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summary

Over the past few decades, the Netherlands has built numerous steel railway bridges to improve its
infrastructure. The repeated loading from railway traffic makes steel bridges susceptible to fatigue dam-
age. This may result in the premature need for either repairing or replacing the structure. The stress
ranges at fatigue-prone locations are generally higher in railway bridges than in road traffic bridges [2].
Due to the limited space available due to road and rail alignment, the connection between the main
girder and cross-girder is often identified as a critical fatigue location.

The main- to cross-girder connection can be designed for fatigue using different design principles. De-
signing the connection with a certain rotational stiffness leads to higher fatigue stresses at this location.
Meeting the fatigue requirements at the connection can often be achieved by local adjustments, such
as welding extra steel plates to the fatigue-induced location to evenly distribute stresses from the cross-
girder to the main girder. This can be a costly solution. Designing a connection that is flexible could
reduce stresses at the main- to cross-girder connection. Solving fatigue issues can be done by making
global adaptations to the structure. The question arises: which aspects can be adjusted such that slight
changes can notably improve fatigue resistance in a cost-effective manner?

This report focuses on the following research question: How can the design of the connection between
the main girder and cross-girder of a railway bridge be optimized for fatigue?

To answer the research question, a literature study and a finite element investigation of the main- to
cross-girder connection are performed. A reference model is made after which parameters are altered
to investigate their impact on the fatigue response of the connection. The reference model is based on
the design of the bridges from project Oostertoegang. However, instead of considering a connection
with a certain rotational stiffness, the design is made more flexible for this study. Ansys 2022 R2 [3]
is used to create a finite element model of the bridge with shell elements. The hot spot stress method
is used to conduct the fatigue assessment. In total four critical fatigue locations are researched for six
parameters. The parameters researched are: the center-to-center distance between the cross-girders,
the height of the cross-girder and main girder, the thickness of the inner web plate of the main girder,
the diaphragm, and the steel deck plate.

From the analysis, it can be concluded that for one detail (M3) local measures should be applied to
meet fatigue criteria. The three other details can satisfy requirements within feasible limits. The most
cost-effective and realistic way is to increase the thickness of the inner web of the main girder. Other
cost-effective but less feasible solutions to optimize the flexible design for fatigue are: decreasing the
thickness of the diaphragm and increasing the height of the cross-girder. These parameters show the
best ratio between the costs needed to alter the parameter and the total fatigue damage change of the
critical detail. It is important to mention that this study exclusively examines four specific structural hot
spot locations. Modifying the design for one fatigue location can be detrimental to the other.

Furthermore, it is determined that the fatigue assessment using finite element analysis with shell ele-
ments can be optimized by using the hot spot stress method in combination with modeling the weld
using an increased thickness, especially according to prTS1993-1-901 guidelines [4]. This type of mod-
eling technique shows a close resemblance to a solid model, which is the best representation of reality.
Not incorporating the weld could overestimate the stresses.
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Introduction

This chapter is comprised of an introduction to fatigue at railway bridges and fatigue assessment meth-
ods. Moreover, the problem statement, research objectives, scope, methodology, and outline of the
report are described.

1.1. Background information

In recent decades, the Netherlands has constructed several steel railway bridges to enhance its in-
frastructure. Examples of recently built railway bridges are the Zandhazenbrug (2016), Bert Swartbrug
(2017), Vleutensespoorbrug 2 (2018), and the two railway bridges part of Theemswegtracé (2020).

The repetitive loading from road and/or railway traffic makes steel bridges vulnerable to fatigue-induced
damage. Fatigue is a phenomenon whereby cyclic loading induces cracking or even fracture within
steel structures [5]. This can lead to the early repair or replacement of the structure. The stress range
within joints in the structure is often a major factor. The stress range in railway bridges is generally
higher than in road bridges [2]. Haghani et al. [6] collected a total of more than 100 fatigue damage
cases in existing steel bridges and categorized it on detail type, see Figure 1.1. It can be concluded that
the connection between the main girder and the cross-girder followed by the diaphragm are common
areas prone to fatigue-related issues in steel bridges. Diaphragms, in this report, are stiffener plates
positioned within the main girders to transform shear forces from the cross-girders into torsional forces
and contribute to the stability of the main girders.

Connections between floor beams
and the main load-carrying members

Diaphragms and cross-bracing
connections

Coped and cut-short beam ends
Orthotropic decks

Stringer-to-floor-beam connections

Additional stress component in
members with change in section

Secondary vibration-induced
stresses in hangers

Connections of wind bracing

Bridge girders and stringers
at timber tie connections

Flange gusset plates

Cover plates
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Figure 1.1: Fatigue damage cases categorized on detail type [6]
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Furthermore, in the design of the Zandhazenbrug and the Vleutensespoorbrug 2, the welded connec-
tion between the main girder and the cross-girder has been identified as a critical fatigue detail [7][8].
Figure 1.2 and Figure 1.3 exhibit technical drawings of the Zandhazenbrug and Figure 1.4 and Figure
1.5 of the Vleutensespoorbrug 2. Both railway bridges are arch bridges, however, the Zandhazenbrug
has diagonal hangers while the Vleutensespoorbrug 2 has vertical hangers, which results in different
behaviors. Both bridges consist of two railway tracks and a steel-concrete deck in combination with a
ballast bed. The thickness of the steel-concrete deck is 400 [mm] and 370 [mm] for the Zandhazenbrug
and Vleutensespoorbrug 2, respectively. The cross-girders of the Zandhazenbrug span 11.5 meters
and have a center-to-center distance of 1.6 [m]. For the Vleutensespoorbrug 2, the cross-girder span
is 9 meters and the center-to-center distance is 3.5 [m].

