an uniaxial stress, the direction of the principal stress is more or less perpendicular to

the weld toe, as shown in Figure 6.14, thus the maximum principal stress can be directly taken for the
hot spot calculation (Niemi, Fricke, & Maddox, 2018). If the stress state is multiaxial, or biaxial, the
angle of the maximum principal stress is inclined relative to the weld toe and thus a problem arises.
Which strategy to choose to determine the hot spot stress is not clear and the recommendations of
different authors will be stated. A brief of the summary of the main approaches in literature will be
given in the following sections.
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Figure 6.14 principal stress predominantly perpendicular to weld toe (Niemi, Fricke, & Maddox, 2018)

Structural Hot spot Stress Approach to Fatigue Analysis of Welded Components Designer's Guide
(Niemi, Fricke, & Maddox, 2018)
In the IIW recommendations for the structural hot spot stress approach (Niemi, Fricke, & Maddox,

2018) it is stated that a distinction need to be made between the principal stress and the stress
perpendicular to the weld toe. In many practical cases the direction of the maximum principal stress
is approximately perpendicular to the weld toe and thus this stress can be directly taken as the hot
spot stress (Niemi, Fricke, & Maddox, 2018). If the angle between the maximum principal stress and
the normal to the weld toe is smaller or equal than 60 degrees, the maximum principal stress should
be taken. While if this angle is larger than 60 degrees, the stress perpendicular to the weld toe, or the
minimum principal stress, whoever is the largest, should be taken for the hot spot stress.

In Figure 6.15 a graphical visualization is shown in which both principal stresses are tensile. In case of
doubt which stress component to use, especially when the direction of the maximum and minimum
principal stress is changing during a load cycle, which is the case with moving loads on a bridge, the
partial load factor should be increased sufficiently. It is not stated in which order this partial factor
should be increased.
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Figure 6.15 Definition of stress components for hot spot calculation (Niemi, Fricke, & Maddox, 2018)

Fatigue design of offshore steel structures DNVGL-RP-C203 (DNV GL, 2016)
In the DNVGL standard (DNV GL, 2016) a different methodology is proposed in which the detail

category is depending on the angle of the principal stress with the normal to the weld toe. When using
the hot spot stress methodology a distinction is made between category D and C2 which is shown in
Figure 6.16, in which D corresponds with detail category 90, while C2 corresponds with detail category
100. If the angle of the principal stress and the normal to the weld toe is smaller than 60 degrees,
detail category D should be used, while if the angle is larger than 60 degrees detail category C2 should
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be used. This distinction at an angle of 60 degrees can also be found in the IIW recommendation for
the structural hot spot stress approach (Niemi, Fricke, & Maddox, 2018), but there it is recommended
to take the stress perpendicular to the weld toe, or the minimum principal stress whoever is the
largest, instead of increasing the detail category. Furthermore it is stated that: “In general the stress
range in both the two principal directions shall be assessed with respect to fatigue” and thus both the
maximum and minimum principal stress should be used.
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Figure 6.16 Classification detail category joint with respect to angle principal stress (DNV GL, 2016)

Fatigue design of welded joints and components (Hobbacher A., 2016)
In the IIW recommendations for welded joints and components (Hobbacher A., 2016) it is stated that

the maximum principal stress should be calculated and used for the hot spot stress determination. No
distinction is made between the minimum and maximum principal stress and furthermore the stress
perpendicular to the weld toe is not mentioned at all. No further description is given in this document.

Multiaxial fatigue in welded details (Gustafsson & Saarinen, 2007)
As stated in (Gustafsson & Saarinen, 2007), the detail categories in EN-1993-1-9 (EN1993-1-9, 2011)

are based on experiments in which the stress perpendicular to the weld toe is used. If the principal
stress has an angle with the normal to the weld toe, problems may arise with the detail category. In
such a case the principal stress is the combination of the stress perpendicular and parallel to the weld
toe and this will result in an angle with the weld toe. The S-N curves in EN3 assume the stress
perpendicular to the weld toe. Whether and how it can be applied to the multiaxial stress states is not
clear in the current version of EN1993-2 (EN1993-2, 2011).

Stress Determination for Fatigue Analysis Of Welded Components (Niemi E. , 1995)
In case of a multiaxial stress state, Niemi (Niemi E. , 1995) stated that if the direction of the maximum

principal stress is acting more or less parallel to the weld toe, this maximum principal stress is not the
governing stress, and the minimum principal stress, which is perpendicular to weld toe in this case,
should be taken for the hot spot calculation. Not a clear distinction is given when to take the maximum
and when to take the minimum principal stress as the governing stress. It is stated that in case of
doubt, the fatigue life should be calculated based on both the maximum and minimum principal stress.
If the angle of the principal stress is more or less perpendicular to the weld toe, the maximum principal
stress should be taken for the hot spot calculation. Furthermore it is stated that in the case of non-
proportional loading, i.e. moving loads on a bridge, the stress is depending on the time and the
direction of the principal stress will also vary in time. This non-proportional loading can result in non-
conservative fatigue life calculation when the calculation is based on the maximum principal stress. In
many structural applications, it is sufficient to only calculate the stress perpendicular to the weld toe
and use this stress for the hot spot stress calculation (Niemi E. , 1995).
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Review of literature
As can be concluded from the investigated codes, recommendations and papers, different authors

have different opinions for which stress component to take in case of biaxial/multiaxial stress. Even
two different authors (Hobbacher A., Fatigue design of welded joints and components, 2016) and
(Niemi E. , 1995) from the same institute, the International Institute of Welding (IIW), have different
opinions for which stress component to take. Hobbacher stated that the maximum principal stress
should be used in all cases, while Niemi stated that the stress perpendicular to the weld toe is more
suitable. Furthermore it is stated that in case of non-proportional loading, which is the case for moving
loads on a bridge, the direction of the principal stress is varying with time. The principal stress can
result in non-conservative results in the case of non-proportional loading. No clear recommendations
are given what to do in this case.

In this study both the principal stresses and the stress perpendicular to the weld toe are
investigated. This study is performed for load positions 1,2 and 3 which are: global in-plane
deformation, global out-of-plane deformation and local in-plane deformation of the crossbeam. The
results for load position 1 are shown in the figures below. The results for the other 2 load cases can
be found in Annex D.

6.2.3.2.1. Results solid loading position 1 (LP1)
In Figure 6.17 the results of the absolute maximum principal stress in path 1,2 and 3 are shown while
in Figure 6.18 and Figure 6.19 the maximum and minimum principal stress are shown. In Figure 6.20
the results of the stress perpendicular to the weld toe are shown. The absolute maximum principal
stress is the largest principal value when the absolute value of all principal values is compared.
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Figure 6.17 LP1: absolute maximum principal stress for path 1,2 and 3 solid FE model
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Figure 6.18 LP1: maximum principal stress for path 1,2 and 3 solid FE model
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Figure 6.19 LP1: minimum principal stress for path 1,2 and 3 solid FE model
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Figure 6.20 LP1: stress perpendicular to weld toe for path 1,2 and 3 solid FE model

As can be seen from the figures, the results of path 2 and 3 are similar, while a larger difference with
path 1 is observed, which is due to the singularity at the weld toe. When the results of Figure 6.18, the
maximum principal stress, and Figure 6.20, the stress perpendicular to the weld toe, are compared
with each other, the maximum principal stress and stress perpendicular to the weld toe are clearly
different. As can be seen from Figure 6.20, the stress perpendicular to the weld toe shows a more or
less constant value at 26-32mm. The maximum stress occurs at 30mm from the soft toe of the cut-
out, which can be seen in Figure 6.13. This 30mm is the critical location for path 1,2 and 3 and which
forms the starting position for path 4.

Those stable stress results, in the range of 26-32mm, are not observed in the principal stress cases
(absolute, maximum and minimum). Since the principal stress in the crossbeam is not the same as the
stress perpendicular to the weld toe this is further investigated, and the direction is shown in Figure
6.21. As can be seen from the figure, the direction of the principal stress is rather parallel than
perpendicular to the weld toe. The angle between the normal to the weld toe, and the maximum
principal stress is equal to approximately 75° and 70° at the positions with distances Omm and 25mm

away from the end point at the bottom, respectively. In Figure 6.21 the direction of the principal stress
is shown.

Figure 6.21 LP1: direction maximum principal in the crossbheam global (left) and local in crossheam (right)
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Results of path 4 for LP1
As stated before, for the stress perpendicular to the weld toe, the maximum stress occurs at 30mm.

Since this height, 30mm, is larger than the radius of the small circle of the cope hole, which is equal to
20mm, it is possible to perform a hot spot extrapolation at path 4. To make the graphical visualization
more clear, the dimensions are shown in Figure 6.22.

30mm
20mm
7.07mm
2.93mm

Figure 6.22 Overview path location crossbeam with dimensions and starting positions path 1,2 and 3 (right)

To investigate the stress behavior for both the principal stresses and the direct stresses of path 4, the
results are shown in Figure 6.23. As with the results for path 1,2 and 3, also with the results for path
4 a difference is observed between the minimum/maximum principal stress and the stress
perpendicular to the weld toe. As was stated earlier, the angle between the maximum principal stress
and the normal to the weld toe is larger than 60 degrees, and thus by following the IIW
recommendations (Niemi, Fricke, & Maddox, 2018) the stress perpendicular to the weld toe, or the
minimum principal stress whoever is the largest, should be taken for the hot spot stress. When those
two stresses are compared it can be seen that the minimum principal stress is larger, and thus the
minimum principal stress should be used for the hot spot stress calculation.
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Figure 6.23 LP1: results principal and direct stresses path 4 at 30mm

6.2.3.2.2. Results shell loading position 1 (LP1)
In Figure 6.25 the results of the principal stress in paths 1,2 and 3 are shown while in Figure 6.26 and
Figure 6.27 the maximum and minimum principal stress is shown. In Figure 6.28 the results of the
stress perpendicular to the weld toe are shown. The structural intersection point of the trough and
the crossbeam is taken as the starting point for path 1. The locations of paths 1,2 and 3 in the shell FE
model are shown in Figure 6.24.
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Figure 6.25 LP1: absolute maximum principal stress for path 1,2 and 3 shell FE model
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Figure 6.26 LP1: maximum principal stress for path 1,2 and 3 shell FE model
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Figure 6.27 LP1: minimum principal stress for path 1,2 and 3 shell FE model
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Figure 6.28 LP1: stress perpendicular to weld toe for path 1,2 and 3 shell FE model

As can be seen from Figure 6.25 to Figure 6.28, the results from path 2 and 3 for all five stress
components are of the same order for every stress component, while path 1 shows large differences
with the other 2 paths. Those large differences at the start of path 1 are due to the singularity which
e structural intersection point. For the comparison of the results, path 1 is disregarded and
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only the results from path 2 and 3 are taken into account. The stress perpendicular to the weld toe,
see Figure 6.28, is close to zero and constant after approximately 6mm. If the results of the solid FE
model, see Figure 6.20, and the results of Figure 6.28 are compared, it can be seen that the regular
shell FE model does not capture the stresses perpendicular to the weld toe well. Thus it can be
concluded that this FE model is not suitable for calculation of the this investigated crack.

The same procedure is followed for the other investigated loading positions and new OSD variant for
which only the results are shown over here. The full investigation can be found in Annex E.

6.2.3.2.3. Angle of principal stress for other loading positions
Angle of principal stress and normal to weld toe LP2 and LP3 in solid FE model
For LP3, local in-plane loading between the web of the trough, similar observations are also valid for

the solid FE results for the crossbeam location. The angle between the normal to the weld toe and the
maximum principal stress is equal to approximately 80 degrees at the starting point of the path, which
is directly at the soft toe. The angle is approximately 60 degrees 25mm away from the starting point.

For LP2, global out-of-plane loading between the web of the trough, the angle between the normal to
the weld toe, and the maximum principal stress is equal to approximately 35 degrees at the starting
point of the path, which is directly at the soft toe. The angle is approximately 0 degrees 25mm away
from the starting point

As can be concluded from the three investigated loading positions, the angle of the maximum principal
stress is depending on the loading position. Furthermore the angle of the principal stress is changing
over the length of path 1,2 and 3. For loading position 1 and 3, which will result in global and local in-
plane deformation of the crossbeam, the angle between the maximum principal stress and the normal
tothe weld toe is the largest and is larger than 60 degrees. Based on this value the stress perpendicular
to the weld toe, or the minimum principal stress whichever is the largest, should be used for the hot
spot stress determination. For load position 2 this angle is between 0 and 35 degrees and thus the
maximum principal stress should be used based on the IIW recommendations (Niemi, Fricke, &
Maddox, 2018).

Results of path 4 under LP1, LP2 and LP3 in solid FE model
To investigate the stress behavior for both the maximum/minimum principal stress and the stress

perpendicular to the weld toe, both stress components are used for the hot spot stress calculation.
Since it was determined that the angle of the principal stress and the normal to the weld toe is larger
than 60 degrees for load position 1 and 3, the comparison is made with the minimum principal stress.
For load position 2 this angle is smaller than 60 degrees and thus the maximum principal stress is used.

Comparison of hot spot stress calculated by principal stress and direct stress
The results of the hot spot stress extrapolation of the three load cases are shown in Table 6-3. The

height from the soft toe of the cut-out to path 4 for load position 1 and 3 is equal to 30mm, which can
be seen in Figure 6.22, while this height is equal to 24mm for loading position 2. Linear surface
extrapolation is performed for the determination of the structural stress in the crossbeam. As was
concluded in section 6.2.1 the required element size for the quadratic solid elements is equal to 2mm,
and for the quadratic shell elements equal to 1mm.
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Table 6-3 Results comparison hot spot stress path 4 solid FE model for principal stress and stress perpendicular to weld
toe

HSS absolute principal | HSS stress perpendicular O HSS_solid_principal_stress
stress [MPa] to weld toe [MPa] O HSS_solid_stress_perpendicular
Load position 1 -7.32 -4.65 1.57
Load position 2 +8.71 +8.74 1.00
Load position 3 -6.30 -4.42 1.43

As can be seen from Table 6-3, the hot spot stress obtained with the principal stress is higher when
the same calculation is performed with the stress perpendicular to the weld toe. The results from the
principal stress are more conservative.

As was observed previously, the angle of the principal stress in the crossbeam is depending on the
loading position. When an uniaxial stress state occurs, which is the case in the web of the trough, the
angle of the maximum principal stress is more or less equal to the normal of the weld toe and thus no
distinction need to be made between the angle of the principal stress. When a biaxial stress is present,
the angle of the principal stress and the normal to the weld toe is depending on the loading position.
Based on the above mentioned observations, and taking the IIW recommendations for the hot spot
stress (Niemi, Fricke, & Maddox, 2018) into account, the angle of the principal stress should be
calculated for every loading position.

This dependency, of the angle of the principal stress and the loading position, makes it difficult to base
a stress range on. The direction is changing for every loading position, so the direction should be fixed
for every loading position individually which is a tedious job to do. Another possibility is to study the
shear stress in the weld, and the stress perpendicular to the weld toe. Those stress components have
a fixed direction and thus are not depending on the loading position. But this will result in two different
stress components for the hot spot stress calculation. This method is proposed by (Susmel & Tovo,
2006), and is only possible for the solid FE model since in this case the weld is modelled. With the shell
FE model this is not the case and thus no comparison can be made between the FE models.

Different authors have different recommendations which procedure to choose in case of a biaxial
stress state. Even in the IIW recommendations different authors have different recommendations
which stress component to take. In the case of non-proportional loading, i.e. moving loads on a bridge,
the stress is depending on the time and the direction of the principal stress will also vary in time. This
non-proportional loading can result in non-conservative fatigue life calculation when the calculation
is based on the maximum principal stress (Niemi, Fricke, & Maddox, 2018).

Furthermore the detail categories in EN1993-1-9 (EN1993-1-9, 2011) are based on experiments in
which the stress perpendicular to the weld toe is used. If the principal stress has an angle with the
normal to the weld toe, i.e. it is not perpendicular to the weld toe, problems may arise with the detail
category. In such cases the principal stress is the combination of the stress perpendicular and parallel
to the weld toe and this will result in an angle with the weld toe. The S-N curves in EN3 assume the
stress perpendicular to the weld toe and thus this criterion is not fulfilled with the principal stress in
case of a multiaxial stress. No detail categories are given in EN1993-1-9 (EN1993-1-9, 2011) for the
principal stress.
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6.2.3.3.  Weld modelling shell FE model
To investigate if the results of the shell FE model can be improved, two weld modelling techniques are
used for this analysis. One modelling technique is the increased thickness method, proposed by
(Eriksson, Lignell, Olsson, & Spennare, 2003) and the other is the IIW method (Niemi, Fricke, &
Maddox, 2018). A detailed description of both weld modelling techniques can be found in section
2.6.2. An overview of those modelling techniques is shown in Figure 6.29.