The connection between the main girder and cross-girder of the Zandhazenbrug is designed with other
principles than the Vleutensespoorbrug 2 to meet specific fatigue criteria. For the Zandhazenbrug, the
height of the steel-concrete deck was restricted due to road and rail alignment. High local stress ranges
are measured at the main- to cross-girder connection. To reduce those stresses, the center-to-center
distance between the cross-girders is made smaller. Furthermore, an additional plate is welded into
the main girder in alignment with the upper flange of the cross-girders to satisfy fatigue requirements.
As a result, the connection has a certain rotational stiffness. On the contrary, the main- to cross-girder
connection of the Vleutensespoorbrug 2 is made as flexible as possible to reduce the clamping mo-
ments. These moments influence the fatigue stresses at the connection. To enhance the flexibility of
the connection, the diaphragms are designed with a specific configuration. The extent to which the
diaphragm is attached to the inner web of the main girder is restricted in length. In addition, the height
of the main girder is increased and the main girder inner web plate is decreased to 15 [mm], to gain
more flexibility and meet fatigue criteria.

Figure 1.2: Overview Zandhazenbrug, half of the
bridge [mm] [Iv-Infra] Figure 1.3: Cross-section Zandhazenbrug (half) [mm] [Iv-Infra]

T Diaphragm

Figure 1.4: Overview Vleutensespoorbrug 2, half of Figure 1.5: Cross-section Vleutensespoorbrug 2 (half) [mm]
the bridge [mm] [lv-Infra] [Iv-Infra]

Multiple guidelines and standards are available for fatigue assessment, including Eurocode 3 part 1-9
[9] and the International Institute of Welding (1IW) [10]. These guidelines are created based on an ex-
tensive series of experiments performed on multiple connection details. These details are assigned to
detail categories which are used in combination with so-called S-N curves to determine the expected
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fatigue life of the structure. Detail categories are created for basic connection types.

In the Netherlands, ProRail defined additions to Eurocode for railway structures, called the OVS [11].
Similarly, Rijkswaterstaat created a document with additional guidelines to Eurocode for civil artworks,
ROK2.0 [12]. Should ROK be found applicable to railway bridges and be in contradiction with the OVS,
precedence is granted to the OVS guidelines [11]. While there is freedom in the structural design of
railway bridges, ProRail often mandates the integration of a ballast bed in railway bridge designs. This
reduces sound emissions and in the event of damage to the railway bridge, the track can be restored
through adjustments to the ballast bed. For this reason, a supporting deck is needed beneath the bal-
last which can be made from e.g. concrete or steel.

To ascertain the stresses in structural elements, finite element (FE) models are commonly used. Di-
verse methodologies for fatigue assessment have been established to determine the stress ranges in
(complex) details: (modified) nominal stress method, hot spot stress method, and the effective notch
method. Each methodology has its advantages and disadvantages. The modeling technique does
also influence the results. Engineering firms often use the nominal stress or hot spot stress method
because fatigue assessment can be relatively fast achieved with an acceptable level of accuracy.

1.2. Problem statement

During the design process of the Zandhazenbrug and the Vleutensespoorbrug 2, the engineering com-
pany Iv-Infra noticed that the connection between the main girder and the cross-girder is often a critical
fatigue detail (see Figure 1.3 and Figure 1.5). Train passages cause large stress ranges in the con-
nection and in addition substantial dynamic factors should be accounted for. Almost all conceivable
structural design parameters could affect the stress distribution between fatigue-prone details.

Often, during the design process of a (railway) bridge, it turns out to be necessary to incorporate spe-
cialized detailing at the main- to cross-girder connection to meet fatigue requirements. For example,
this can be achieved by incorporating additional plates at the connection. These additional plates
are welded at critical fatigue locations to evenly distribute stresses from the cross-girder to the main
girder. However, the extra welding involved is costly and introduces additional fatigue-prone areas in
the bridge’s structure. Moreover, the addition of extra plates and thicknesses at the connection makes
the connection more stiff. A stiffer connection attracts more force and deforms less, which is not always
beneficial for fatigue.

Iv-Infra is intrigued by the prospect of developing a main- to cross-girder connection that minimizes
the need for additional welded plates to reduce costs. This can be achieved by the creation of a
more flexible connection design, as is accomplished in the design of the Vleutensespoorbrug 2 [8].
Flexible connections take a minimum of bending moments and only transfer shear forces, so stresses
at the main- to cross-girder connection can be reduced. However, to create a flexible connection
that satisfies fatigue requirements, sometimes additional adjustments should be made to the design
of bridge elements to influence the stress distribution within the connection. A challenge occurs due
to the limited space available caused by road and railway alignment. So, if the fatigue strength of a
"flexible” design is insufficient, the question arises: which design aspects can be adjusted such that
slight changes can notably improve fatigue resistance in a cost-effective manner?

1.3. Research objectives

The primary objective of the research is to determine which design considerations can increase the
estimated fatigue life of a flexible connection while minimizing the necessity of adding extra welded
plates to the connection. In this way, in the early design phase, parties who design railway bridges
can determine if it is feasible within the physical restrictions to achieve a flexible connection. Such a
connection requires less welding, which is cost-advantageous when you consider that this detail occurs
more frequently in the design of a bridge.
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The main research question is:

* How can the design of the connection between the main girder and cross-girder of a railway bridge
be optimized for fatigue?

The main research question will be answered with the following sub-questions:

» What fatigue assessment method is most suitable to use with finite element modeling using shell
elements?

» What are critical fatigue locations of a welded main- to cross-girder connection?

» Which design considerations (parameters) are cost-effective in improving the fatigue performance
of the main- to cross-girder connection of a railway bridge?

1.4. Scope

The research focuses on the fatigue assessment of the connection between the main girder and cross-
girder in steel railway bridges. Only beam bridges whose design is based on cross-girders attached
to main girders with a weld are considered. The most critical fatigue details of the connection will be
determined and focused on. Other potential fatigue-prone details in the bridge will be disregarded in
the study, even though these can be critical.

Furthermore, the study exclusively examines the fatigue response of the beam railway bridges de-
signed for project Oostertoegang at Amsterdam Central Station by lv-Infra. Originally, these bridges
were designed with a main- to cross-girder connection with a certain rotational stiffness and it will be
researched how the bridge responds to a flexible connection design. This limits the research to a steel
railway bridge with rectangular box main girders and I-profile cross-girders with an orthotropic steel
deck. Moreover, this bridge does not contain an arch or truss structure.

The scope will be exclusively on the fatigue assessment. The strength and stability of the bridge will be
disregarded within the scope. The fatigue assessment is based on European guidelines and Dutch na-
tional regulations and will be performed using finite element analysis, no experiments will be conducted.

1.5. Methodology

To answer the research question a literature study and a finite element assessment of the main- to
cross-girder will be performed. The literature study will be conducted to gather relevant background
information. This encompasses details regarding fatigue assessment, finite element analysis, and fa-
tigue in railway bridges. Thereafter, a reference model is determined after which parameters will be
altered to investigate their impact on the fatigue response of the main- to cross-girder connection. This
reference model will be based on the bridges for project Oostertoegang. Currently, Iv-infra is working
on project Oostertoegang. Within the project, the 15 railway bridges on the eastern side of Amsterdam
Central Station will be replaced one by one from 2024 onwards [1]. Ansys® 2022 R2 [3] will be used
to create a finite element model of the bridge with shell elements. A pre-existing study performed by
Pandit [13] will be used to validate the (weld) modeling technique used. It will be determined which
fatigue locations at the connection are most critical and which parameters could influence the stresses
at these locations. The hot spot stress method will be used to conduct the fatigue assessment. The
parametric study will ascertain the impact of the identified parameters on the fatigue damage at the
identified critical locations. Moreover, the parameters are compared on the costs associated with im-
proving fatigue performance.
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1.6.

Report outline

The report is structured into several chapters. The contents of the chapters are outlined below.

Chapter 1: Provides an introduction to the master thesis.

Chapter 2: Presents the literature study for the thesis, offering relevant background information
and previous research. It covers an introduction to fatigue and the S-N curve, discusses various
fatigue assessment methods, and provides insights into finite element analysis. In addition, the
design of railway bridges and fatigue in railway bridges will be focused on. Lastly, the determina-
tion of the rotational stiffness will be discussed.

Chapter 3: Describes the methodology to answer the research questions of the report. A para-
metric study based on a reference model will be done. The reference model is based on the
design of the bridges of project Oostertoegang. Parameters that will influence fatigue critical
details at the connection between the main girder and cross-girder will be researched. A finite
element model of the reference design is made in Ansys® 2022 R2 [3] for conducting the fatigue
assessment. The fatigue assessment will be performed with the hot spot stress method.
Chapter 4. The methodology of the parametric study is validated for certain choices made, and
the results of the fatigue assessment for all parameters are provided and discussed. In addition,
recommendations for the fatigue design of the bridges from project Oostertoegang are provided.
Chapter 5: Answers the research question based on the research performed. In addition, it offers
recommendations for further research.

Appendices A-F: Contains additional information to the content of the chapters.



Literature study

In this chapter, a literature study is performed covering an introduction to fatigue, the S-N curve, fatigue
assessment methods, finite element analysis, design of railway bridges, fatigue load models for railway
bridges, and rotational stiffness.

2.1. Introduction to fatigue

Fatigue is the phenomenon that causes cracking or fracture in steel structures due to cyclic loading.
In steel bridges, this repetitive loading is caused by traffic. The magnitude of the stress range is an
important factor for fatigue. Generally, the stress ranges in railway bridges are higher than those found
in road bridges [2].

The ASM Handbook gives the following definition of fatigue:

"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 (and often much less than) the tensile strength of the material. Fatigue may
culminate into cracks and cause fracture after a sufficient number of fluctuations.” [5]

Fatigue can be divided into three crack development stages: the crack initiation period, the crack
propagation period, and the final fracture. An overview of the fatigue phases is shown in Figure 2.1.
During the crack initiation period, inconspicuous microscopic cracks start to form in slip bands at stress
levels below the yield limit [14]. The cracks are formed due to an increase in stress concentration
caused by the presence of geometric irregularities in the detail, the geometry of the weld, and local weld
effects [15]. In the crack propagation period, the microscopic cracks proceed with growing until failure,
on a macroscopic scale [14]. Influencing factors are material quality and environmental conditions. At
the point of final failure, the crack will grow unstable.

Cyclic N Crack L,| Micro crack Ly Macro crack || Final
slip nucleation growth growth failure
< Initiation period > <Crack growth period >
K . K Kic
Stress concentration Stress intensity Fracture
factor factor toughness

Figure 2.1: Phases of fatigue life [14]
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2.2. The S-N curve

To determine the fatigue performance of a steel structure, the fatigue life of every structural detail
must be evaluated [16]. The resistance of a detail is represented by the S-N curve or Wéhler curve.
The S-N curve is based on the experimental results in which specimens are tested under constant
amplitude loading [17]. To derive the fatigue curve, the number of cycles until failure for each specimen
is measured and plotted on a double logarithm scale. On the horizontal axis the number of cycles until
failure (N) is shown and on the vertical axis the stress range (Ac). The experimental result shows a
large scatter of data, e.g. see Figure 2.2. A survival probability of 95% is set by Eurocode 3 part 1-9,
based on the mean value, to determine the characteristic curve.