With the [IW weld modelling technique (Figure 6.29 left) the thickness of the crossbeam is locally
increased and furthermore the tip of the weld is also modelled. The thickness of the crossbeam is
increased over a height which is equal to the leg length of the weld plus half of the thickness of the
trough, which is equal to 7.07+3=10.07mm for the old OSD variant. The locally increased thickness of
the crossbeam is equal to the thickness of the crossbeam plus the weld leg length, which is equal to
12+7.07=19.07mm for the old OSD variant. With the increased thickness method (Figure 6.29 right),
both the thickness of the trough and crossbeam is increased locally. This increased thickness is equal
to the thickness of the trough or crossbeam plus the throat thickness of the weld which is equal to
S5mm.

Figure 6.29 IIW weld modelling method (left) and increased thickness method (right)

The read out location of stresses for path 1 is the weld toe and not the structural intersection point of
the trough and crossbeam anymore. This will result in the same read out location for both the solid
and the shell with weld FE models.

6.2.3.4.  Comparison results different models
For the comparison of the results between the three different models the results of path 2 are
compared. In Figure 6.30 the results of the maximum principal stress path 2 are shown while in Figure
6.31 the results of the stress perpendicular to the weld toe are shown.
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Figure 6.30 LP1: comparison maximum principal stress, path 2 for different FE models
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Figure 6.31 LP1: comparison stress perpendicular to weld toe, path 2 for different FE models

As can be seen from Figure 6.30, the singularity which occurs at the structural intersection point in the
shell FE model almost fully disappeared when the weld modelling is applied for the shell FE model.
Furthermore the trendline of the solid FE model and shell model with weld is closer the trendline of
the shell model without weld. The maximum principal stress of the shell FE models with weld is lower
throughout the whole length of the path when compared with the solid results. As can be seen from
Figure 6.31, the weld modelling improved the results for the stresses perpendicular to the weld toe a
lot and also the singularity is almost fully disappeared. The results improved in a qualitative way, i.e.
the trendline of the solid and shell with weld FE models is matching, but in a quantitative way since
some differences still exist when compared with the solid FE model.

Furthermore shifting the extraction positions of the shell FE model from the structural intersection
point of the trough and crossbeam to the imaginary weld toe will have a huge influence on the results.
This shifting is only done to see how much the weld modelling techniques improve the results when
compared to the original shell model. The differences between the shifted shell FE model and the shell
weld FE models results is limited. The weld modelling thus has limited influence for this in-plane
loading type. As can be seen from the figure, all FE models, solid and shell with weld, have their
maximum value for path 2 at the same location in the crossbeam, at approximately 30mm.

Results LP2
For LP2, in which the crossbeam is under out-of-plane loading, the difference in stress results between

the shell FE models and solid FE model is still quite large. The results for the absolute principal stress
are shown in Figure 6.32 and for the stress perpendicular to the weld toe in Figure 6.33.
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Figure 6.32 LP2: comparison absolute maximum principal stress path 4

84



[
=1

Solid

Shell_shifted

Stress [MPa]
w

Shell_weld_IIW
Shell_weld_Eriksson
0
0 2 4 8 B 10 12 14 1s 18 20 22 24 26 28 30 32 34 36 38 40
Distance from weld toe [mm)]

Figure 6.33 LP2: comparison stress perpendicular to weld toe path 4

As can be seen from both figures, the results from the shell FE models are non-conservative when
compared with the solid. The Eriksson weld modelling technique in the shell FE model shows results
closest to the solid FE model. When a linear extrapolation is performed to obtain the hot spot stress,
the hot spot stress for the solid FE model is equal to +8.71MPa, and for the shell FE model with Eriksson
weld modelling technique equal to +6.26MPa. This is an underestimation of a factor 0.70.

Deformations crossbheam for LP2
Since a large difference occurs between the solid and shell FE model this difference will be further

investigated to see what causes this large difference. The global and local deformations between the
solid and shell FE model will be investigated and furthermore the influence of the weld modelling with
the solid FE model is investigated.

In Annex G, the contour plots and graphs of the deformation are shown at the location of the
crossbeam and trough. Furthermore the deformed mesh figures can be found in this annex. With LP2
the crossbeam will deform solely out-of-plane and for the comparison the out-of-plane deformation
in path 2 is shown in Figure 6.34. As can be seen from the figure, hardly any difference between the
solid and shell FE models occur for the out-of-plane deformation.
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Figure 6.34 LP2: out-of-plane deformation (U3) path 2 different FE models

Another possible explanation for the differences is the way in which the forces are transferred in the
shell and solid FE models. In the shell model the connection of the crossbeam and trough can be seen
as a fully penetrated connection and thus the load is directly transferred from the trough to the
crossbeam. For the solid FE model a seam is applied between the trough and crossbeam and thus the
load is transferred from the trough, through the weld, to the crossbeam. In the shell FE model the load
is transferred directly to the crossbeam, which has a thickness of 12mm, while in the solid FE model
the load is transferred to two times the throat thickness of the weld which is equal to 5x2=10mm.

To see how the results are affected two additional solid models are created. One in which the seam is
removed and one in which the seam and the weld are both removed. The thee solid FE models with
and without seam are shown in Figure 6.35. In which the left figure is the original FE model, the middle
figure when the seam is removed and the right figure when both the seam and weld are removed. The
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results of path 4 are shown in Figure 6.36. Furthermore the obtained hot spot stress values for all
three solid FE models and the shell model without weld are shown in Table 6-4.

Figure 6.35 Solid FE model with seam (left), without seam (middle) and without seam and weld (right)
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Figure 6.36 Comparison solid with and without seam modelled stress perpendicular to weld toe path 4

Table 6-4 Overview obtained hot spot stress values adapted solid models

aHSS_shell_original

Obtained HSS [MPa] OHss solid XXX
Solid original 8.71 0.52
Solid no seam 8.98 0.50
Solid no seam and no weld 6.09 0.74
Shell original 4.50 -

Applying a seam will hardly influence the results in the crossbeam. The obtained stress in path 4 is
almost similar for the case with and without a seam applied which is shown in Figure 6.36. The solid
FE model with no seam and no weld is as close as possible to the shell FE model, but the ratio is still a

factor 0.74.

6.2.3.5.  Result variant 2: new OSD thicknesses
For this small parametric analysis also the results are obtained for variant 2 which is the new OSD
variant. In this variant the thickness of the trough, deck plate and crossbeam are adapted and in Table

6-5 the differences are shown.

Table 6-5 Overview differences in thickness between new and old OSD variant

Old OSD [mm] New OSD [mm]
Trough 6 8
Crossbeam 12 16
Deck plate 12 22

The same strategy as with the old variant, which was investigated previously, is also followed for this

variant.
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First a mesh sensitivity study is performed to determine the appropriate element size, this mesh
sensitivity analysis is performed for loading position 1 and 2. Similar conclusions as with the old OSD
variant are also valid for this new variant.

The next step is to investigate at what height in path 2 and 3 the maximum value of the stress occurs.
This height forms the starting location of path 4. The third step is to calculate the hot spot stress in
the trough and the crossbeam for all five load cases and make the comparison with the variant 1,
which is the old OSD.

Maximum values path 2 and 3

As was concluded in section 6.2.3.2.3, when the results of paths 2 and 3 are compared, of both the
solid and shell FE models, the maximum value in path 2 occurred at the same location for all
investigated load cases. Also for the new variant the maximum value for paths 2 and 3 occurred at the
same distance from the soft toe of the cut-out and thus only the results for path 2 are shown in Figure
6.37. In this figure the stress perpendicular to the weld toe is shown.
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Figure 6.37 Results path 2 for investigated load cased solid FE model, new OSD variant (stress perpendicular to weld toe)
As can be seen from Figure 6.37, the maximum value in path 2, occurs at 32mm away from the soft
toe of the cut-out for loading positions 1,3,4 and 5. Only for loading position 2 the maximum value
occurs at 22mm. The maximum value in path 2 forms the starting location of path which is
perpendicular to the weld toe. In Table 6-6 the comparison for the location of the maximum is
summarized. As can be seen from the table, for the old OSD variant the maximum stress occurs at
30mm, while for the new OSD variant this maximum occurs at 32mm. Since path 4 has another starting
height in the old OSD variant when compared with the new OSD variant, it is not possible to make an
exact comparison for the hot spot stresses in the crossbeam.

Table 6-6 Overview locations with maximum value path 2 for new and old OSD variant

New OSD Old OSD
Solid [mm] Shell [mm] Solid [mm] Shell [mm]
LC1 32 32 30 30
LC2 22 22 24 24
LC3 32 32 30 30
LC4 32 32 30 30
LC5 32 32 30 30
Note: the distance from weld end to the maximum stress perpendicular to the weld toe stress

is shown.
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6.2.4. Hot spot stress results in old and new OSD variants
Results in trough

In Table 6-7 the hot spot stress results in the web of the trough are shown for both the old and new
OSD variant, while in Table 6-8 the ratio between the solid and the two different shell models is shown.
The ratio between the obtained hot spot stress of the old and new OSD is shown in Table 6-9.

Table 6-7 Overview obtained hot spot stress results old and new OSD variant trough (stress perpendicular to weld toe)

Old OSD variant New OSD variant
OHSS_solid| OHSS_shell| OHSS_shell IIW | OHSS_shell Eriksson | OHSS_solid | OHSS_shell OHSS shell 1Iw | OHSS_shell_Eriksson
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
LP1 +57.90 +65.93 +64.78 +60.67 +34.29 +39.01 38.47 +38.08
LP 2 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
LP3 +39.35 +48.08 +45.40 +43.67 +26.43 +30.87 +29.92 +29.62
LP 4 +3.21 +3.43 +3.40 +2.86 +5.64 +6.14 +6.01 +5.76
LP5 +35.50 +41.09 +40.48 +38.04 +26.68 +29.27 +29.09 +28.63
Table 6-8 Overview obtained ratio hot spot stress results solid and shell models for old and new OSD variant trough
Old OSD variant New OSD variant
OHSS _shell | OHSS_shell IIW | OHSS _shell Eriksson | OHSS_shell | OHSS_shell IIW | OHSS_shell Eriksson
O HSS solid O HSS_solid O HSS_solid O HSS solid O HSS_solid O HSS solid
Loading position 1 1.14 1.12 1.05 1.14 1.12 1.11
Loading position 2 1 1 1 1 1 1
Loading position 3 1.22 1.15 1.11 1.17 1.13 1.12
Loading position 4 1.07 1.06 0.89 1.09 1.07 1.02
Loading position 5 1.16 1.14 1.07 1.10 1.09 1.07

Table 6-9 Ratio hot spot stress old and new OSD variant in web trough

OHSS solid new | OHSS shell new | OHSS shell IW new | OHSS shell Eriksson_new
OHsS solid old | OHSS shell old | OHSS_shell IIW_ old | OHSS shell Eriksson_old
Loading position 1 0.59 0.59 0.59 0.63
Loading position 2 1 1 1 1
Loading position 3 0.67 0.64 0.66 0.68
Loading position 4 1.76 1.79 1.77 2.01
Loading position 5 0.68 0.71 0.72 0.75

As can be seen from Table 6-7, the new OSD variant is behaving better in all load positions, except for
loading position 4. The ratio between the results of the solid FE model and both shell FE models is
shown in Table 6-8 and the scatter in results between the solid and shell without weld FE model has a
maximum of 1.22 for loading position 3. When the weld is modelled with the shell FE model the scatter
is decreased to a factor 1.15. Modelling the weld will reduce the scatter between the solid and shell
FE models and will thus improve the results of the shell FE model. For all five investigated load
positions the shell FE results are overestimating the hot spot stress when compared with the solid FE

model and are conservative.

From Table 6-9 it can be seen that the ratio between the hot spot stress of the old and new OSD
variant is quite constant for all the three FE models for the individual load positions. For loading
positions 1,3 and 5 this ratio is equal to 0.59-0.75 for the solid and different shell FE models. The
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critical loading position, which gives the highest hot spot stress in the trough, is loading position 1,
followed by loading position 3 and 5.

In Annex H a further investigation of the differences between the old and new OSD variant is
performed for loading position 4. With this loading position the hot spot stress of the new OSD variant
is higher when compared with the old OSD variant. The difference between the new and old OSD
variant is only the thickness of the trough, crossbeam and deck plate. One of those parameters is
adapted at the time to see which parameter will result in this stress concentration for the new OSD.
This can be easily done with a shell FE model, thus this model is used for the comparison. Increasing
the thickness of the trough from 6mm to 8mm, will result in a higher stress concentration at the
structural intersection point. This stress concentration results in a hot spot stress which is 3.50 higher
when compared with the original old OSD variant. A side node which should be placed by loading
position 4 is that the obtained hot spot stress is very low when compared with the other load cases.
The obtained hot spot stress for load position 4 is only 3MPa, while for load case 1,3, and 5 it is more
than 40MPa. And thus it is not a critical position.

Results in crossheam

In Table 6-10 the hot spot stress results of the crack in the crossbeam, with path 4 at 30mm and 32mm
from the soft toe for the old and new variant, respectively, are shown for both the old and new OSD
variant. In Table 6-11 the ratio between the solid and the two different shell models is shown. The
ratio between the obtained hot spot stress for the old and new OSD variant is shown in Table 6-12.

Table 6-10 Overview obtained hot spot stress results old and new OSD variant crossbeam

Old OSD variant New OSD variant
OHSS_solid | OHSS_shell_shift| OHSS_shell IW | OHSS_shell Eriksson| OHSS_solid| OHSS_shell_shift| OHSS_shell_ IIW | OHSS_shell Erikssor
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
LP1 -4.65 -4.32 -4.52 -4.97 -3.73 -3.33 -3.60 -3.88
LP 2 +8.71 +4.50 +5.57 +6.26 +5.46 +2.78 +3.34 +3.75
LP3 -4.42 -4.11 -4.17 -4.42 -3.99 -3.31 -3.65 -3.79
LP 4 -1.69 -1.52 -1.57 -1.76 -1.62 -1.34 -1.45 -1.59
LP5 -5.30 -4.71 -5.07 -5.20 -4.60 -3.91 -4.25 -4.59
Table 6-11 Overview obtained ratio hot spot stress results old and new OSD variant crossbeam
Old OSD variant New OSD variant
OHSS_shell_shifted | OHSS shell IIW | OHSS shell Eriksson | OHSS_shell_shifted | OHSS shell IW | OHSS shell Eriksson
O HSS_solid O HSS solid O HSS_solid O HSS_solid O HsS solid OHSS solid
LP1 0.93 0.97 1.07 0.89 0.96 1.04
LP 2 0.51 0.64 0.72 0.51 0.61 0.69
LP3 0.93 0.94 1.00 0.83 0.91 0.95
LP4 0.90 0.93 1.04 0.83 0.89 0.98
LP5 0.89 0.96 0.98 0.85 0.92 1.00
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Table 6-12 Ratio hot spot stress old and new OSD variant in crossbeam

O'HSS_Solid_new O-HSS_shell_shifted_new aHSS_shell_IIW_new aHSS_shell_Eriksson_new
OHSS _solid_old | OHSS_shell_shifted_old | OHSS_shell IW_old | OHSS_shell Eriksson_old
Loading position 1 0.80 0.77 0.80 0.78
Loading position 2 0.63 0.56 0.60 0.60
Loading position 3 0.90 0.81 0.87 0.86
Loading position 4 0.96 0.92 0.92 0.90
Loading position 5 0.87 0.87 0.84 0.88

From Table 6-10 it can be seen that the new OSD variant has lower hot spot stress values for all
investigated loading positions. A side node which should be placed over here is for the old OSD variant
the maximum stress occurs at a height of 30mm from the soft toe, while for the new OSD variant this
maximum occurs at 32mm. Since path 4 has another position in the old OSD variant when compared
with the new OSD variant, it is not possible to make an exact comparison for the hot spot stresses in
the crossbeam. As can be seen from Table 6-11, the shell FE models are underestimating the hot spot
stresses when compared with the solid FE model and thus result in non-conservative results. The

scatter between the solid and shell FE model is the largest for loading position 2, in which an out-of-
plane torsional load is applied.