Ao [N/mm?]
500

100 ,mean value of test results

statistical distribution

of results
50

95% survival
o test result, failure fatigue limit

S S - S VA,

o— test result, no failure

2 3 4 5 7
10 10 10 10 10 10 10

Figure 2.2: S-N curve from fatigue test results, plotted in double logarithm scale, by constant amplitude loading [17]

2.2.1. Detail categories

NEN-EN 1993-1-9 [9] and International Institute of Welding (1IW) [18] defined detail categories based
on the characteristic curve of experimental results. Detail categories are determined for standardized
commonly used joints. A fatigue detail category illustrates the stress range of failure when N = 2. 106
load cycles are applied.

The detail category accounts for several influencing factors that are not considered in the design stress
of the fatigue assessment. Two of these effects are weld imperfections and the residual stresses due to
welding. In addition, the effect of the geometry of the detail and the weld geometry can be incorporated
into the detail category. It depends on the fatigue assessment method used if these are considered in
the design stress or the detail category, see Section 2.3.

Direct stresses
Figure 2.3 shows the S-N curve for several (nominal stress) detail categories [9]. In this figure, three
points are highlighted, namely:

1. The fatigue detail category Ao corresponding with No = 2 - 105 load cycles
2. The constant amplitude fatigue limit (CAFL) Ao p corresponding with Np = 5 - 10° load cycles
3. The cut-off-limit (COL) Ao, corresponding with N;, = 10® load cycles

The fatigue life of a detail is infinite if stress ranges with a constant amplitude are applied and are below
the CAFL. If the stress ranges applied have a non-constant amplitude, the fatigue life is infinite if the
stress ranges are below the COL.

For nominal stress ranges, the slope of the curve between point 1 (Ao¢) and point 2 (Ao p) is equal to

m = 3 and between point 2 and point 3 (Ac) is equal to m = 5. The constant amplitude fatigue limit
can be calculated with Formula 2.1 and the cut-off-limit with Formula 2.2 [9].

)5 - Aoc (2.1)

)5 Aop (2.2)
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1000

Direct stress range Aoy [N/mm?]

T 1 Detail category Acc
m=

2 Constant amplitude
fatigue limit Aop

10
1,0E+04 1,0E405 1,0E408 2 s 1,0E407 1,0E+08 1,0E+09 3 Cut—oﬁ“limit Aoy

Endurance, number of cycles N

Figure 2.3: Fatigue strength curve for direct stress ranges according to NEN-EN 1993-1-9 [9]

The design number of load cycles until failure (IV;) for a certain design stress range Ao; can be deter-
mined with Formula 2.3.

2-10°- (R22)% if Ao; > Aop
Ny =(5-10°-(322)° if Aop > Ac; > Aoy (2.3)
00 otherwise

Shear stresses

The fatigue strength curve for shear stresses for two detail categories is shown in Figure 2.4 [9]. The
slope of the curve between point 1 (r¢) and point 2 (7) is equal to m = 5. The cut-off-limit (A7) at
N, = 10® load cycles can be calculated with Formula 2.4.

Shear stress range Aty [N/mm?]

1 Detail category At
10 !

2 - oL
1,0E+04 1,0E+05 1,0E406 1,0E407 1,0E+08 1,0E+09 2C 1/[.()// limit Az

Endurance, number of cycles N

Figure 2.4: Fatigue strength curve for shear stress ranges according to NEN-EN 1993-1-9 [9]

2 1
Arp, =(—)5 - A 24
L = (159)° " BTC (2.4)
The design number of load cycles until failure (1V;) for a certain design shear stress range Ar; can be
determined with Formula 2.5.

(2.5)

00 otherwise

Ni:{2-106-(§;f)5 if Am > AT
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2.2.2. Cycle counting methods

Real structures rarely experience constant amplitude loading. In order to use the S-N curve, a cycle
counting method must be applied to reduce the complex irregular loading history to a series of reg-
ular load cycles organized by amplitude [19]. There are different types of cycle counting methods.
According to NEN-EN 1993-1-9 [9], the rainflow method and the reservoir method are recommended
to count the cycles for welded components. Other methods are, for example, peak counting, level-
crossing counting, and range-pair counting [20]. The rainflow method and the reservoir method will be
discussed in further detail. The results for those methods are the same if the methods are used in the
right manner [10].

Rainflow method

Matsuishi, M. and Endo, T. first introduced the rainflow method in 1968 [21]. In 1982, S.D. Downing
and D.F. Socie published a version of the rainflow counting algorithm which is utilized more widely [19].
I. Rychlik defined a new mathematical definition of the rainflow cycle algorithm, in 1987 [22].

The rainflow method is based on the principle of rain dripping from a pagoda roof. The load history is
rotated by 90 degrees. The first extreme (maximum/minimum) point is defined as point A, see example
Figure 2.5. A half-cycle can be counted each time the water stream:

* Falls from a maximum point (e.g. Figure 2.5: Stream A-D)

* Falls from a minimum point (e.g. Figure 2.5: Stream B-C)

* Is interfered by another water stream from above (e.g. Figure 2.5; Stream C-B)
* Is at the end of the cycle history (e.g. Figure 2.5: Stream D-A)

Load (stress, strain)
5 4 -3 -2-1 0 1 2 3 4 5

Time

Figure 2.5: lllustration of the rainflow cycle counting method [23]

The counted cycles from Figure 2.5 are shown in Table 2.1.

Table 2.1: Rainflow cycle counts based on Figure 2.5 [23]

| No. of full cycles | From | To | Range | Mean |

1 A D 9 -0.5
1 B C 4 -1

1 E H 7 -0.5
1 F G 3 0.5
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Reservoir method

The reservoir counting method is based on the principle of the flow of water from a reservoir [10]. First,
the "reservoir” is filled with "water”, where the greatest depth is the largest load cycle. To determine
the second load cycle, the second largest depth is drained. The process is repeated until all water is
drained.