Applying the weld with the shell FE model will reduce the scatter for all investigated load cases and
thus will reduce the scatter between the solid and shell FE results. For the in-plane load cased the
ratio between the obtained hot spot stress of the solid and shell weld Eriksson approach is equal to
0.93-1.04, while for the out-of-plane loading this ratio is equal to 0.69-0.72. As with the results from
the web of the trough, also the difference in results between the individual load cases for all four FE
models is quite constant as can be seen from Table 6-12..

6.3. Parametric study | and II: loading positions and different geometries

In this subchapter the critical loading positions of the OSD will be determined for both the old and
new OSD variants based on influence lines. One axle load from fatigue load model 4 (FLM4) is used.
As was stated in section 2.5., in fatigue load model 4, a distinction is made between 5 different types
of trucks. Those 5 different types need be considered in a separate manner from each other. For each
truck type, several different specifications are mentioned: the wheel type, traffic type, axle load and
the distance between the axles. With FLM4 the different type of trucks move over the bridge deck in
transversal and longitudinal direction, in this parametric study only axle type C is taken into account.
An overview of the wheel patch dimensions and the center to center distance is shown in Figure 6.38.
The axle load for type Cis equal to 80-90kN, for this analysis the highest load is chosen which result in
an axle load of 90kN.
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Figure 6.38 Definition of axle type C (EN1991-2, 2011)

For the parametric analysis the trough of interest is the right web of the middle trough, which is named
T10R and shown in Figure 6.1 and Figure 6.39. The loads will be placed in three different positions in
transverse direction, which is similar to the loading positions of the small parametric analysis. For
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position 1 the load is placed between the webs of the trough, with position 2 the load is placed on the
web of the trough and with position 3 the load is placed in between two troughs. In Figure 6.40 an
overview of the three transverse loading positions is given.

To obtain the critical locations in longitudinal direction use is made of a DLOAD subroutine. The load
is moved from crossbeam 1 (CB1) to crossbeam 3 (CB3) with step sizes of 250mm which is shown in
Figure 6.39. This will result in 25 steps for every transverse loading position. The two loading positions,
in longitudinal direction, which result in the minimum and maximum stress will be determined and
used to study the comparison of the solid and shell FE model.

CB1

T10R

Figure 6.39 Loading position longitudinal direction

Figure 6.40 Overview loading positions, left: between web of trough, middle: on web of trough, right: between troughs

A distinction is made between the influence lines for both investigated crack locations: crack in web
of trough at lower weld end, and the crack in the crossbeam at some distance from the soft toe,
respectively. For every influence line the comparison is made between five different FE models: solid,
shell without weld, and three shell models with the weld modelled. Those weld modelling techniques
are: lIW approach (Niemi, Fricke, & Maddox, 2018), Eriksson approach (Eriksson, Lignell, Olsson, &
Spennare, 2003) and the combined approach which is a combination of the two weld modelling
techniques. With the combined approach both the thickness of the trough and crossbeam are
increased locally based on the increased thickness method of Eriksson (Eriksson, Lignell, Olsson, &
Spennare, 2003). Furthermore the weld tip is modelled based on the IIW method (Niemi, Fricke, &
Maddox, 2018) with the thickness equal to the increased thickness of the crossbeam. This combined
weld modelling technique is shown in Figure 6.41.
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Figure 6.41 Combined weld modelling technique: increased thickness and weld tip modelled

6.3.1. Crack in web of trough at lower weld end (crack 1)

In Figure 6.42 to Figure 6.47 the results of the crack in the web of the trough are shown for the old
and new OSD dimensions in which axle type C with a load of 90kN is applied. The thickness of the
different parts can be found in Table 6-1. For the shell model without weld and the shell with the
Eriksson weld modelling approach (Eriksson, Lignell, Olsson, & Spennare, 2003) the structural
intersection point is taken as the starting point for the read out of the stresses, while for the solid,
shell with weld IIW approach and the combined modelling technique the weld toe is taken as the
starting point. The hot spot stress calculation is based on the stress perpendicular to the weld toe.
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Figure 6.42 Influence line crack in web of stiffener, loaded on top op web of trough, old OSD variant
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Figure 6.43 Influence line crack in web of stiffener, loaded between webs of trough, old OSD variant
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Figure 6.44 Influence line crack in web of stiffener, loaded between troughs, old OSD variant
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New OSD variant
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Figure 6.45 Influence line crack in web of stiffener, loaded on top op web of trough, new OSD variant
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Figure 6.46 Influence line crack in web of stiffener, loaded between webs of trough, new OSD variant
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Figure 6.47 Influence line crack in web of stiffener, loaded between troughs, new OSD variant

As can be seen from Figure 6.42 to Figure 6.47, the influence line is symmetric as it can be mirrored
around X=0. All five investigated FE models have their maximum hot spot stress value at the same
loading position. In Table 6-13 the maximum hot spot stress values with their locations are shown for
the solid FE model for the crack initiating from lower weld end in the web of the trough.

Table 6-13 Overview maximum HSS values trough for solid FE model old and new OSD variant

Loaded on top of | Loaded between Loaded between
web trough webs troughs
Maximum HSS value [MPa] old OSD +59.25 MPa +25.65 MPa +50.39 MPa
new OSD +29.86 MPa +17.00 MPa +28.19 MPa
Location maximum value [mm] old OSD +-1375mm +-375mm +-1375mm
new OSD +-1000mm +-375mm +-1250mm

As can be seen from Table 6-13, placing the load on top of the web results in the highest hot spot
stress. Placing the load between the webs of the trough results in the lowest hot spot stress out of the
three investigated transverse load positions. In this FE model only three crossbeams are modelled and
thus the negative part of the influence line is not taken into account, i.e. only positive hot spot stress
values are obtained. Due to this limitation the minimum value of the hot spot stress is chosen to be
equal to 0 MPa.
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6.3.2. Crack in crossbeam (crack 2)
As was concluded from the small parametric analysis in section 6.2.3, the maximum value in path 2 is
depending on the type of loading. For in-plane deformation its maximum value occurs at 30mm from
the soft toe of the cut-out, while for out-of-plane deformation of the crossbeam this is equal to 24mm
for the old OSD variant. For the new OSD variant those values are equal to 32mm and 22mm
respectively. Since the applied wheel axle will result in both in-plane and out-of-plane deformation,
the location should occur between those values.

The weld toe is taken as the starting location for the stress extrapolation for the solid FE model, while
for the shell FE model the structural intersection point is taken as the starting location (Niemi, Fricke,
& Maddox, 2018). In Figure 6.48 and Figure 6.49 the stresses in path 2, which is 1.47mm away from
the weld toe, or structural intersection point, are shown. The location of the maximum stress in path
2 forms the starting location of path 4, which is perpendicular to the weld toe. For a graphical
representation of path 2 and 4, see Figure 6.22. Figure 6.48 and Figure 6.49 are based on the critical
loading position loaded on top of the web of the trough. As can be seen from the figures, the unshifted
shell FE model, in which the structural intersection point is taken as the starting point, is giving stresses
which are off when compared with the solid FE model. It shows constant values after 8mm. The stress
in path 2 cannot be captured well with this shell model and thus the location of path 4 cannot be
determined. Due to this the shell FE model is not suitable for the determination of this crack.

When the starting point of the shell FE model is changed from the structural intersection point to the
imaginary weld toe, the absolute values are still off when compared with the solid FE model. The
results improved in a qualitative way, i.e. the trendline of the solid and shell with weld FE models is
matching, but in a quantitative way since some differences still exist when compared with the solid FE
model. Furthermore the location of the maximum stress in path 2 is the same. For the sake of
comparison of the different FE models the shifted shell FE results are included in the investigation to
see how much the weld modeling techniques will improve the results.
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Figure 6.48 Results path 2, loaded on top of web, comparison FE models, old OSD variant, maximum stress path 2 at
12/14mm (stress perpendicular to weld toe)
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Figure 6.49 Results path 2, loaded on top of web, comparison FE models, old OSD variant, maximum stress path 2 at
28mm (stress perpendicular to weld toe)
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Critical loading position old OSD variant crack in crossheam
First it is investigated at what height in path 2 the maximum stress occurs for all five FE models. In

Figure 6.50 the stress perpendicular to the weld toe in path 2 for the critical locations is shown for the
solid FE model of the old OSD variant. In this figure a distinction is made between the transverse
loading positions and a further distinction is made between the minimum and maximum stresses
which are obtained. The largest minimum value of the stress occurs at a height of 26-28mm in path 2,
while the largest maximum value occurs at a height of 12-14mm in path 2. As was shown Figure 6.22
a regular hot spot stress extrapolation is not possible at a height of 12mm, since there is not sufficient
material present.

The same check is also performed for the new OSD variant for the solid model. As can be seen from
the figure, the largest minimum stress occurs at 28-30mm, while for the largest maximum stress this
is at 12-14mm. Those locations are the same as with the old OSD variant. The differences in obtained
stress for the minimum values in path 2 at 26-30mm are very small. For the solid FE model, with an
element size of 2mm, smaller than 1%, and smaller than 0.5% for the shell FE models with an element
size of Imm.

For all three shell FE models the same procedure is followed and a summary of the old OSD variant is
given in Table 6-14, while for the new OSD variant the results are given in Table 6-15.
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Figure 6.50 Results path 2 critical locations crossbeam solid FE model, old OSD variant (stress perpendicular to weld toe)
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Figure 6.51 Results path 2 for critical locations crossbeam solid FE model, new OSD variant (stress perpendicular to weld
toe)

Table 6-14 Location of maximum stress in path 2 for investigated transverse loading positions, old OSD variant

Solid Shell (shifted) | Shell IW | Shell Eriksson | Shell combined weld
Loaded on top of web trough 12/28mm 12/28mm 12/28mm 14/28mm 14/28mm
Loaded between webs 14/26mm 12/26mm 13/26mm 14/28mm 14/28mm
Loaded between troughs 12/28mm 11/28mm 11/28mm 13/29mm 13/29mm

Table 6-15 Location of maximum stress in path 2 for investigated transverse loading positions, new OSD variant

Solid Shell (shifted) | Shell IW | Shell Eriksson | Shell combined weld
Loaded on top of web trough 12/28mm 12/28mm 12/28mm 14/28mm 14/28mm
Loaded between webs 12/28mm 12/28mm 13/28mm 14/30mm 14/30mm
Loaded between troughs 12/30mm 12/30mm 12/30mm 13/31mm 13/31mm
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As can be seen from both tables, the location of the minimum and maximum stress perpendicular to
the weld toe in path 2 is depending on the transverse loading position. When the load is placed on top
of the web or between the troughs the maximum location is at 12mm from the soft toe, while when
the load is placed between the webs the maximum location is at 14mm from the soft toe. Furthermore
some minor differences in the location of the maximum and minimum stress between the solid and
four shell FE models can be seen. Those differences are a maximum of 2mm.

The governing transverse loading position, i.e. in which the highest stress range is obtained in the
crossbeam, is when the load is placed on top of the web of the trough. The location for the minimum
and maximum stress of this transverse loading position will also be used for the other two transverse
loading positions. This will result in a minimum stress at 28mm and a maximum stress at 12/14mm
from the soft toe. The stress range can be determined based on those two locations.

In Figure 6.52 to Figure 6.57 the influence lines for the crossbeam are shown for both the old and new
OSD variants. Path 4 is at a height of 28mm and is the same for all five FE models. As was concluded
in the previous section, for longitudinal locations X=-3000mm to X=Omm (CB1 to CB2), the maximum
value in path 4 occurs at 12-14mm, and no regular hot spot stress extrapolation is possible. To make
it possible to obtain an influence line, the stresses are extracted at P4_28mm for the whole length of
the influence line, i.e. for longitudinal locations X=-3000mm to X=+3000mm (CB1 to CB3). Linking the
stress of P4_12/14mm with the stress of P4_28mm will be performed later on in this report.
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Figure 6.52 Influence line crack in crossbeam, loaded on top op web of trough, old OSD variant
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Figure 6.53 Influence line crack in crossbeam, loaded between webs of trough, old OSD variant

— Solid

E - - -1500 - - 5
3000 2500 2000 15 1000 500 1500 0_y shell shifed

HsS [MPa)

Shell_weld_IIW
Shell_weld_Eriksson

—#— Shell_weld_combined

LI T R A Y

Distance from middle crossbeam [mm]

Figure 6.54 Influence line crack in web of stiffener, loaded between troughs, old OSD variant
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New OSD variant
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Figure 6.55 Influence line crack in crossbeam, loaded on top op web of trough, new OSD variant
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Figure 6.56 Influence line crack in crossbeam, loaded between webs of trough, new OSD variant
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Figure 6.57 Influence line crack in web of stiffener, loaded between troughs, new OSD variant

As can be seen from Figure 6.52 to Figure 6.57, the influence line consists of both positive and negative
hot spot stress values. Without the weld modelling of the shell FE model a large difference in results
can be seen when compared with the solid FE model. Including the weld in the shell FE model will
improve the results and the weld modelling technique proposed by (Eriksson, Lignell, Olsson, &
Spennare, 2003), the increased thickness method, gives the largest improvement. The differences
between the Eriksson weld modelling approach and the combined approach are negligible in those
cases, i.e. the difference is smaller than 1%. The obtained hot spot stresses of the solid FE model are
higher for all loading positions when compared with the four shell FE models.

An overview of the obtained hot spot stress for the solid FE model of the both the old and new OSD
variant is shown in Table 6-16.

Table 6-16 Overview maximum and minimum HSS values crossbeam, old OSD variant

Loaded on top of web trough | Loaded between webs | Loaded between troughs

Old OSD New OSD Old OSD New OSD Old OSD New OSD
Maximum HSS value [MPa] +4.21 +2.58 +2.39 +1.61 +2.26 +1.66
Minimum HSS value [MPa] -9.84 -6.35 -6.02 -3.85 -5.88 -4.16
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As can be seen from Table 6-16, placing the load on top of the web of the trough will result in the
highest hot spot stress range. Placing the load between the webs of the trough or between the troughs
will result in almost the same stress range. A side note which should be placed is that for the
determination of the maximum hot spot stress value the path at 28mm is taken, while from Figure
6.50 it can be seen that the maximum value occurs at 12mm. A further investigation to obtain the hot
spot stress from path 4 at a height of 12/14mm will be performed in section 6.4.

6.3.3. Conclusions based on parametric studies | and Il
In this subchapter the results of parametric study | and Il are shown. A distinction is made between
the crack in the web of the trough and the crack in the crossbeam.

Results of crack in trough
The critical loading positions for the crack location in the web of the trough for both the old and new

OSD variant are shown in Table 6-17.

Table 6-17 Location of minimum and maximum hot spot stress for crack in web trough

Old OSD variant New OSD variant
Min [mm] | Max[mm] | Min[mm] | Max [mm]
Loaded on top of web trough - +-1375 - +-1000
Loaded between webs - +-375 - +-375
Loaded between troughs - +-1375 - +-1250

The obtained hot spot stress for the critical loading positions is shown in Table 6-18. The ratios
between the shell and solid FE models are shown in Table 6-19 for the old OSD and new OSD variant.

This ratio is more or less constant for the total influence line.

Table 6-18 Obtained hot spot stress solid and shell FE models, web of trough, at critical loading position

OHSS_solid | OHSS_shell | OHSS_shell IW | OHSS _shell Eriksson | OHSS_shell combined

[MPa] [MPa] [MPa] [MPa] [MPa]

Loaded on top of web trough | old OSD +59.25 +72.18 +65.86 +68.12 +61.66
new OSD +29.86 +34.58 +33.90 +35.39 +30.93

Loaded between webs old OSD +25.65 +30.04 +27.10 +27.86 +26.28
new OSD +17.00 +18.51 +18.09 +18.47 +17.04

Loaded between troughs old OSD +50.39 +62.16 +56.00 +58.78 +52.40
new OSD +28.19 +33.51 +32.54 +34.60 +29.67

Table 6-19 Overview obtained ratios HSS solid and shell FE models, web of trough, at critical loading position

OHSS_shell | OHSS_shell weld IIW | OHSS_shell weld Eriksson | OHSS_shell weld_combined
OHsS_solid OHSS_solid OHSS _solid O 4SS _solid
Loaded on top of web | oldOSD | 1.15-1.25 1.10-1.15 1.15 1.05
trough new OSD | 1.10-1.20 1.15 1.15-1.20 1.05
Loaded between webs oldOSD | 1.10-1.20 1.05-1.10 1.10 1.00-1.05
new OSD | 1.05-1.15 1.05-1.15 1.05-1.15 1.00
Loaded between troughs old OSD | 1.20-1.25 1.10-1.15 1.15 1.05
new OSD | 1.15-1.20 1.10-1.20 1.15-1.25 1.05
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Three different weld modelling techniques for the shell FE model were investigated: [IW, Eriksson and
a combination of the two approaches. As can be seen from Table 6-19, the shell with the combined
weld modelling technique gives the best results when compared with the hot spot stress of the solid
FE model. Applying this weld modelling technique for the shell reduces the scatter in results from a
factor 1.20-1.25 to a factor 1.05 for both the old and new OSD variant.

The obtained hot spot stress for the new OSD variant is lower for all load cased when compared with
the old variant. The reduction in calculated hot spot stress is a factor 1.50-2.00, depending on the
transverse loading position.

CV (coefficient of variation) for shell weld model
Based on the above mentioned critical loading positions for the investigated transverse positions, the
coefficient of variation will be determined based on the following formula:

standard deviation

cov =
mean
This calculation is done only for the shell with combined weld modelling since this method showed
the best results when compared with the solid FE model. The mean value is equal to 1.04 for both the
old and new OSD variant. A coefficient of variation of 0.8% is obtained for the old OSD variant, while
a CV of 2.2% is obtained for the new OSD variant. The standard deviation is equal to 0.01 and 0.02
respectively.

Results of crack in crossbeam
The critical loading positions for the crack location in the crossbeam for both the old and new OSD
variant are shown in Table 6-20.

Table 6-20 Location of minimum and maximum hot spot stress for crack in crossbeam

Old OSD variant New OSD variant

Min [mm] | Max[mm] | Min[mm] | Max [mm]
Loaded on top of web trough +500 -750 +500 -750
Loaded between webs +375 -1375 +500 -1250
Loaded between troughs +625 -750 +500 -750

The obtained hot spot stress in the crossbeam for the different FE models can be found in Table 6-21. The ratio of the
solid hot spot stress and the shell hot spot stress is differing for investigated transverse load positions. Only the ratio of
the solid and shell FE models is compared at the location of the maximum and minimum hot spot stress. The ratio is
shown in

Table 6-22 and Table 6-23 in which the hot spot stress results are obtained at 28mm from the soft toe
of the “Haibach” cope hole, i.e. P4_28mm.
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Table 6-21 Obtained hot spot stress solid and shell FE models, crossbeam, at critical loading position, for P4_28mm

OHss solid O HSS_shell_shifted | OHSS_shell IIW | OHSS shell Eriksson | O HSS_shell_combined
[MPa] [MPa] [MPa] [MPa] [MPa]
Loaded on top of web trough | Min: -9.84 Min: -6.54 Min: -7.49 Min: -8.55 Min: -8.59
old OSD Max: +4.21 Max: +1.60 Max: +2.21 Max: +3.02 Max: +2.97
Loaded between webs Min: -6.02 Min: -4.07 Min: -4.47 Min: -4.99 Min: -5.07
old OSD Max: +2.39 Max: +0.75 Max: +1.26 Max: +1.63 Max: +1.62
Loaded between troughs Min: -5.88 Min: -3.75 Min: -3.99 Min: -4.81 Min: -4.90
old OSD Max: +2.26 Max: +0.73 Max: +1.12 Max: +1.61 Max: +1.57
Loaded on top of web trough | Min: -6.35 Min: -4.06 Min: -4.61 Min: -5.05 Min: -5.13
new OSD Max: +2.58 Max: +1.21 Max: +1.49 Max: +2.10 Max: +2.04
Loaded between webs Min: -3.85 Min: -2.40 Min: -2.75 Min: -2.98 Min: -3.02
new OSD Max: +1.61 Max: +0.63 Max: +0.91 Max: +1.15 Max: +1.13
Loaded between troughs Min: -4.16 Min: -2.50 Min: -2.87 Min: -3.10 Min: -3.16
new OSD Max:+1.66 Max: +0.78 Max: +0.93 Max: +1.43 Max: +1.39

Table 6-22 Overview obtained ratios HSS solid and shell FE models old OSD variant, for P4_28mm

OHSS shell_shifted

OHsS_shell weld_IIW

aHSS_shell_weld_Eriksson

GHSS_shell_weld_combined

OHsS solid OHSS_solid OHSS solid OHSS_solid
Loaded on top of web trough Min: 0.66 Min: 0.76 Min: 0.87 Min: 0.87
Max: 0.38 Max: 0.52 Max: 0.72 Max: 0.70
Loaded between webs Min: 0.68 Min: 0.76 Min: 0.83 Min: 0.84
Max: 0.32 Max: 0.53 Max: 0.68 Max: 0.68
Loaded between troughs Min: 0.63 Min: 0.70 Min: 0.82 Min: 0.83
Max: 0.34 Max: 0.50 Max: 0.71 Max: 0.70

Table 6-23 Overview obtained ratios HSS solid and shell FE models new OSD variant, for P4_28mm

O HSS_shell_shifted

O 4SS shell weld_IIW

O HsS shell weld_Eriksson

O HsS _shell_weld_combined

OHSS _solid OHSS _solid OHSS _solid OHSS _solid
Loaded on top of web trough Min: 0.64 Min: 0.73 Min: 0.81 Min: 0.81
Max: 0.47 Max: 0.58 Max: 0.80 Max: 0.79
Loaded between webs Min: 0.62 Min: 0.71 Min: 0.78 Min: 0.79
Max: 0.39 Max: 0.57 Max: 0.71 Max: 0.70
Loaded between troughs Min: 0.60 Min: 0.69 Min: 0.82 Min: 0.83
Max: 0.47 Max: 0.56 Max: 0.74 Max: 0.73

A large scatter in results between the solid and shell FE models can be seen from Table 6-22. For the
part of the influence line which will result in the maximum hot spot stress the ratio is close to 0.30-
0.50. While for the part of the influence line which will result in the minimum hot spot stress value
the ratio is around 0.60-0.70. Including the weld modelling will improve the results of the shell FE
model and the scatter in results is reduced. With the increased thickness weld modelling technique,
proposed by (Eriksson, Lignell, Olsson, & Spennare, 2003), the difference in results is around 0.72 for
the maximum critical position and around 0.83 for the minimum critical position. Combining both the
weld modelling approaches will give results which are similar to the Eriksson weld modelling technique
results. The hot spot stress results of all shell models are underestimating the hot spot stress when
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compared with the solid FE results. The combined weld modelling technique give the best results
when compared with the solid FE results.

The obtained hot spot stress for the new OSD variant is lower for all load cased when compared with
the old variant. The reduction in calculated hot spot stress is a factor 1.40-1.70, depending on the
transverse loading position.

In the crossbeam, the stress perpendicular to the weld toe cannot be captured in a good way with the
regular shell model. Due to this it is not possible to determine the location of the maximum stresses
perpendicular to the weld toe in path 2. The shell FE model is not suitable for the calculation of this
type of crack.

6.4. Further investigation parametric studies
In this section the differences between the solid and shell FE models for the critical loading positions
from section 6.3 are further investigated and a comparison between the different FE models is made.
Furthermore an investigation to obtain the hot spot stress from path 4 at a height of 12/14mm from
the soft toe of the cut-out is performed. As was concluded in section 6.3.3, the combined weld
modelling technique shows results which are closest to the solid FE results. Based on this only the
results of this weld modelling technique are shown

In the next figures a comparison between the solid, original shell and shell with weld FE models are
shown for the critical loading positions. First the results of the crack in the web of the trough are
shown for the critical loading position in transverse direction, i.e. in which the highest stress range is
observed. Next to that the results in the crossbeam are shown in which a distinction is made between
the maximum stress at a height of 28mm and 12/14mm from the soft toe. The former results in the
minimum hot spot stress, while the latter results in the maximum hot spot stress.

6.4.1. Crack in web of trough at lower weld end (crack 1)
In Figure 6.58 and Figure 6.59 the results for the transverse loading position in which the load is
applied on the web are shown for the old and new OSD variant. This transverse loading position results
in the highest hot spot stress. The other graphs of the other critical transverse loading positions of the
old OSD and new OSD variants can be found in Annex I.
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Figure 6.58 Comparison for critical loading position X=+1375mm, loaded on top of web, crack in web trough, old OSD
variant (stress perpendicular to weld toe)
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Figure 6.59 Comparison for critical loading position X=+1000mm, loaded on top of web, crack in web trough, new OSD
variant (stress perpendicular to weld toe)

From the above figures it is observed that the trendlines of the investigated FE models are in good
compliance. Both the original shell and the shell with the combined weld modelling techniques are
overestimating the hot spot. The regular shell FE models are underestimating the stress perpendicular
to the weld toe with a few percent from 5mm to approximately 18mm from the weld toe/structural
intersection point. The shell with combined weld modelling approach is also underestimating the
stress a bit from 2mm to 18mm from the weld toe/structural intersection point. The underestimation
of the stress is larger with the shell with combined weld modelling, but the obtained hot spot stress is
closer to the solid FE results. This also occurs for the other loading positions which are not critical, i.e.
the shell with weld is underestimating from 5mm to 18mm from the weld toe/structural intersection
point, but the obtained hot spot stress is only 5% higher. Furthermore, it can be seen from the figures
that the stress at 45mm from the weld toe, of the solid FE model and shell with weld FE model is of
the same order. An overview of the obtained hot spot stress and stress at 45mm from the weld
toe/intersection point for the critical transverse loading positions of the old and new OSD variant is
shown in Table 6-24 and Table 6-25.

Table 6-24 Overview hot spot stress and stress at 45mm for critical loading positions, web of trough, old OSD variant

Loaded on top of web trough

Loaded between webs

Loaded between troughs

HSS Stress at HSS Stress at HSS Stress at

[MPa] 45mm [MPa] [MPa] | 45mm [MPa] [MPa] 45mm [MPa]
Solid FE model +59.25 -9.96 +25.65 -0.58 +50.19 -9.30
Shell FE model +72.18 -4.93 +30.04 +0.82 +62.16 -4.74
Shell combined weld FE model +61.66 -8.74 +26.28 -0.45 +52.40 -7.93

Table 6-25 Overview hot spot stress and stress at 45mm for critical loading positions, web of trough, new OSD variant

Loaded on top of web trough

Loaded between webs

Loaded between troughs

HSS Stress at HSS Stress at HSS Stress at

[MPa] 45mm [MPa] [MPa] | 45mm [MPa] [MPa] 45mm [MPa]
Solid FE model +29.86 -3.76 +17.00 -0.18 +28.19 -4.86
Shell FE model +34.69 -1.49 +19.07 +1.12 +33.51 -2.71
Shell combined weld FE model +31.14 -3.19 +17.36 -0.07 +29.67 -4.26

6.4.2. Crack in crossbeam (crack 2)
For the crack in the crossbeam, initiating from the weld toe at some distance from the soft toe of the
cut-out, a distinction need to be made between the minimum and maximum obtained hot spot stress
values. As was stated earlier, the minimum hot spot stress occurs at a height of 28mm from the soft
toe, for longitudinal locations: X=0mm to X=3000mm (CB2 to CB3), while the maximum hot spot values
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occur at height of 12mm from the soft toe, for longitudinal locations X=-3000mm to X=0mm (CB1 to
CB2). First the results of the minimum hot spot stress are shown.

In Figure 6.60 and Figure 6.61 the results for the transverse loading position in which the load is
applied on the web of the trough are shown for the old and new OSD variant. The other graphs of the
other critical transverse loading positions of the old OSD and new OSD variants can be found in Annex
I. In those figures the critical locations are shown which result in the minimum hot spot stress. The
results of the shell original FE model are shifted to the weld toe to make the comparison between the
different models, since in section 6.3.2 is was concluded that the original shell FE model cannot
capture the stresses in a good manner. This is done only for the sake of comparison.
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Figure 6.60 Comparison stress P4_28mm, for critical loading position X=+500mm, loaded on top of web, crack in CB, old
OSD variant (stress perpendicular to weld toe)

IS

&

——salid

Strass [MPa)

shell_shifted

-B
/_\/// Shell_weld_combined
12

14
Distance from weld toe [mm]

Figure 6.61 Comparison stress P4_28mm, for critical loading position X=+500mm, loaded on top of web, crack in CB, new
0OSD variant (stress perpendicular to weld toe)

In Figure 6.60 and Figure 6.61 the stress perpendicular to the weld toe at a height of 28mm are shown.
It is clearly visible that the shell FE models are underestimating the hot spot stress in the crossbeam.
This underestimation is directly at the weld toe where a stress concentration occurs. At 40mm away
from the weld toe the stresses perpendicular to the weld toe of all three FE models are of the same
order again. Furthermore it can be seen that modelling the weld with the shell FE model will reduce
the scatter in results when compared with the solid FE model.

An overview of the obtained hot spot stress and stress at 40mm from the weld toe for the critical
loading positions of the old and new OSD variant is shown in Table 6-26 and Table 6-27. In Table 6-28
an overview of the ratio between the hot spot stress of the shell combined weld and solid FE model is
given.
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Table 6-26 Overview hot spot stress and stress at 40mm for critical loading positions, crossbeam, old OSD variant

Loaded on top of web trough

Loaded between webs

Loaded between troughs

HSS Stress at HSS Stress at HSS Stress at 40mm

[MPa] 40mm [MPa] [MPa] | 40mm [MPa] [MPa] [MPa]
Solid FE model -9.84 -14.41 -6.02 -10.95 -5.88 -8.06
Shell FE model (shifted) -6.54 -13.48 -4.07 -10.36 -3.75 -7.57
Shell combined weld FE model -8.59 -13.66 -5.07 -10.67 -4.90 -7.60

Table 6-27 Overview hot spot stress and stress at 40mm for critical

loading positions, crossbheam, new OSD variant

Loaded on top of web trough

Loaded between webs

Loaded between troughs

HSS Stress at HSS Stress at HSS Stress at 40mm

[MPa] 40mm [MPa] [MPa] | 40mm [MPa] [MPa] [MPa]
Solid FE model -6.35 -7.86 -3.85 -5.86 -4.16 -5.13
Shell FE model (shifted) -4.06 -7.62 -2.40 -5.79 -2.50 -4.93
Shell combined weld FE model -5.13 -7.71 -3.02 -5.82 -3.16 -4.95

Table 6-28 Overview ratio HSS shell combined weld and solid for critical loading positions (minimum hot spot stress)

OHSS shell combined_weld
OHsS solid
Loaded on top of web trough old OSD 0.87
new OSD 0.81
Loaded between webs old OSD 0.84
new OSD 0.79
Loaded between troughs old OSD 0.83
new OSD 0.76

For both the old and new OSD variant the largest scatter in results, i.e. the smallest ratio, is observed
when the load in placed between the troughs. For the old OSD variant this ratio is equal to 0.83, while
for the new OSD variant this ratio is equal to 0.76.

Investigation to obtain the hot spot stress from path 12/14mm and link to HSS path 28mm

As stated earlier, for the crossbeam it is found that for the negative hot spot stress values of the
influence line, i.e. for longitudinal locations: X=0mm to X=3000mm (CB2 to CB3), path 4 is at a height
of 28mm from the soft toe, i.e. the maximum stress in path 2 occurs at 28mm. For the positive hot
spot values of the influence line, i.e. for longitudinal locations: X=-3000mm to X=0mm (CB1 to CB2),
path 4 is at a height of 12/14mm from the soft toe, and no regular HSS extrapolation is possible since
there is not sufficient material. To see how the trendlines of P4 28mm and P4_12mm or P4_14mm
are, the results of the stress perpendicular to the weld toe are extracted. The different paths are
shown in Figure 6.62. Also the results from an addition path, P4_22mm, are extracted which is in
between the two other paths.
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Figure 6.62 Overview different paths perpendicular to weld toe

In Figure 6.63 the stress perpendicular to the weld toe is shown for the three paths at the critical
loading position: loaded on top of web X=-750mm, see Figure 6.52. As can be seen from the figure,
the trendline of all three paths is approximately parallel to each other.
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Figure 6.63 Stress perpendicular toe weld toe in P4_12mm, P4_22mm and P4_28mm critical loading position X=-750mm,
loaded on top of web, solid FE model

Stress path critical locations for crack in crossbeam P4 12/14mm old OSD variant:
From Table 6-14 and Table 6-15 it was concluded that the location of the maximum stress is both

depending on the transverse loading position and the FE model. For the solid and regular shifted shell
FE model the maximum stress occurs at a height of 12mm from the soft toe, while for the shell
combined weld FE model the maximum stress occurs at 14mm from the soft toe.