A Stress

4

4 Time Y

Figure 2.6: lllustration of the reservoir cycle counting method [10]

2.2.3. Damage calculation

The Palmgren-Miner cumulative damage rule is used to determine the total damage (D) of load cases
with different amplitudes. The damage can be calculated with Formula 2.6 [9]. The damage value
differs from 0 to 1, where 0 refers to the undamaged situation and 1 to the damaged situation. If the
damage value is larger than 1, it is expected that fatigue damage will occur.

i=1""

where:

D = the total damage value

n; = the design number of cycles applied at the i'" stress level Ao;
N; = the number of load cycles to failure corresponding to Ag;

1 = the number of stress levels in the spectrum

2.3. Fatigue assessment methods

Different fatigue assessment methods are established to determine the stress range which can be used
to determine the fatigue resistance based on S-N curves. These methods are: the (modified) nominal
stress method, the hot spot stress method, and the effective notch method [10]. Eurocode 3 part 1-9
describes the (modified) nominal stress method and the hot spot stress method [9]. The nominal stress
method is commonly applied to determine the fatigue life of a simple detail. If the detail is more com-
plicated, it is recommended to use the hot spot stress method [24]. The effective notch method is not
included in NEN-EN 1993-1-9 but is described by the document of the International Institute of Welding
[10].

Figure 2.7 shows the distribution of the stress for different methods. Each method considers different
factors in the design stress. If an influencing factor is not considered in the stress, it is considered in
the detail category.
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Figure 2.7: Stresses for different fatigue assessment methods [25]

2.3.1. Nominal stress method

The nominal stress method considers only the nominal stresses to determine the fatigue life of the
considered detail. This method considers the macro geometrical effects due to the design of the con-
nection but does not include the effects of the weld geometry and the notch effect due to the weld toe
transition [10]. The residual stresses due to welding and the weld imperfections are included in the
detail category, which is also the case for the other assessment methods.

Axial or angular misalignments that influence stress concentrations should be considered. These are
already partly covered in the detail category. However, if these misalignments exceed the already
covered amount, an additional stress concentration factor k; should be applied. This factor should be
multiplied by the nominal stress to determine the modified nominal stress [9].

2.3.2. Hot spot stress method

The hot spot stress (HSS) is determined by the extrapolation of stresses, using reference points, to
the weld toe. The HSS method is restricted to the fatigue analysis of the weld toe. The method is not
suitable for cases where the crack will grow from the weld root and propagate in the weld throat [26].
The hot spot stress method considers besides the macro geometrical effects of the connection design,
the discontinuities due to the weld geometry [10]. The notch effect due to the weld toe transition is not
taken into account in the design stress but it is in the detail category. NEN-EN 1993-1-9 [9] includes
hand calculation of the HSS. When finite element modeling is used, the IIW provides recommendations
[18].

Figure 2.8 shows the non-linear stress distribution along the plate thickness at the weld joint. The
stress can be separated into three stress elements: the membrane stress (o,,), the shell bending
stress (o03), and the non-linear peak stress (¢,,;,). The hot spot stress accounts only for the geometry
of the connection, o,,, and o3, and not for the local weld effects o, [18].

Notchstress 6, = o, + o, + oy,

(€

Figure 2.8: Non-linear stress distribution across the plate thickness [26]

If finite element modeling is used, very high stresses are measured at the location of the weld toe due
to singularities. These singularities are unrealistic, so extrapolation at defined points from the weld
notch is used to determine the hot spot stress. The local effect at the notch is negligible at a distance
of approximately 0.4t from the weld toe [18].

There are two different types of hot spots: type a and type b. For type a, the weld is located on the plate
surface, and for type b, the weld is located on the plate edge. For type a weld, the reference points to
determine the HSS are dependent on the plate thickness. For type b welds, the thickness of the plate
is not relevant to determine the HSS, so fixed reference points are defined [18]. This is illustrated in
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Figure 2.9.

Type b hot spot [2]
Ohs = 304mm — 308mm + O12mm

gusset plate S

O: reference point

.Type a hot spot [2]

main plate
Ohs = 167004, — 0.670 o

Ohs: hot spot stress, £: main plate thickness

Figure 2.9: Definitions of hot spot stresses [27]

The IIW gives recommendations to use the hot spot method in combination with finite element modeling,
see Table 2.2. The mesh size and extrapolation points can be determined, based on the element types
used, shell or solid, and the weld type, a or b. If a coarse mesh is applied, linear extrapolation is used.
When a fine mesh is applied, both linear and quadratic extrapolation is possible, dependent on the weld
type [18]. An overview of the extrapolation formulas is shown in Table 2.3.

Table 2.2: Recommendations hot spot method, mesh and extrapolation points [10]

Type of model Relatively coase models Relatively fine models
and weld toe
Type a Type b Type a Type b
Element | Shells | txt 10 x 10 mm <0.4txtor <4 x4 mm
size max t x w/2" <04tx w2
Solids | txt 10 x 10 mm <04txtor <4 x4 mm
max t X w <0.4tx w/2
Extra- Shells | 0.5tand 1.5t |[Sand ISmm |0.4tand 1.0t |4,8and 12
polation mid-side mid-side nodal points | mm
points points™ points nodal points
Solids | 0.5and 1.5t Sand 15mm [04tand 1.0t |4, 8and 12
surface center | surface center | nodal points [ mm
nodal points
9 w = longitudinal attachment thickness + 2 weld leg lengths
") surface center at transverse welds, if the weld below the plate is not modelled
(see left part of fig. 2.2-11)

Table 2.3: Hot spot stress extrapolation formulas [10]

] | Relatively coarse models |  Relatively fine models |

Type a
Type b

Ohs — 1.67'0’0,4t —0.67 - J1.0t
Ophs =3-04 — 308+ 012

Ohs — 1.50 - 0’0.5(0 —0.50 - J1.5¢
Ohs — 1.50 - 05 — 0.50 - J15

Other structural stress methods
In literature, other structural stress methods are proposed and some will be discussed below.