The stress perpendicular to the weld toe is shown in Figure 6.64 and Figure 6.65 for the transverse
loading position, in which the load is applied on the web of the trough, for the old and new OSD
variant. The other graphs of the other critical transverse loading positions of the old OSD and new OSD
variants can be found in Annex I. Also the stress at those critical locations at a height of 28mm from
the soft toe can be found in Annex I.
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Figure 6.64 Comparison stress perpendicular to weld toe, P4_12/14mm, for critical loading position X=-750mm, loaded
on top of web, crack in CB, old OSD variant
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Figure 6.65 Comparison stress perpendicular to weld toe, P4_12/14mm, for critical loading position X=-750mm, loaded
on top of web, crack in CB, new OSD variant

As was investigated previously, when the combined weld modelling technique is applied for the shell
FE model, the maximum stress occurs at 14mm from the soft toe instead of the 12mm for the solid FE
model. Due to this the trendline of this shell combined weld FE model is bit different when compared
with the solid FE model. Furthermore the stress in both shell FE models is quite constant at the
measured path. A similar observation is also valid for the solid FE model after approximately 3mm
from the weld toe. From Omm to 3mm from the weld toe a stress concentration occurs due to the
weld toe.

Approximation method I: direct stress read out
Since a regular hot spot stress extrapolation is not possible for this location an approximation need to

be made. As stated, for the solid FE model the stress at 3mm from the weld toe is quite constant, or
the graph has a slight slope. For the shell FE models the stress is almost constant so the stress at
X=0mm is taken as the hot spot stress. For the solid FE model the stress at 2.93mm away from the
weld toe is taken as the hot spot stress. The obtained hot spot stress can be found in Table 6-29.

Table 6-29 Obtained hot spot stress at P4_12/14mm, crack is crossbeam, old and new OSD variants (approx. method 1)

Loaded on top of web trough | Loaded between webs Loaded between troughs

Old Osb New OSD Old OSD New OSD Old OSD New OSD

HSS [MPa] HSS [MPa] HSS [MPa] | HSS [MPa] | HSS [MPa] | HSS [MPa]
Solid FE model +8.2 +5.6 +3.8 +2.4 +5.8 +4.4
Shell FE model (shifted) +4.2 +3.1 +1.6 +1.1 +3.1 +2.6
Shell combined weld FE model +6.2 +4.2 +2.8 +1.7 +4.4 +3.4

Approximation method II: linear curve fitting of results
Another procedure is also followed to determine the hot spot stress. This method is based on linear

curve fitting of the results. As can be seen from Figure 6.64, the stress of the solid FE model is quite
constant after approximately 3mm from the weld toe. Based on this the trendline is linearly curve
fitted for the solid and shell FE models. The same distance from the weld toe: 2.93mm to 6.93mm, is
chosen to make the comparison and an overview of this procedure is shown in Figure 6.66.
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Figure 6.66 Linear curve fitted results different FE models, loaded on top of web, old OSD variant
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The results of the linear curve fitting procedure for the other investigated locations are shown in Table

6-30.

Table 6-30 Obtained hot spot stress at P4_12/14mm, crack is crossbeam, old and new OSD variants (approx. method Il)

Loaded on top of web trough | Loaded between webs Loaded between troughs

Old OsD New OSD Old 0SD New OSD Old OSD New OSD

HSS [MPa] HSS [MPa] HSS [MPa] | HSS [MPa] | HSS [MPa] | HSS [MPa]
Solid FE model +8.34 +5.52 +4.10 +2.80 +5.56 +4.43
Shell FE model (shifted) +5.04 +3.35 +2.00 +1.27 +3.47 +2.78
Shell combined weld FE model +6.25 +4.06 +2.85 +1.95 +4.23 +3.21

Based on the results from both approximation methods the ratio between the hot spot stress of the

shell FE models and solid FE model can be calculated for which the results are shown in Table 6-31.

Table 6-31 Overview ratios obtained hot spot stress crack in crossbeam for different approximation methods

Approximation method | Approximation method Il
O HSS_shell_shifted | O HSS_shell weld_comb | OHSS_shell_shifted| O HSS_shell weld_comb
OHSS solid OHss _solid OHSS solid O 4SS solid
Loaded on top of web trough | old OSD 0.51 0.76 0.60 0.75
new OSD 0.55 0.75 0.61 0.74
Loaded between webs old OSD 0.42 0.74 0.49 0.70
new OSD 0.45 0.71 0.45 0.70
Loaded between troughs old OSD 0.53 0.76 0.62 0.76
new OSD 0.59 0.76 0.63 0.73

As can be seen from Table 6-31, the ratio between the hot spot stress of the shell FE model with

combined weld and the solid FE is quite constant for the critical transverse loading positions and equal
to approximately 0.70-0.76 for both the old and new OSD variant. The results of the shell FE model
are shifted from the structural intersection point to the weld toe, this is not the standard procedure

but is done for the sake of comparison of the improvement of the applied weld modelling technique.

Link hot spot stress from path 28mm to hot spot stress path 12/14mm
With the above mentioned approximation methods the hot spot stress at P4_12/14mm is determined.

The next step is to investigate a link between the hot spot stress of P4_28mm and P4_12/14mm. The
obtained hot spot stresses of P4_28mm are shown in Table 6-21, while the results of P4_12/14mm
are shown in Table 6-29 and Table 6-30. The ratio between the hot spot stress at P4_28mm and
P4 12/14mm is calculated to see what factor is obtained and the results are shown in Table 6-32.

Table 6-32 Overview ratio HSS P4_28mm and P4_12/14mm for critical loading positions (maximum hot spot stress)

aHSS_solid_Plme aHSS_shell_weld_P14mm

aHSS_solid_PZBmm aHSS_shell_weld_PZSmm
Loaded on top of web trough old OSD 1.98 2.10
new OSD 2.10 1.99
Loaded between webs old OSD 1.72 1.76
new OSD 1.73 1.73
Loaded between troughs old OSD 2.14 1.99
new OSD 2.66 2.34
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Based on the results from Table 6-32 the link between the hot spot stress at P4_12/14mm and
P4_28mm can be directly made. To obtain the maximum hot spot stress for the crack in the crossbeam
a distinction can be made between the following three levels:

Level 1: extract the stress at P4_28mm in the shell weld FE model and calculate the hot spot stress of
P4_12/14mm based on the scaling factors from Table 6-32 to obtain the hot spot stress range of the
critical loading positions. To link the hot spot stress of the shell combined weld FE model and the solid
FE model use can be made of Table 6-31. From Table 6-31 the minimum ratio, i.e. most conservative,
is equal to 0.70, while in Table 6-32 the maximum ratio is equal to 2.66. To link the hot spot stress in
P4_14mm from the shell combined weld FE model with the hot spot stress range in P4_28mm of the

solid model a scaling factor of% = 3.80, is proposed. Due to the applied approximations a factor of

4 is advised to be conservative.

Level 2: repeat the exact same procedure to calculate everything manually once again for the shell
combined weld FE model. Make a distinction between the different locations of the maximum stresses
and calculate the scaling factor for obtaining the maximum hot spot stress. As with level 1, use Table
6-31 to link the hot spot stress of the shell combined weld FE model with the solid FE model.

Level 3: repeat the procedure of level 2 also for the solid FE model and again make a distinction
between the different locations of the maximum stress. Use the obtained hot spot stress of the solid
and shell combined weld FE models to calculate the scaling factor.

The hot spot stress range is calculated based on the maximum hot spot stress from Table 6-30 and the
minimum hot spot stress from Table 6-26 and Table 6-27. The result is shown in Table 6-33 and the
calculated ratio between the solid and shell combined weld FE models is shown in Table 6-34.

Table 6-33 Obtained hot spot stress range crack in crossbeam

Loaded on top of web trough | Loaded between webs Loaded between troughs

Old OSD New OSD Old 0SD New OSD Old OSDb New OSD

HSS range HSS range HSS range HSS range HSS range HSS range
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
Solid FE model 18.18 11.87 10.12 6.65 11.44 8.49
Shell FE model (shifted) 11.58 7.41 6.07 3.67 7.22 5.28
Shell combined weld FE model 14.84 9.19 7.92 4.97 9.13 6.47

Table 6-34 Overview ratios obtained hot spot stress range crack in crossbeam solid and shell combined weld FE model

OHSS_shell weld_combined
OHSS_solid
Loaded on top of web trough | old OSD 0.82
new OSD 0.78
Loaded between webs old OSD 0.79
new OSD 0.75
Loaded between troughs old OSD 0.80
new OSD 0.76

As can be seen from Table 6-34, the ratio is almost constant for the critical loading positions of the

three investigated transverse loading positions. For the old OSD variant the most conservative ratio is

equal to 0.79, while for the new OSD variant this ratio is equal to 0.75.
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CV (coefficient of variation) for shell combined weld model
Now that the hot spot stress range is determined, the coefficient of variation is calculated based on

the results from Table 6-34. The mean value is equal to 0.80 and 0.76 for the old and new OSD variant,
respectively. The coefficient of variation is equal to 1.9% for the old OSD variant, while a CV of 2.0% is
obtained for the new OSD variant. The standard deviation is equal to 0.02 for both the old and new
OSD variant.

Element size dependency minimum/maximum stress path 2
In section 6.2.1 a mesh sensitivity study was performed in which the obtained hot spot stress was

taken as the convergence criterium. It was concluded that for the quadratic solid elements, C3D20R,
with an element size of 2mm and for the quadratic shell elements, S8R, with an element size of 1Imm
showed converged results. In section 6.3.3 it was concluded that the minimum value of path 2 occurs
at 28mm from the soft toe for both the solid and shell combined weld FE Model. The maximum stress
in path 2 occurs at 12mm from the soft toe for the solid FE model and at 14mm for the shell combined
weld FE model.

In this section it is investigated if the minimum and maximum stress locations in path 2 are influenced
by the element size. For the shell FE model two additional element sizes are investigated: 2mm and
4mm, while for the solid FE model 4mm and 8mm are investigated. This investigation is performed for
the critical load cases when the load is applied on the web of the trough of both the old and new OSD
variant, since this resulted in the largest stress range. In Table 6-35 the results of this element size
study are shown.

Table 6-35 Overview minimum/maximum stress in path 2 for different element sizes loaded on top of web trough,

Element Old OSD variant New OSD variant
size Min [mm] | Max [mm] | Min[mm] | Max [mm)]
Solid FE model 2mm 28 12 28 12
4mm 28 12 28 12
8mm 24 16 32 16
Shell combined weld FE model 1mm 28 14 28 14
2mm 28 14 28 14
4mm 28 12 28 12

For the shell with combined weld FE model the minimum value is not depending on the investigated
element sizes. All three element sizes have a node at 28mm. For the maximum stress the shell element
size of 4mm has its maximum value at 12mm, since no node is at 14mm. For the solid FE model similar
observations are valid. The element size of 2mm and 4mm give the same results, while the elements
size of 8mm has its minimum and maximum values at a different location, since no nodes are present
at 12mm and 28mm. Furthermore the element size of 8mm give distorted elements and is not
recommended to use. The location of the minimum and maximum stress in path 2 is hardly influenced
by the element size, the differences are limited and equal to 2mm.
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Additional research to limit the differences of the shell and solid FE models: adaptation local
geometry cope hole shell FE model
As was concluded previously, after applying the combined weld modelling approach for the shell FE

model (i.e. IW and Eriksson), the ratio between the shell and solid hot spot stress results is a factor
0.75-0.80. It is investigated if the scatter in results can be reduced by adapting the local geometry of
the cope hole in the shell FE model.

In Figure 6.67 an overview of the local geometry of the “Haibach” cut-out is shown for both the solid
and shell FE models. As can be seen from the figure, the length of the soft toe in the solid FE model is
equal to 10mm (left), while in the shell FE model (right) this is equal to 10mm + half the thickness of
the trough, due to mid-surface modelling. For the old OSD variant this length is equal to 13mm and
equal to 14mm for the new OSD variant. The results of the solid FE model, the shell combined weld
with a soft toe of 13mm (old OSD variant) and the shell combined weld with a soft toe of 10mm are
compared in this report. The critical loading positions of all three transverse positions will be further
investigated. The critical loading positions can be found in Table 6-20. The comparison is made for the
stress perpendicular to the weld toe of path 2 and 4.

-

Figure 6.67 Local geometry soft toe, solid (left) and shell (right)

In Table 6-36 an overview of the obtained ratios based on hot spot stress of the different transverse
loading positions for the solid and shell FE model is shown. The hot spot stresses are obtained at 28mm
from the soft toe, i.e. P4_28mm. The stress graphs can be found in Annex K.

As can be seen from Table 6-36, the critical loading positions which results in the largest positive hot
spot stress (HSS) value, the adapted local geometry of the cope hole will improve the results of the
hot spot stress. The results of this FE model are closer to the solid FE model results. For the critical
loading positions which result in the largest negative hot spot stress value, the opposite occurs. The
adapted shell FE model will give results which are further away of the solid FE model when compared
with the original shell combined weld FE model.

Table 6-36 Overview obtained HSS path 4 28mm of different FE models for shell combined weld FE model

OHSS_shell_combined_weld_original | OHSS_shell_combined weld_adapted
OHsS solid O 4SS _solid
Loaded on top of web trough | Min HSS 0.88 0.81
Max HSS 0.70 0.81
Loaded between webs trough | Min HSS 0.84 0.74
Max HSS 0.67 0.81
Loaded between troughs Min HSS 0.83 0.79
Max HSS 0.70 0.77

Furthermore the hot spot stress range is calculated for the different FE models for which the results
are shown in Table 6-37. The obtained hot spot stress range for the adapted geometry is even lower
than the original shell FE model with combined weld, although the difference is very small.

110




Table 6-37 Overview obtained HSS range with path 4 at 28mm from soft toe (P4_28mm) of different FE models

Loaded on top of web trough

Loaded between webs trough

Loaded between troughs

HSS range [MPa]

HSS range [MPa]

HSS range [MPa]

Solid FE model 14.05 8.41 8.14
Shell comb. weld soft toe 13mm 11.60 6.68 6.47
Shell comb. weld soft toe 10mm 11.44 6.42 6.41

Although the adaptation of the local geometry of the soft toe of the cope hole has some influence on
the hot spot stress values of the investigated critical locations, see Table 6-36, the obtained hot spot
stress range remains almost the same, see Table 6-37. This local adaptation of the cope hole will not
reduce the scatter in results between the solid and shell FE models.

Additional research to limit the differences of the shell and solid FE models: adaptation local
thickness weld shell FE model
Since the adaptation of the cope hole did not reduce the scatter in results, the stiffness of the

connection of the trough and crossbeam is investigated. The local increased thickness for the shell
with combined weld model is equal to t+a. Two additional models are created in which the thickness
is locally increased with t+1.5a and t+2a respectively. Also for this investigation the load is applied on
the web of trough. The results of the critical loading position X=-750mm are shown in Figure 6.68.

Increasing the local thickness to t+1.5a and t+2a will have a positive effect on the scatter between the
shell combined weld and solid FE model if the fixed location of P4_28mm is compared. The obtained
ratio between the shell and solid hot spot stress is improved from 0.82 to 0.91. For the same the
transverse loading position of the new OSD variant the ratio is improved from 0.80 to 0.90. However,
the maximum stress in path 2 is again shifted by changing the local thickness of the connection. The
maximum stress with both increased thicknesses, t+1.5a and t+2a, occurs at 30-31mm from the soft
toe, instead of 28mm with the t+a local increased thickness.

If the obtained hot spot stress of the shell FE model with local increased thickness of t+2a, which
occurs at a height of 30mm from the soft toe, is compared with the hot spot stress of the local
increased thickness of t+a, which occurs at 28mm from the soft toe, the improvement is almost
complete vanished. Which is also visible in Figure 6.68 in which the results of shell combined t+2a
P4_30mm are almost matching with shell combined t+a P4_28mm for the first 15mm from the weld
toe. Furthermore, as can be seen from Figure 6.68, the stress at 32mm from the weld toe is also quite
different, since the comparison is not made on the same location in both FE models. Locally increasing
the thickness with t+2a will not improve the ratio in hot spot stress results between the solid and shell
weld FE models, since the location of the maximum stress is also changing. The bending stiffness of
the connection is improved which was observed by comparing the result of P4_28mm for both models.
Similar observations are also valid for the other critical loading positions.

Distance weld toe [mm]

Figure 6.68 Results local increased thickness shell FE model, loaded on top of web X=-750mm, old OSD variant
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7. RESULTS AND DISCUSSION

In this chapter the results of the performed research are summarized and furthermore the results will
be discussed. The calculation of the hot spot stress is based on the stress perpendicular to the weld
toe.