One-point hot spot stress method

Another more simplified, structural stress method is suggested by Fricke [28], called the one-point hot
spot stress method. With this method, the hot spot stress is determined at 0.5¢ from the weld toe. No
extrapolation is needed. Several studies show promising results when this method is evaluated to other
fatigue testing methods [28][29]. However, to get a value that match fatigue test results more, the HSS
stress gathered from the one-point hot spot stress method should be multiplied by 1.12, see Figure 2.10.
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Figure 2.10: One-point hot spot stress method [30]

One-millimeter stress method

Xiao and Yamada [31] presented a method to determine the geometric stress, the one-millimeter stress
method. This method is based on the stress 1 [mm] below the surface of the weld toe. Both, the
geometry and the local effect of the weld are considered. However, there are some limitations to
this method. One is that it can only be used with a solid element model (Section 2.4.2) because the
thickness of the plate must be modeled. Furthermore, it cannot be applied to a combination of normal
and bending stresses. The method can only be used when exclusively normal stresses are present.

Weld

@é tom |

Figure 2.11: One-millimeter stress method [31]

Traction force method by Dong

Dong [32] proposed another method to determine the stress at the weld toe location. As stated before
(Figure 2.8), the structural stress consists of a membrane component ¢,,, and a bending component oy,
Two reference planes are defined: section A-A in the local y-direction at the location of the weld toe
and section B-B in the local y-direction at the distance ¢ in the x-direction of the weld toe, see Figure
2.12. At the location of section B-B, the singularity at the location of the weld toe is of less influence.
Considering equilibrium between the sections A-A and B-B, the structural stress components can be
determined with Formula 2.7 for plane B-B (force equilibrium) and Formula 2.8 for plane A-A (moment
equilibrium). If § is small or transverse shear is negligible, o, and o, can be determined directly at
section A-A. This method is claimed to be mesh-sensitive.

1 t
Om = E/ o (y) - dy (2.7)
0

t? 2

t t
Ot or g = [ )y dy 5 [ ) dy 28)
0 0
where:

t = the thickness of the plate

6 = the element size

Tzy = the shear stress

o, = the normal stress in local x-direction
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Figure 2.12: Dong method [32]

2.3.3. Effective notch method

The effective notch method does include the geometrical effects of the connection, the weld geometry,
and the notch effect due to the weld toe transition in the determination of the design stress. The
assessment method can be used for both cracks propagating from the weld root and weld toe. The
effective notch method is notincluded in Eurocode, but the IIW gives recommendations. If finite element
modeling is used, stress singularities occur at the location of the weld toe and weld root transitions. An
effective notch radius of » = 1 [mm] is applied at these locations, see Figure 2.13. The effective notch
stress is compared with a single S-N curve to determine the fatigue strength of any detail [10].

Radius =1 mm

R

<t j Ei \OO/ —>

Figure 2.13: Effective notch method radius [10]

The effective notch method recommendations described by [IW are limited to a plate thickness of ¢ >
5 [mm]. Itis recommended to model the weld with a flank angle of 30° for butt welds and 45° for fillet
welds. Table 2.4 shows the recommended element sizes around the notch when using finite element
modeling for a notch radius of » = 1 [mm]. The effective notch stress is compared with one single detail
category of 225 [M Pa). The slope from the S-N curve has a constant value of m = 3 until N = 107
cycles. Thereafter, the slope is m = 22 [10].

Table 2.4: Effective notch element size around the notch [10]

| Element type | Element size [mm] |

Quadratic <0.25
Linear <0.15

2.4. Finite element analysis

A Finite Element Analysis (FEA) is performed to approximate the behavior of an object under various
physical conditions. Finite Element Method (FEM) is a numerical method for solving partial differential
equations. The finite element program solves a problem by dividing the object into small parts, finite
elements [33]. The results are, for example, the stress or displacement of the element under considered
physical conditions. The element size used for the model is important when fatigue assessment is
performed, as mentioned in 2.3. Different element types can be used to perform the analysis: shell
and solid elements. These element types will be further investigated.
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2.4.1. Shell elements

Shell or plate elements are two-dimensional (2D) elements that give a good approximation of the re-
sults if the thickness-to-length ratio of the element is substantially small. When a finite element model
is created with shell elements, the mid-plane of the structural element is modeled. The thickness of the
element is inserted as a property. In this case, it is assumed that transverse shear deformation is not
important. Because fewer mesh elements are modeled, the computational time will decrease. How-
ever, the results do not consider the influence of the variation throughout the thickness of the element,
which can give inadequate results [10].

Shell elements can be triangular or quadrilateral. If the shape of the element is irregular or curved, trian-
gular elements are beneficial. First-order triangular elements have 3 nodes, one at each corner, while
quadrilateral elements have 4 nodes. A second-order shell element (quadratic) has midpoints on each
side. Resulting in 6 and 8 nodes for triangular and quadrilateral elements, respectively. Higher-order
elements are also possible. Higher-order elements will result in a more accurate approximation [34].

For simplification of the model, the welds are not modeled in all cases. However, in some cases, it
might be important. For example, when the results are affected by local bending [10]. Some modeling
techniques to represent the stiffness of the weld that is developed will be discussed below.