In chapter 3 two different types of connections are investigated and validated: a single sided fillet
welded plate connection with a longitudinal attachment and a full OSD specimen.

o Single sided fillet welded plates with a longitudinal attachment
This type of joint is loaded in tension and bending. A parametric study is performed in which the

thickness of the main plate and attachment plate is increased or decreased. With the uniform
tension load the obtained hot spot stress from the shell FE model is higher when compared with
the hot spot stress of the solid FE model for all investigated geometries. The obtained ratio of the
hot spot stress of the shell FE model divided by hot spot stress solid FE model is equal to 1.05-
1.15. When the uniform bending load is applied the obtained hot spot stress from the shell FE
model is lower than the hot spot stress of the solid FE model. The ratio is equal to 0.85-0.95.

Itis furthermore investigated whether the weld modelling technique proposed by the IIW (Niemi,
Fricke, & Maddox, 2018) reduces the scatter in results between the two FE models. For the
uniform tension load the weld modelling technique increases the scatter in results between the
shell and solid FE models, while for the uniform bending this scatter reduces by a few percent.

Moreover an extensive study for different type of elements is investigated in which a distinction
is made between linear and quadratic elements with full or reduced integration. The elements
with full integration have more integration points when compared with the reduced integration,
thus are more accurate, but the computational time also increases significantly. If the element
size is sufficiently small, the difference between the full and reduced quadratic elements is
neglectable small. Based on this study it is concluded that quadratic solid elements, C3D20R, with
an element size of 2mm (t/8) are recommended. The linear elements need a refined mesh of
0.5mm (t/32), which resulted in a large computational time. For the shell elements, quadratic
elements, S8R, with an element size of 1mm (t/16) are recommended.

e Full OSD specimen
A full OSD specimen which is being tested at Stevinlab Il at the Delft University of Technology is

numerically modelled and validated. This validation is based on strain gauges which are placed at
different locations at the OSD. Three different locations are validated: vertically from the weld toe
at the lower weld end adjacent to the cope hole and two horizontally in the trough, at 20mm
distance from the same lower weld toe end.

On average, the differences between the solid FE model and the experimental results are within
7%. A possible explanation for the differences between the experimental results and the FE results
are a locally smaller thickness of the plate elements due to fabrication tolerances. After the
validation of the reference solid FE model, the shell FE model is also compared with the solid FE-
and experimental results. The shell FE model results in a large strain concentration directly at the
structural intersection point, but at 40mm from the weld toe/structural intersection point the
obtained strains for both FE models are of the same order.
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Furthermore the influence of the differences between the as-measured weld geometry and ideal
weld geometry is investigated. In general the differences between the as-measured and ideal weld
geometry FE models are within 5%. Based on this result it is concluded that using the ideal weld
geometry is sufficient, even though in reality the throat thickness of the weld is not uniform.

In chapter 4 the fatigue assessment of the OSD specimen is performed based on the hot spot stress
method. First the comparison with the experimental results and solid FE model results is made and
the difference is equal to 6%, in which the solid FE model shows larger hot spot stress values. The
obtained hot spot stress of the shell FE model is 25% higher than the results of the solid FE model.

In chapter 5 a single sided fillet welded transverse attachment joint is investigated for both the
deformations and the hot spot stress. Two different weld modelling techniques for the shell FE model
are investigated: the IIW approach (Niemi, Fricke, & Maddox, 2018) and the increased thickness
method (Eriksson, Lignell, Olsson, & Spennare, 2003). With the increased thickness method a further
distinction is made between a local increased thickness of the base plate of t+a and t+0.5a.
Furthermore four different load cases are investigated which result in in-plane and out-of-plane
deformation of the specimen.

The hot spot stress ratio of the shell over solid FE models is equal to a factor 1.20. A similar factor is
also obtained in chapter 4. The structural intersection point is taken as the origin for the extraction of
the stresses for the original shell FE model, while for the shell FE model with the weld modelling
techniques the weld toe is taken as the origin. By applying the weld modelling technique using the
Eriksson approach the scatter in results between the shell and solid FE models is reduced to a factor
0.97-1.02. The local increased thickness of the main plate by t+0.5a (Eriksson Il) results in slightly non-
conservative results, while the locally increased thickness t+a (Eriksson 1) showed slight conservative
results.

Furthermore the deformations of the different FE models are compared. As is the case with the hot
spot stress, also for the deformation the weld modelling technique proposed by Eriksson shows results
which are closest to the solid FE model. Depending on which Eriksson local increased thickness is
applied, the deformations at the top of the transverse plate are lower, and higher, than the solid FE
results for Eriksson | and Il, respectively.

In conclusion, the weld modelling technique proposed by Eriksson shows good results based on both
the hot spot stress, nominal stress, and the deformations when compared with the solid FE model.
This is because of the additional stiffness which is created at the location of the weld.

In chapter 6 the parametric analysis for both the old and new geometrical OSD variants is performed.
The main difference between the old and new OSD variants is the thickness of the different
components. The two weld modelling techniques from chapter 5 are also used for this analysis and
furthermore an additional weld modelling technique is created. This additional weld modelling
technique is a combination of the IIW (Niemi, Fricke, & Maddox, 2018) and Eriksson (Eriksson, Lignell,
Olsson, & Spennare, 2003) weld modelling techniques. The focus of this parametric analysis is of the
following two crack locations:

- Crack in trough: initiating from the weld end at the lower weld toe adjacent to a cope hole;
- Crack in crossbeam: initiating from the weld toe in the crossbeam at some distance from the
soft toe.
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e Crackin trough
The shell FE model results in an overestimation of the hot spot stress which is equal to a factor

1.15-1.25. Applying the combined weld modelling approach: IIW (Niemi, Fricke, & Maddox, 2018)
and Eriksson (Eriksson, Lignell, Olsson, & Spennare, 2003), results in an overestimation of the hot
spot stress by a factor of approximately 1.05. This overestimation is constant for all obtained hot
spot stress values of the influence line. The mean value of the hot spot stress ratios is equal to
1.04 (range: 1.00-1.05). The coefficient of variation (CV) of both the old and new OSD variant are
calculated and equal to 0.8% and 2.2%, respectively.

e Crackin crossbeam
For the crack in the crossbeam, at some distance from the soft toe, the stresses cannot be

captured well with the regular shell FE model. A weld modelling technique is needed for this
investigated crack. After applying the combined weld modelling approach the mean value is equal
t0 0.80 (range:0.79-0.82) and 0.76 (range:0.75-0.79) for the old and new OSD variant, respectively.
The coefficient of variation is equal to 1.9% and 2.0% for the old and new OSD variant,
respectively. The standard deviation is equal to 0.02 for both the old and new OSD variant.

The location of the minimum and maximum stress perpendicular to the weld toe depends on the
loading positions. The minimum stress occurs at a height of 28mm from the soft toe of the cut-
out, while the maximum stress occurs at 12-14mm from the soft toe. At 12-14mm it is not possible
to perform a hot spot stress surface extrapolation and thus an approximation technique is
proposed to obtain a hot spot stress value. With this approximation technique it is possible to
directly link the obtained hot spot stress value at 28mm with the hot spot stress value at 12-14mm.
Three different levels are proposed to obtain this factor. With level one a predefined scaling
factor, equal to 4.00, can be used, while with level 2 and 3 the scaling factor need to be defined
again for the shell with combined weld and the solid FE model, respectively.

Several different options are investigated to see if the scatter in results between the solid and
shell FE model can be further reduced. The local geometry of the cope hole of the shell FE model
is adapted in which the length of the soft toe is changed to the same length as with the solid FE
model: 10mm. The hot spot stress ranges remains the same even though it has some effects on
the obtained minimum and maximum hot spot stress values.

The stiffness of the connection of the trough and crossbeam is also investigated by creating
models with a local increased thickness of t+1.5a and t+2a. This results in a better match of the
shell and solid FE model if the read out location of the stresses is fixed at 28mm from the soft toe.
By applying the local increased thicknesses of t+1.5a and t+2a the location of the maximum stress
in path 2 changed from 28mm to 30mm from the soft toe. No obvious improvement is found when
comparing the hot spot stress of the shell model at this location with the solid model results.

Research on continuous open stiffener to crossheam connection in OSD
A similar research is also performed by (Pandit, 2020) who investigated the continuous open stiffener

to crossbeam connection in OSDs. The same weld modelling techniques are investigated. In this

research the following two crack locations are investigated: the crack in crossbeam near the lower

cope hole from parallel to the weld toe, and the crack in the web of open stiffener parallel to the weld

toe. For the crack in the stiffener the obtained mean value of the hot spot stress ratios is equal to 1.02

with a CV of 4%. The obtained mean value of the hot spot stress ratios is equal to 1.07 with a CV of

5.4% for the crack in the crossbeam.
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8. CONCLUSIONS AND RECOMMENDATIONS

In this chapter the main conclusions are presented. Furthermore, an answer will be given to the main
research question, and recommendations will be given. The main research question is given below:

“What is the most consistent method to relate the stress range, obtained with shell FE modelling,
with the hot spot stress range, obtained from solid FE modelling, at the rib-to-crossbeam connection
with cope hole?”

8.1. Conclusions

In the research regarding the single sided fillet welded longitudinal attachment joint a large scatter in
hot spot stress results between the solid and shell FE model is observed which is equal to 0.85-1.12.
This scatter is depending on the thickness of the different plates and on the type of loading: tension
or bending. With the uniform tension loading of the main plate the shell FE results in an
overestimation of the hot spot stress, while the opposite is true for the bending load case. Applying
the weld modelling technique from the IIW recommendations (Niemi, Fricke, & Maddox, 2018) has
some limited effects on the hot spot stress.

A similar study is also performed for a single sided fillet welded transverse attachment joint, which is
similar to the connection of the trough and crossbeam in the OSD. Additional weld modelling
techniques are investigated, and it is concluded that the weld modelling technique proposed by
Eriksson (Eriksson, Lignell, Olsson, & Spennare, 2003) shows good results when compared with the
solid FE model. Those results are matching based on the hot spot stress, nominal stress, and the
deformations of the transverse attachment plate.

After the weld modelling technique of Eriksson (Eriksson, Lignell, Olsson, & Spennare, 2003) proves to
give good results for a simple specimen, the same comparison is made for the full OSD specimen. In a
small parametric analysis several different load cases are investigated which results in in-plane and
out-of-plane deformation of the crossbeam. For the in-plane load cases the difference between
obtained hot spot stress of the shell and solid FE model, after applying the weld modelling technique,
is small. The ratio is in the range of 1.00-1.10 for the crack in the trough, and 0.95-1.04 for the crack
in the crossbeam. Both the stress gradient and the stress at 40mm from the weld toe of the shell and
solid FE model are matching. With the out-of-plane load case a larger differences in the crossbeam
are observed in which the ratio of the shell and solid hot spot stress is equal to 0.70. For this small
parametric study also the comparison between the stress perpendicular and the maximum principal
stress is made. Depending on the type of loading differences between those stress components are
observed.

From the extensive parametric analysis the influence of the geometry and loading positions on the
hot spot stress range are studied. The critical loading positions are calculated based on influence lines.
The mean value of the obtained hot spot stress ratios is equal to 1.04 (range: 1.00-1.05). The
coefficient of variation (CV) for the crack in the trough for both the old and new OSD variant are
calculated and equal to 0.8% and 2.2% respectively. For the crack in the crossbeam the mean value is
equal to 0.80 (range:0.79-0.82) and 0.76 (range:0.75-0.79) for the old and new OSD variant,
respectively. The coefficient of variation is equal to 1.9% and 2.0% for the old and new OSD variant,
respectively. The standard deviation is equal to 0.02 for both the old and new OSD variant. The
coefficient of variation for both investigated cracks is low, i.e. below 5%, so the ratio between the
obtained hot spot stress of the shell with combined weld and solid FE models is consistent.
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Furthermore from the extensive parametric analysis it is observed that the location of the minimum
and maximum stress perpendicular to the weld toe is depending on the loading positions. The
minimum stress occurs at a height of 28mm from the soft toe of the cut-out, while the maximum
stress occurs at a height of 12-14mm from the soft toe. Since with this latter location a regular surface
stress extrapolation is not possible, the hot spot stress is approximated based on direct read out of
the stress and linear curve fitting. Furthermore a scaling factor is proposed to directly link the hot spot
stress from the shell with combined weld at a height of 14mm with the hot spot stress at a height of
28mm of the solid FE model. This scaling factor, equal to 4.00, is only valid for the investigated
geometries.

When the obtained hot spot stress of the old and new OSD variants are compared with the hot spot

stress values of the new OSD variant, the new variant is showing lower values. For the crack in the

OHSS old

trough this reduction ( ) is equal to a factor 1.50-2.00, while for the crack is the crossbeam it is

OHSS new

equal to 1.40-1.70, depending on the transverse loading position. Further investigation of the critical
loading positions shows a stress gradient closest to the solid FE model for the shell FE model with
combined weld modelling approach.

8.2. Recommendations
Based on the results of this master thesis, the recommendations for further research are listed below:

e Investigation of other geometries and shapes of the cope hole. Only the “Haibach" cope hole
shape is investigated. It is recommended to also perform a similar study for the “normal” cope
hole out shape to see if similar improvements are also valid for this geometry.

e This thesis is mainly focused on obtaining the hot spot stress based on surface stress
extrapolation. As stated in the IIW recommendations (Niemi, Fricke, & Maddox, 2018), also
through-thickness surface linearization can be further researched to make a further
comparison which hot spot stress extrapolation technique is most suitable.

e To get a better understanding of the local stress behavior of the investigated crack in the
crossbeam, the fatigue assessment based on the effective notch method need to be
performed. This can result in a more accurate stress at the location of interest.

e More research on the different weld modelling techniques for the shell FE models to further
reduce the differences in hot spot stress between the solid and shell FE model. Especially for
the investigated crack in the crossbeam. Other weld element techniques like oblique elements
or rigid links may be investigated.

e Further research is needed for the determination of the hot spot stress in case of multiaxial
or biaxial stress state. To obtain the correct hot spot stress a distinction needs to be made
between the maximum principal stress and the stress perpendicular to the weld toe or the
minimum principal stress. As is observed in this research, differences occur between those
different stress components cannot be ignored. A recommendation for the suitability of
different stress, principal stress and stress perpendicular to weld toe, is needed based on
further study.
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ANNEX Al

Results tension

Table A1 0-1 Overview mesh sensitivity study tension loading

Element type and size Ratio ~H55 solid Ratio ~255 shell Ratio —HSS.shell
Onom Onom OHSS solid
8mm linear reduced integration 1.118 (C3DS8R) 1.182 (S4R) 1.06
8mm linear 1.173(C3D8) 1.336 (S4) 1.10
8mm quadratic reduced integration 1.212(C3D20R) 1.333 (S8R) 1.10
8mm quadratic 1.222(C3D20) - -
4mm linear reduced integration 1.161 1.184 1.02
4mm linear 1.195 1.255 1.06
4mm quadratic reduced integration 1.186 1.256 1.06
4mm quadratic 1.194 - -
2mm linear reduced integration 1.182 1.204 1.02
2mm linear 1.197 1.225 1.03
2mm quadratic reduced integration 1.190 1.237 1.04
2mm quadratic 1.186 - -
1mm linear reduced integration 1.189 1.204 1.01
1mm linear 1.191 1.212 1.03
1mm quadratic reduced integration 1.188 1.219 1.03
1mm quadratic 1.187 - -
0.5mm linear reduced integration - 1.205 -
0.5mm linear - 1.208 -
0.5mm quadratic reduced integration | - 1.210 -
Mesh sensitivity study solid element results tension
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Figure A1 0.1 Overview results solid quadratic elements reduced integration
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Parametric study solid element results tension

16
15

14
13
1z
11 —a— a=4mm

Ratio hss/nom [-]

Lo - - —e— a=5>mm
0.9
0.8 —o— a=6mm
0.7
o5
o 5 10 15 20 25 30 35 40 45 50
Distance from weld toe [mm]
Figure A1 0.5 Overview results throat thickness
156
15
—_— 14
'E' 13
S 12
w11 —a—tp=12mm
o —a—tp=1Emm
=2 09
= 08 ——tp=20mm
0.7
0.6
o 5 10 15 20 25 30 35 40 45 50
Distance from weld toe [mm]
Figure A1 0.6 Overview results thickness main plate
15
14
— 13
£ 12
-]
= 11
= _ —a—15=12mm
210 ® < - * -
= - -
=] —a—ts=16mm
2 0.8 —a—1s=20mm
0.7
0.6

0 5 10 15 20 25 30 35 40 45 50
Figure A1 0.7 Overview results thickness stiffener plate

118



Mesh sensitivity study shell element results tension
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Results bending