Increased thickness

In the IIW recommendations for the structural hot spot stress approach, a modeling technique to include
the weld in a shell model is described [18]. With this method, the thickness of the plate at the location of
the weld is increased by the weld leg length. The height of the region which has an increased thickness
corresponds to the sum of the weld leg length and half the thickness of the plate. Also, the weld ends
are modeled. The method is visualized in Figure 2.14.

Plate thickness increased by /

I = weld leg length

Figure 2.14: Welds modeled with reinforced plate strips with inclined ends [18]

In addition, Eriksson et al. [35] proposed a modeling technique where the thickness is increased at
the location of the weld when a double-sided fillet weld is considered. Figure 2.15 shows the approach
for a cruciform joint. The thickness is increased by the throat thickness of the weld. The height of the
region is equivalent to the sum of the weld leg length and half the thickness of the plate. The thickness
of both plates at the welded location is increased.
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Element with increased
thickness (T,)

Element with increased
thickness (T,)

Element with increased
thickness (T,)
Element with increased
thickness (T,)

(Ty =t +a)
(T, = ty+a)

Figure 2.15: Weld modeling technique with increased thickness [35]

Moreover, prTS 1993-1-901 (draft) [4] provides guidelines for the design of orthotropic steel decks
(OSD) against fatigue using the hot spot stress method. If shell elements are used in the model, the
thickness can be increased at the location of the weld to include the weld effects, see Figure 2.16.
This modeling method is also included in ROK2.0 [12]. At the weld intersection, the thickness of both
plates is increased by the weld leg length. Also, weld ends are included with an inclined geometry. The
method is a combination of the IIW method [18] and the method proposed by Eriksson [35], however,
the weld leg length is considered instead of the throat thickness of the weld. TS 1992-1-901 provides
guidelines for different types of welds.

h)

g
| ez

Figure 2.16: Increased thickness of shell elements at the location of the weld [12][4]

The increased thickness modeling techniques are summarised in Table 2.5.

Table 2.5: Comparison increased thickness modeling techniques

[ Modeling technique | Plates with increased thickness [ Amount of increased thickness [ Weld ends included (Yes/No) |

1w Attached plate Weld leg length Yes
Eriksson Attached plate + bottom plate Weld throat thickness No

IIW + Eriksson Attached plate + bottom plate Weld throat thickness Yes
prTS 1993-1-901 Attached plate + bottom plate Weld leg length Yes

Comparison of increased thickness methods

Pandit [13] compared different numerical models of transverse and longitudinal fillet welded cruciform
joints. In total five modeling techniques are compared for different load cases (in-plane bending, in-
plane torsion, out-of-plane torsion, and combinations of those). The modeling techniques compared
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are: solid, shell without weld, shell with weld according to 1IW, shell with weld according to Eriksson,
and shell with weld according to a combination of IIW and Eriksson. It is concluded that the shell el-
ement models without considering the weld overestimate the hot spot stress at the hot spot location,
compared to the hot spot stress determined with the solid model. The overestimation is maximal 25%
and 16%, for the transverse and longitudinal cruciform joints, respectively. If the weld is not modeled,
it is recommended to determine the hot spot stress by extrapolating to the plate intersection point, ac-
cording to IIW [10]. When the weld is included in the model, the hot spot stress should be extrapolated
to the weld toe location. All weld modeling techniques for shell elements show equivalent hot spot
stress with the solid element model for the considered load cases.

In addition, Nikraftar [36] researched the effect of modeling techniques for a simple T-joint. The same
(weld) modeling alternatives, as considered in the research of Pandit [13], are considered. The load
cases in-plane bending and out-of-plane bending are considered. From this study is concluded that the
weld modeling technique which is a combination of the IIW and the Eriksson approach fits the results
of the solid model the best if the hot spot method is used.

Oblique shell elements

Niemi [37] recommended in 1995 the use of oblique shell elements to represent the weld in shell ele-
ment models. Both weld stiffness and geometry are represented with this modeling technique. How-
ever, this is an approximation, so this technique is not suitable for weld root fatigue failure because for
this failure mode the representation of the stiffness and geometry of the weld are more important. At
the intersection, the main plate is connected to the attached plate, see Figure 2.17. The thickness of
the oblique shell elements is taken equal to the throat thickness of the weld [25].

second order

e element size

oblique Shell
element (t=a)

Figure 2.17: Weld modeling technique with oblique shell elements [25]

Rigid links

Fayard et al. [38] suggested in 1996 the use of rigid links to model the weld in shell element models.
The goal was to create a technique to determine the hot spot stress at the weld toe. With this modeling
technique, the HSS can be read directly from the center of gravity, so extrapolation is not needed. The
local rigidity caused by the weld is represented by rigid links, see Figure 2.18. The length of E1 and E2
should be chosen correctly to represent the local rigidity. The two adjacent plates are not connected to
each other at the location of the joint [25].
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E1=Element 1
E2=Element 2 T
Attached plate
E2's centre of gravity
Upper weld toe
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+— Lower weld toe
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Figure 2.18: Weld modeling technique with rigid links [25], adapted from [38]

2.4.2. Solid elements

Solid elements are three-dimensional (3D) elements that represent the structure. The elements take
the variation throughout the thickness into account because the thickness is modeled. The results
most closely resemble reality. In addition, the geometry of the weld can be modeled. This led to more
realistic results compared to shell elements. However, the computational time will increase because
more elements are modeled when using solid elements.

Solid elements can be tetrahedral or hexahedral. First-order tetrahedral elements have 4 nodes, and
hexahedral elements have 8 nodes. Also, higher-order elements are possible [34].