Table A1 0-2 Overview mesh sensitivity study bending loading

Element type and size Ratio ~H55 solid Ratio ~255 shell Ratio —HSS.shell
Onom Onom OHSS solid
8mm linear reduced integration 0.886 (C3D8R) 1.125 (S4R) 1.27
8mm linear 1.113 (C3D8) 1.229 (S4) 1.10
8mm quadratic reduced integration 1.300(C3D20R) 1.169 (S8R) 0.90
8mm quadratic 1.299(C3D20) - -
4mm linear reduced integration 1.051 1.094 1.04
4mm linear 1.197 1.120 0.94
4mm quadratic reduced integration 1.255 1.128 0.90
4mm quadratic 1.216 - -
2mm linear reduced integration 1.153 1.094 0.95
2mm linear 1.225 1.103 0.90
2mm quadratic reduced integration 1.262 1.114 0.89
2mm quadratic 1.252 - -
1mm linear reduced integration 1.207 1.094 0.91
1mm linear 1.239 1.097 0.89
1mm quadratic reduced integration 1.256 1.102 0.89
1mm quadratic 1.254 - -
0.5mm linear reduced integration 1.219 1.091 0.90
0.5mm quadratic reduced integration | 1.243 1.093 0.88
Mesh sensitivity study solid element results bending
30
- 25
E 20 Salid_1mm_lin
_E 15 Solid_2mm_lin
L 10 Solid_amm_lin
Solid_8mm_lin
o o 5 10 15 20 25 30 a0 a5 50 Solid_0.5mm_lin
Distance from weld toe [mm]
Figure A1 0.12 Overview results solid linear elements reduced integration
30
—_— 25
E
E 20 Salid_1mm_quad
Jb:E 15 Solid_Zmm_quad
E 10 Salid_4mm_quad
Salid_8mm_quad
0.5
o =1 10 15 20 25 30 45 50
Distance from weld toe [mm]

Figure A1 0.13 Overview results solid quadratic elements reduced integration
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Mesh sensitivity study shell element results bending
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ANNEX A2

Results different modelling approaches shell element models tension

Used coordinate system:

Y
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Z X

Shell mid-surface uniform tension loading
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Figure A2 0.1 : Deformation U1, uniform tension load, shell mid-surface modelling FE model
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Figure A2 0.2 Deformation U2, uniform tension load, shell mid-surface modelling FE model
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Figure A2 0.3 Deformation U3, uniform tension load, shell mid-surface modelling FE model
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Solid uniform tension loading
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Figure A2 0.4 Deformation U1, uniform tension load, solid FE model

U, u2

+2.331e-06
+6.600e-07
-5.097e-05

-1.542e-04
-2.058e-04
-2.575e-04
-3.091e-04
-3.607e-04
-4.123e-04
-4.640e-04
-5.156e-04
-5.672e-04
-6.188e-04

Figure A2 0.5 Deformation U2, uniform tension load, solid FE model
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Figure A2 0.7 Deformatidh U1, uniform tension load, shell bottom-surface offset modelling FE model
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Figure A2 0.8 Deformation U2, uniform tension load, shell bottom-surface offset modelling FE model

u, U3

+5.049e-04
+4.628e-04
+4.207e-04
+3.787e-04
- +3.366e-04
+2.945¢-04
+2.524e-04
+2.104e-04
+1.683e-04

+4.207e-05
- -4.782e-09

Figure A2 0.9 Deformation U3, uniform tension load, shell bottom-surface offset modelling FE model

125



ANNEX B

In this annex the comparison between the different shell modelling approaches is investigated. In
section 3.1.6 both the mid-surface modelling and bottom-surface modelling are investigated for the
fillet welded transverse stiffener connection. It is concluded that the mid surface modelling approach
is the best procedure, since with the top/bottom approach eccentricities are introduced due to
shifting of the reference surface. The shell model can be divided in the following parts: deck plate,
crossbeam |, Il and lll, troughs 1-8 and the bottom flange of the crossbeam. In Figure B 0.1 a graphical
representation of the modelling approach is shown. In the left figure an overview of the connection is
shown and in the right figure the render shell thickness option is on to show the thickness of the shell
elements. The crossbeams form the central part of the structure and are modelled as middle surface.
The bottom flange of the crossbeam is modelled as bottom-surface and thus it is not connected at the
midplanes, but at the bottom of the crossbeam. Both the troughs and the deck plate are modelled as

top-surface. By applying this modelling approach the overlap of the different shell element parts is as
limited as possible which can be clearly seen in Figure B 0.1.

Figure B 0.1 Overview modelling approach top/bottom shell model

In the following figures the results for shell mid surface modelling, shell top/bottom modelling, and
the solid model are shown.
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Figure B 0.2 Vertical direction: comparison shell element modelling techniques with solid element
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ANNEX C

Analysis of element size solid FE model horizontal direction
In Figure C 0.1 to Figure C 0.4 the results for the strain range in horizontal direction for the quadratic

and linear solid models with different element sizes is shown. A distinction is made between the

horizontal strain range at the free edge and the horizontal strain range in-span.
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Figure C 0.1 Strain range in horizontal direction, free edge, for different linear solid element sizes
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Figure C 0.2 Strain range in horizontal direction, free edge, for different linear solid element sizes
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Figure C 0.3 Strain range in horizontal direction, in-span, for different quadratic solid element sizes
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Figure C 0.4 Strain range in horizontal direction, in-span, for different linear solid element sizes

As can be seen from Figure C 0.1 and Figure C 0.3, the same conclusion as for the vertical quadratic
elements is also valid for the results in horizontal direction. The element sizes of Imm and 2mm show
the same results after 2mm and the element size of 4mm shows the same results after 4mm. In Figure
C 0.2 and Figure C 0.4 it can be seen that the, the large which is observed in the vertical direction, is
not occurring in horizontal direction. The same conclusions as for the quadratic elements are also valid
for the linear elements. To obtain the strain range at 0,4t from the weld toe, it is advised to use linear
or quadratic solid element with an element size of 2mm.
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Analysis and validation of global shell element model horizontal direction

A similar study as with the sub solid element model is performed to investigate the influence of the
element size on the strain range. Five different local element sizes are investigated: 0.5, 1mm, 2mm,
4mm and 8mm for which the results are given in the following figures.

In Figure C 0.5 and Figure C 0.6 the results for the strain range in horizontal direction for the shell
models with different element sizes is shown. A distinction is made between the horizontal stresses

at the free edge, Figure C 0.5 and the horizontal stresses in-span, Figure C 0.6.
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Figure C 0.5 Strain range in horizontal direction, free edge, for different element sizes
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Figure C 0.6 Strain range in horizontal direction, in-span, for different element sizes

As can be seen from both figures, the strain range for the 0.5, 1 and 2mm elements size is almost the
same over the measured length. The element sizes of 4 and 8mm show similar results at 8mm from
the structural intersection point. Furthermore the strain range is more or less constant throughout
the distance 8mm from the structural intersection point. After 8mm the results are not depending on
the element size anymore. The difference in hot spot stress range for the 0.5, 1 and 2mm element size
is very small, the difference is only 0.3%.
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ANNEX D

In this annex the results of mesh sensitivity study for loading positions 1, 2 and 4, are shown.

An overview of the local sub solid mesh can be found in Figure D 0.1 in which the detailed mesh for
both crack locations is shown and an element size of 2mm is used. The welds in the solid FE model are

fillet welds with a throat thickness of 5mm. In Figure D 0.2 the local mesh for the shell FE model is
shown and an element size of Imm is used.

Figure D 0.1 Overview mes sub solid model trough (left) and crossbeam (right)

Figure D 0.2 Overview mesh shell model trough (left) and crossbeam (right)

The stress perpendicular to the weld toe is used for obtaining the following graphs

Loading position 1: global in-plane loading: 500mm offset from crossbeam, loaded between webs
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Figure D 0.3 Stress range in web trough for different quadratic element sizes
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Figure D 0.4 Stress range in crossbeam for different quadratic element sizes
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Figure D 0.7 Stress range in crossbeam for different quadratic element sizes
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Loading position 2: out-of-plane loading: 500mm offset from crossheam, loaded between webs
torsional load
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Figure D 0.8 Stress range in web trough for different quadratic element sizes
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Figure D 0.9 Stress range in crossbeam for different quadratic element sizes
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Figure D 0.11 Stress range in crossbeam for different quadratic element sizes
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Loading position 4: local in-plane loading, loaded between webs
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Figure D 0.12 Stress range in web trough for different quadratic element sizes
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Figure D 0.13 Stress range in crossbeam for different quadratic element sizes
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Figure D 0.14 Stress range in web trough for different quadratic element sizes
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Figure D 0.15 Stress range in crossbeam for different quadratic element sizes
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ANNEX E

In this Annex the results for the crack location in the crossbeam is shown. This annex is divided in the
following 4 parts:

- Partl: results absolute maximum principal stress and stress perpendicular to the weld toe for
load positions 2 and 4;
- Part ll: results weld modelling technique load positions 2 and 4;

- Part lll: hot spot stress extrapolation shell, shell + weld, and solid for load positions 2 and 4;
- Part IV: deformation plots load position 2

Part I: results principal stresses and direct stresses
Load position 2
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Figure E 0.1 LP2: Absolute maximum principal stress for path 1,2 and 3 solid FE model
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Figure E 0.2 LP2: Maximum principal stress for path 1,2 and 3 solid FE model
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Figure E 0.3 LP2: Minimum principal stress for path 1,2 and 3 solid FE model
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Figure E 0.4 LP2: Stress perpendicular to weld toe for path 1,2 and 3 solid FE model
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Stress parallel to weld toe (511)
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Figure E 0.5 LP2: Stress parallel to weld toe for path 1,2 and 3 solid FE model
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Figure E 0.6 LP2: Absolute maximum principal stress for path 1,2 and 3 shell FE model

Maximum principal stress

30
25
E 20 Path-1
=
s path-2
] — path
& 10 path-3
5
o
o 2 4 [ B io 12 14 i6 i3 20 22 24 26 28 30 32
Distance fram soft toe cut-out [mm]
Figure E 0.7 LP2: Maximum principal stress for path 1,2 and 3 shell FE model
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Figure E 0.8 LP2: Minimum principal stress for path 1,2 and 3 shell FE model
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Figure E 0.9 LP2: Stress perpendicular to weld toe for path 1,2 and 3 shell FE model
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Stress parallel to weld toe (511)
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Figure E 0.10 LP2: Stress parallel to weld toe for path 1,2 and 3 shell FE model
Load position 3
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Figure E 0.11 LP3: Absolute maximum principal stress for path 1,2 and 3 solid FE model
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Figure E 0.12 LP3: Maximum principal stress for path 1,2 and 3 solid FE model
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Figure E 0.13 LP3: Minimum principal stress for path 1,2 and 3 solid FE model
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Figure E 0.14 LP3: Stress perpendicular to weld toe for path 1,2 and 3 solid FE model
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Shell:
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Figure E 0.15 LP3: stress parallel to weld toe for path 1,2 and 3 solid FE model
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Figure E 0.16 LP3: Absolute maximum principal stress for path 1,2 and 3 shell FE model
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Figure E 0.17 LP3: Maximum principal stress for path 1,2 and 3 shell FE model
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Figure E 0.18 LP3: Minimum principal stress for path 1,2 and 3 shell FE model
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Figure E 0.19 LP3: Stress perpendicular to weld toe for path 1,2 and 3 shell FE model
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Stress parallel to weld toe (S511)
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Figure E 0.20 LP3: Stress parallel to weld toe for path 1,2 and 3 shell FE model
Part II: results weld modelling techniques shell model Eriksson
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Figure E 0.21 LP1: Absolute maximum principal stress for path 1,2 and 3 shell FE model with weld Eriksson
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Figure E 0.22 LP2: Stress perpendicular to weld toe for path 1,2 and 3 shell FE model with weld Eriksson
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Figure E 0.23 LP2: Absolute maximum principal stress for path 1,2 and 3 shell FE model with weld Eriksson
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Figure E 0.24 LP2: Stress perpendicular to the weld toe for path 1,2 and 3 shell FE model with weld Eriksson
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Load position 3
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Figure E 0.25 LP3: Absolute maximum principal stress for path 1,2 and 3 shell FE model with weld Eriksson
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Figure E 0.26 LP3: Stress perpendicular to the weld toe for path 1,2 and 3 shell FE model with weld Eriksson

Part Ill: results hot spot stress extrapolation shell, shell + weld and solid
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Figure E 0.27 LP3 comparison results absolute maximum principal stress three different models path 4
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Figure E 0.28 LP3: comparison results stress perpendicular to the weld toe three different models path 4
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ANNEX F

The principal stress and the stress perpendicular to the weld toe (S22) will be compared for the
following 2 cases: the red path with the green path and the yellow path with the purple path, which
is shown in Figure F 0.1. The black dot, which is shown in Figure F 0.1 is a singular point and gives very
high stresses. Due to this reason this point is not taken into account in the comparison of the different
stresses. The yellow path has an offset from the red path which is equal to 1.46mm, which is half of
the length from the weld toe to the curved part of the cut-out. For the through thickness stresses the
X=0mm is at the location of the black dot in the figure below

Figure F 0.1 Overview investigated paths

Results loading positions

The results of the 5 different loading positions will be shown for every load position individually. First
the stresses in path 1 and 2, will be shown and in the second figure the stresses through the thickness
of the crossbeam will be shown. In those figures the absolute maximum principal stress and the stress
perpendicular to the weld toe are shown.
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Figure F 0.2 LP1: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 (red and
yellow path in Figure 0.1)
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Figure F 0.3 LP1: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 through
thickness crossbeam (green and purple path in Figure 0.1)
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Loading position 2:
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Figure F 0.4 LP2: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 (red and
yellow path in Figure 0.1)
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Figure F 0.5 LP2: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 through
thickness crossheam (green and purple path in Figure 0.1)
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Figure F 0.6 LP3: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 (red and
yellow path in Figure 0.1)
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Figure F 0.7 LP3: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 through
thickness crossbeam (green and purple path in Figure 0.1)
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Figure F 0.8 LP4: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and (red and yellow
path in Figure 0.1)
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Figure F 0.9 LP4: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 through
thickness crossbeam (green and purple path in Figure 0.1)
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Figure F 0.10 LP5: absolute max principal stress and stress perpendicular to weld toe (522) for path 1 and 2 (red and
yellow path in Figure 0.1)
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Figure F 0.11 LP5: absolute max principal stress and stress perpendicular to weld toe (S22) for path 1 and 2 through
thickness crossbeam (green and purple path in Figure 0.1)

142



ANNEX G

In this report the results for the deformation study of loading positions 2 are shown. With loading
position 2, two wheel patches are placed with a offset of +500mm and -500mm from the middle
crossbeam. One load of 50kN is facing upwards, while the other load of 50kN is facing downwards
which is shown in Figure G 0.1.

Figure G 0.1 Loading position 2

Deformed mesh plots crossheam loading position 2
In the following figures the results of the solid FE model are shown on the left figure and the results

of the shell FE model with Eriksson weld on right figure. In this solid FE model the seam between the
crossbeam and trough is modelled. To get a better visualization of the deformations, the thickness of
the shell element is shown.

Figure G 0.2 Deformed mesh plot crossheam, solid (left) and shell (right)

As can be seen from the above figures, the overall behavior of the solid and shell FE model is the same,
which is as expected since they share the same overall shell model. In the following two figures the
local deformation of the solid (right) and shell (left) FE model is shown, in which the shell render
thickness option is put on to get a better representation of the local deformation.
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Figure G 0.3 Deformed and undeformed mesh local deformation at detail of interest, solid (left) and shell Eriksson
(right), scaling factor 150
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Deformation contour plots
Used coordinate system:

Y

A

Z X

In the next figures the overall deformation U, and the deformations in the three directions: U1,U2,
and U3 will be shown. First a more zoomed out overview is shown and in the second figure the local
deformations are shown. For both models the same minimum and maximum limits are used to make

a proper comparison.

Z-axis solid
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e
e
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S,

Figure G 0.4 Deformed mesh contour plot Z-axis solid FE model

Figure G 0.5 Deformed mesh contour plot-axis solid FE model
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Z-axis shell weld Eriksson

Figure G 0.6 Deformed mesh contour plot Z-axis shell Eriksson weld FE model

Figure G 0.7 Deformed mesh contour plot Z-axis shell Eriksson weld FE model

Y-axis solid

Figure G 0.8 Deformed mesh contour plot Y-axis solid FE model
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Figure G 0.9 Deformed mesh contour plot Y-axis parallel to weld toe solid FE model

Y-axis shell weld Eriksson (thickness option on)

Figure G 0.10 Deformed mesh contour plot Y-axis shell Eriksson weld FE model (thickness option on)

Figure G 0.11 Deformed mesh contour plot Y-axis parallel to lower weld toe shell Eriksson weld FE model (thickness
option on)
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X-axis solid

Figure G 0.12 Deformed mesh contour plot X-axis solid FE model

X-axis shell weld Eriksson

Figure G 0.13 Deformed mesh contour plot X-axis shell Eriksson weld FE model

Local deformation at soft toe
In Figure G 0.14 and Figure G 0.15 the deformations of the “soft toe” with a scaling factor of 1000 is

shown.
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Figure G 0.14 Local deformation at soft toe solid FE model, scaling factor: 1000
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Figure G 0.15 Local deformation at soft toe shell with Eriksson weld FE model, scaling factor: 1000
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ANNEX H

Comparison loading position 5 old and new OSD variant web of trough
In this Annex the comparison between the new and old OSD variant will be made for loading position

5, since the hot spot stress is higher for the new OSD variant when compared with the old variant. The
stress perpendicular to the weld toe for the trough is shown in Figure H 0.1 for the old variant and in
Figure H 0.2 for the new variant for the shell FE model without weld. As can be seen from the figures,
in the case of the old OSD variant no stress concentration occurs at the structural intersection point
of the trough and the crossbeam, while this stress concentration clearly occurs at the new variant.
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Figure H 0.1 Stress perpendicular to the weld toe old OSD variant
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Figure H 0.2 Stress perpendicular to the weld toe new OSD variant

To investigate the stress in the trough two paths of 100mm length, 50mm to the left and right of the
structural intersection point, are investigated. The first path is directly at the structural intersection
point, see red line in Figure H 0.3, while the second path is 0.5t of the trough away from the structural
intersection point, see green line in Figure H 0.3.

Figure H 0.3 Paths in trough Ot and 0.5t from structural intersection point.

To compare the behavior in those 2 paths, both the stresses perpendicular to weld toe for the inner
and outer side of the shell elements are extracted. For both the new and old OSD both the stresses of
the inner and outer side of the trough are extracted to see how the behavior in the trough is. The
outer side is the at the outer face of the trough, while the inner side is at the inside face of the trough.
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In Figure H 0.4 and Figure H 0.5 the results for the new OSD variant of the outer and inner side are
shown, while in Figure H 0.6 and Figure H 0.7 the results of the old OSD variant are shown.
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Figure H 0.4 New OSD variant stress perpendicular to the weld toe trough outer side shell
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Figure H 0.5 New OSD variant stress perpendicular to the weld toe trough inner side shell
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Figure H 0.6 Old OSD variant stress perpendicular to the weld toe trough outer side shell
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Figure H 0.7 Old OSD variant stress perpendicular to the weld toe trough inner side shell

As can be seen from the graphs, the behavior of the old and new OSD is different locally at the
structural intersection point. The new OSD variant shows a stress concentration at the outer side of
the trough. On the outer side of the trough the stresses of the new OSD variant are all positive on the
investigated paths, while on the inner side of the trough the stresses are all negative. This can only be
caused by bending in the though. For the old OSD not really a stress concentration occurs at the outer
side of the trough, but as with the new OSD variant all values are also positive. The stress
perpendicular to the weld toe on the outer side of the trough is more or less constant from -50 to -10
and +10 to +50mm.

The stress 50mm away for the structural intersection point, at the inner side of the trough for the old
OSD variant, is also negative and thus at that location it is also predominantly loaded in bending. In
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the local area something different occurs at -30mm from the structural intersection point: the stress
is changing sign, it becomes positive. Directly at the structural intersection point the stress on the
inner and outer side of the trough are more or less equal which means that at that location it is
predominantly loaded by a membrane stress, and no bending.

Since the difference between the new and old OSD variant is only the thickness of the trough,
crossbeam, and deck plate, one parameter is adapted at the time to see which parameter will result
in this stress concentration for the new OSD. Since this can be easily done with a shell FE model, this
model is used for the comparison. To compare the results first the contour plot of the stress
perpendicular to the weld toe is shown and furthermore the hot spot stress is calculated. In the next
three figures the contour plots of the stress perpendicular to weld toe are shown, when only one
parameter is adapted.
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Figure H 0.8 Stress perpendicular to the weld toe thickness crossbeam increased
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Figure H 0.10 Stress perpendicular to the weld toe thickness trough increased

As can be seen from Figure H 0.8, a small stress concentration will occur at the structural intersection
point when the thickness of the crossbeam is increased from 12mm to 16mm. In Figure H 0.9 it can
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be seen that by increasing the thickness of the deck plate from 12mm to 22mm the stress
concentration will change sign and becomes negative. Changing the thickness of the trough from 6mm
to 8mm, will create a large stress concentration which can be seen in Figure H 0.10. The regular linear
hot spot extrapolation, 0.4t and 1.0t, is performed to calculate the differences in obtained hot spot
stresses and the results are shown in Table H 0-1.

Table H 0-1 Results hot spot stress extrapolation web trough for different adapted parameters

Obtained hot spot stress

in web trough [MPa]
Original HSS +3.43
Increasing thickness crossbeam +4.59
Increasing thickness deck plate -5.19
Increasing thickness trough +11.94

Though thickness stress values solid FE model LC1 and LC5
To investigate the local stress at the area close to the weld, the through thickness stress is extracted

at three different locations which are marked in Figure H 0.11 from the solid FE model. This
investigation is performed for both loading position 1 and loading position 5 for the new and old OSD
variant to see which differences occur. First the results of load position 1 for both the new and old
variant are shown and thereafter the results of loading position 5.

Weld . Crossbeam

Pl P2 P3
Figure H 0.11 Overview through thickness locations solid FE model

LC1 old OSD variant
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Figure H 0.12 Old OSD variant LC1: stress perpendicular to weld toe through thickness trough
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Figure H 0.13 Old OSD variant LC1: stress perpendicular to weld toe through thickness trough contour plot
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LC1 new OSD variant
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Figure H 0.14 New OSD variant LC1: stress perpendicular to weld toe through thickness trough
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Figure H 0.15 New OSD variant LC1: stress perpendicular to weld toe through thickness trough contour plot

LC5 old OSD variant

Stress [MPa)

Distance from structural intersection point [mmy]

Figure H 0.16 Old OSD variant LC5: stress perpendicular to weld toe through thickness trough
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Figure H 0.17 Old OSD variant LC1: stress perpendicular to weld toe through thickness trough contour plot
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Figure H 0.18 New OSD variant LC5: stress perpendicular to weld toe through thickness trough
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S, 811 (CsYSs-1)

{Avg: 75%)
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Figure H 0.19 New OSD variant LC5: stress perpendicular to weld toe through thickness trough contour plot
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ANNEX |

Stress path critical locations for crack in web of trough old OSD variant:
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Figure 1 0.1 Comparison stress perpendicular to weld toe for critical loading position X=+375mm, loaded between webs
trough, crack in web trough, old OSD variant
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Figure 1 0.2 Comparison stress perpendicular to weld toe for critical loading position X=+1375mm, loaded between
troughs, crack in web trough, old OSD variant

Stress path critical locations for crack in web of trough new OSD variant:
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Shell
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shell_weld_combined
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Distance from weld toe [mm]
Figure 1 0.3 Comparison stress perpendicular to weld toe for critical loading position X=+375mm, loaded between webs
trough, crack in web trough, new OSD variant
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Figure 1 0.4 Comparison stress perpendicular to weld toe for critical loading position X=+1250mm, loaded between
troughs, crack in web trough, new OSD variant
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Stress path critical locations for crack in crossbeam P4 28mm old OSD variant (minimum HSS):

@ 2 4 6 B b 1] 1z 14 16 18 20 2z 4 6 B 0 32 34 36 38 an

—solid

)

= shall_shifted

, Stress [MPa]
&

shell_weld_combinad

Distance from weld toe [mm]
Figure 1 0.5 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=+375mm, loaded
between webs, crack in CB, old OSD variant
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Distance from weld toe [mm]
Figure 1 0.6 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=+625mm, loaded
between troughs, crack in CB, old OSD variant

Stress path critical locations for crack in crossbeam P4 28mm new OSD variant (minimum HSS):
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Shell_weld_combined

-10
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Figure 1 0.7 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=+500mm, loaded
between webs, crack in CB, new OSD variant

Strass [MPa)

Distance from weld toe [mm]

Figure 1 0.8 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=+625mm, loaded
between troughs, crack in CB, new OSD variant
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Stress path critical locations for crack in crossbeam P4 28mm old OSD variant (maximum HSS):

[

AD e cplid
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Figure 1 0.9 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=-750mm, loaded on
top of web, crack in CB, old OSD variant
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Figure 1 0.10 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=-1375mm, loaded
between webs, crack in CB, old OSD variant
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Figure 1 0.11 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=-750mm, loaded
between troughs, crack in CB, old OSD variant

Stress path critical locations for crack in crossbeam P4 28mm new OSD variant (maximum HSS):
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Figure 1 0.12 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=-750mm, loaded on
top of web, crack in CB, new OSD variant
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Figure 1 0.13 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=-1250mm, loaded
between webs, crack in CB, new OSD variant
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Figure 1 0.14 Comparison stress perpendicular to weld toe, P4_28mm, for critical loading position X=-750mm, loaded
between troughs, crack in CB, new OSD variant

Stress path critical locations for crack in crossbeam P4 12/14mm old OSD variant (maximum HSS):
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Figure 1 0.15 Comparison stress perpendicular to weld toe, P4_12/14mm, for critical loading position X=-1375mm,
loaded between webs, crack in CB, old OSD variant
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Figure 1 0.16 Comparison stress perpendicular to weld toe, P4_12/14mm, for critical loading position X=-750mm, loaded
between troughs, crack in CB, old OSD variant

Stress path critical locations for crack in crossbeam P4 12/14mm new OSD variant (maximum HSS):
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Figure 1 0.17 Comparison stress perpendicular to weld toe, P4_12/14mm, for critical loading position X=-1250mm,
loaded between webs, crack in CB, new OSD variant
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Figure 1 0.18 Comparison stress perpendicular to weld toe, P4_12/14mm, for critical loading position X=-750mm, loaded
between troughs, crack in CB, old OSD variant
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ANNEX )

Comparison stresses

In Figure J 0.1 to Figure J 0.4 the comparison of the stress is made for the old OSD dimensions,
thickness main plate 6mm, thickness stiffener 12mm, for four different load cases : LC1, LC2, LC3 and
LC4.
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Figure J 0.1 Stress range LC I: in-plane, old variant
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Figure J 0.2 Stress range LC II: out-of-plane I, old variant
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Figure J 0.3 Stress range LC lll: out-of-plane I, old variant
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Figure J 0.4 Stress range LC IV: combination in-plane and out-of-plane |, old variant

In Figure J 0.5 to Figure J 0.8 the comparison of the stress is made for the new dimensions, thickness
main plate 8mm, thickness stiffener 16mm, for four different load cases : LC1, LC2, LC3 and LC4.
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Figure J 0.5 Stress range LC I: in-plane, new variant
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Figure J 0.6 Stress range LC II: out-of-plane I, new variant
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Figure J 0.7 Stress range LC lll: out-of-plane II, new variant
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Figure J 0.8 Stress range LC IV: combination in-plane and out-of-plane I, new variant

Comparison deformation
Load case |l in-plane:
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Figure J 0.9 Deformation U2 (Y-direction), loading type I: in-plane, old variant

Load case Il out-of-plane I:
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Figure J 0.10 Deformation U1 (X-direction), loading type Il: out-of-plane I, old variant
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Load case lll out-of-plane Il:
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Figure J 0.11 Total deformation U, loading type Ill: out-of-plane II, old variant
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Figure J 0.12 Deformation U2 (Y-direction), loading type IlIl: out-of-plane II, old variant
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Figure J 0.13 Deformation U3 (Z-direction), loading type llI: out-of-plane II, old variant
Load case IV combination in-plane and out-of-plane I:
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Figure J 0.14 Total deformation U, loading type IV: combination in-plane and out-of-plane I, old variant
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Figure J 0.15 Deformation U1 (X-direction), loading type IV: combination in-plane and out-of-plane I, old variant
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Figure J 0.16 Deformation U2 (Y-direction), loading type IV: combination in-plane and out-of-plane I, old variant
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In the Figure J 0.17 to Figure J 0.24 the comparison of the predominant displacement is made for the
new dimensions, thickness main plate 8mm, thickness stiffener 16mm.

Load case |l in-plane:
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Figure J 0.17 Deformation U2 (Y-direction), loading type I: in-plane, new variant
Load case Il out-of-plane I:
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Figure J 0.18 Deformation U1 (X-direction), loading type II: out-of-plane I, new variant

Load case lll out-of-plane Il:
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Figure J 0.19 Total deformation U, loading type lll: out-of-plane Il, new variant
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Figure J 0.20 Deformation U2 (Y-direction), loading type Ill: out-of-plane Il, new variant
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Figure J 0.21 Deformation U3 (Z-direction), loading type lll: out-of-plane Il, new variant
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Load case IV combination in-plane and out-of-plane I:
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Figure J 0.22 Total deformation U, loading type IV: combination in-plane and out-of-plane I, new variant
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Figure J 0.23 Deformation U1 (X-direction), loading type IV: combination in-plane and out-of-plane I, new variant
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Figure J 0.24 Deformation U2 (Y-direction), loading type IV: combination in-plane and out-of-plane I, new variant

Comparison hot spot stress in transverse attachment plate
Also the hot spot stress in the stiffener is investigated for which the path in shown in Figure J 0.25.
This analysis is performed for LC2 and LC4.
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Figure J 0.25 Path for hot spot stress extrapolation stiffener
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Figure J 0.26 Stress range stiffener LC2, old variant
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Figure J 0.27 Stress range stiffener LC4, old variant
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Figure J 0.28 Stress range stiffener LC2, new variant
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Figure J 0.29 Stress range stiffener LC4, new variant
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Deformed mesh and contour plots Abaqus old OSD variant thicknesses LC4:
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Figure J 0.30 Deformations plot LC4 old OSD thicknesses: solid FE model
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Figure J 0.31 Deformations plot LC4 old OSD thicknesses: shell FE model
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Figure J 0.32 Deformations plot LC4 old OSD thicknesses: shell with IIW weld FE model
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Figure J 0.33 Deformations plot LC4 old OSD thicknesses: shell with Eriksson (t+0.5a) weld FE model
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Figure J 0.34 Deformations plot LC4 old OSD thicknesses: shell with Eriksson (t+a) weld FE model
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Deformed mesh and contour plots Abaqus new OSD variant thicknesses LC4:
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Figure J 0.35 Deformations plot LC4 new OSD thicknesses: solid FE model
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Figure J 0.36 Deformations plot LC4 new OSD thicknesses: shell FE model
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Figure J 0.37 Deformations plot LC4 new OSD thicknesses: shell with IIW weld FE model
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Figure J 0.38 Deformations plot LC4 new OSD thicknesses: shell with Eriksson (t+0.5a) weld FE model
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Figure J 0.39 Deformations plot LC4 new OSD thicknesses: shell with Eriksson (t+a) weld FE model
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ANNEX K

Overview results stress in path 2:
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Figure K 0.1 Stress perpendicular to weld toe in path 2, loaded on web: X=-750mm, old OSD variant
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Figure K 0.2 Stress perpendicular to weld toe in path 2, loaded on web: X=+500mm, old OSD variant
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Figure K 0.3 Stress perpendicular to weld toe in path 2, loaded between webs: X=-1375mm, old OSD variant
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Figure K 0.4 Stress perpendicular to weld toe in path 2, loaded between webs: X=+375mm, old OSD variant
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Figure K 0.5 Stress perpendicular to weld toe in path 2, loaded between troughs: X=-750mm, old OSD variant
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Figure K 0.6 Stress perpendicular to weld toe in path 2, loaded between troughs: X=+625mm, old OSD variant
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Overview results stress in path 4:
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Figure K 0.7 Stress perpendicular to weld toe in path 4, loaded on web: X=-750mm, old OSD variant
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Figure K 0.8 Stress perpendicular to weld toe in path 4, loaded on web: X=+500mm, old OSD variant
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Figure K 0.9 Stress perpendicular to weld toe in path 4, loaded between webs: X=-1375mm, old OSD variant
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Figure K 0.10 Stress perpendicular to weld toe in path 4, loaded between webs: X=+375mm, old OSD variant
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Figure K 0.11 Stress perpendicular to weld toe in path 4, loaded between troughs: X=-750mm, old OSD variant
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Figure K 0.12 Stress perpendicular to weld toe in path 4, loaded between troughs: X=+625mm, old OSD variant
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