2.5. Design of railway bridges

In the 19th century, the train became part of the infrastructural network. In the second part of this century,
the railway network was expanded, and many steel railway bridges were built in the Netherlands. In the
period of the second world war (1940-1945), some railway bridges were destroyed and needed to be
repaired or rebuilt. Until 1975, not many new bridges were built. Thereafter, the question was raised if
the bridges built around 1900 could still withstand the increased train intensity. From then, old railway
bridges were replaced by newly built ones [39]. The design of railway structures developed over time,
see Figure 2.19. In addition, the joint methodology changed from rivets to bolts and welds, from 1940
onwards, because of advantages such as higher production speed and the possibility of automatization
[39].

Figure 2.19: Development of types of steel railway bridges in chronological order [40]

Currently, railway bridges are still mainly built from steel and sometimes in combination with (reinforced)
concrete, which made their entry around 1950 [39]. Concrete bridge decks can be preferable to reduce
sound emissions (large own weight), for example. Also, the cross-section of bridge elements can be
designed in different ways, for example with box girders or plate girders. Eurocode provides guidelines
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for railway bridge design. In addition, Prorail [11] and Rijkswaterstaat [12] defined additional guidelines
to Eurocode in the Netherlands. A ballast bed on bridges could be used to reduce sound emissions
even more and in case of e.g. deformations of the bridge the ballast can be adapted to repair the
track. For this reason, Prorail often demands to realize a track in ballast bed for newly built bridges. A
drawback is that a higher construction height is needed, compared to cast-in railway tracks.

Reference projects
The design of some railway bridges that have been built in the recent decade will be briefly discussed
and thereafter compared on relevant design aspects for this research.

Zandhazenbrug: The Zandhazenbrug was opened in 2016 and is located in Muiderberg in the Nether-
lands, see Figure 2.20. The railway bridge replaces a concrete viaduct to make widening of the Highway
A1 possible. The cross-section of the Zandhazenbrug is shown in Figure 1.3. The connection between
the main- and cross-girder has a certain rotational stiffness, as discussed in Chapter 1. The main girder
has a kink in the outer web to reduce sound frequencies. The main girder and the arches are made
from steel grade S460 and the cross-girders are from S355 [7]. In general, high-strength steels are less
robust and more prone to welding errors. One factor influencing weldability is the carbon equivalent.
High-strength steel contains often higher carbon concentrations. For this reason, strict requirements
are often imposed on steels with high-strength grades. To maintain quality and prevent issues like cold
cracking, additional measures, such as pre-heating, could be taken [41].

Figure 2.20: Zandhazenbrug [42]

Bert Swartbrug: The Bert Swartbrug was opened in 2017 and is located in Zuidhorn, the Netherlands
(see Figure 2.21). The railway bridge replaces an old steel bridge to make the widening of the river
underneath possible [43]. A technical drawing of the cross-section of the Bert Swartbrug is shown in
Figure 2.22.

Figure 2.21: Bert Swartbrug [43] Figure 2.22: Cross-section Bert Swartbrug [43]

Vleutensespoorbrug 2: The Vleutensespoorbrug 2 is located next to Vleutensespoorbrug and is part
of project UtARK (Utrecht Amsterdam-Rijnkanaal). In Figure 2.23, the bridge is shown. The bridge was
opened in 2018 and is part of the expansion of the railway network Utrecht Centraal - Leidsche Rijn [8].
The cross-section is shown in Figure 1.5. The foundation of the design process was to create an as
flexible as possible connection between the main girders and cross-girders. This was accomplished
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by configuring the inner web of the main girder to allow for deformation freedom. The diaphragm is
designed to minimize its attachment length to the inner web of the main girder as much as possible.
Moreover, the inner web has a different thickness compared to the outer web, and the height of the
main girder has been increased to enhance flexibility.

Figure 2.23: Vleutensespoorbrug 2 (middle one) [44]

Theemswegtracé: Two comparable arch railway bridges have been built for the new railway network
Theemswegtracé in the Netherlands. One is constructed across the Thomassentunnel, and the other
spans the Rozenburgsesluis. This section includes information from the bridge crossing Rozenburgses-
luis (see Figure 2.24). These bridges are part of a new railway route which makes it possible that freight
trains from Rotterdam can go to Europe without crossing the Calandbrug. The Calandbrug is used for
both rail- and road traffic and has to be opened once in a while for shipping traffic [45]. The cross-
section of the railway bridge across Rozenbrugesluis is shown in Figure 2.25.

Figure 2.24: Rozenburgsesluis,
Theemswegtraceé [46] Figure 2.25: Cross-section Rozenburgsesluis, Theemswegtracé [Iv-Infra]

Herentals: Railway bridge Herentals is a bridge in Herentals, Belgium (see Figure 2.26). This bridge
is built to replace an existing bridge so that the clearance height for shipping traffic can be increased
and the Albertkanaal can be widened. Construction started in March 2023 [47]. A drawing of the cross-
section design is shown in Figure 2.27.

Figure 2.26: Herentals [48] Figure 2.27: Cross-section Herentals [Infrabel]

Kuringen: The railway bridge in Kuringen (Belgium) replaces two existing railway bridges. The bridge
is shown in Figure 2.28. It is part of the same project as the railway bridge in Herentals. The widen-
ing of the Albertkanaal and increasing the clearance height. The bridge was opened in 2021 [49]. The
cross-section of the Kuringen railway bridge is shown in Figure 2.29. The rail is constructed in concrete
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blocks without a ballast, as can be seen in Figure 2.30.
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Figure 2.28: Kuringen [49] Figure 2.29: Cross-section Kuringen [Infrabel]

Figure 2.30: Construction of the rail, Kuringen [50]

An overview of the different technical characteristics of the above-described railway bridges is shown in
Table 2.6. Unknown values are not filled in. All bridges are arch bridges with span lengths between 123
and 255 meters. Half of the bridges discussed have diagonal (Nielsen-type) hangers and the other half
have a vertical hanger configuration. The force distribution in the bridge is for both types different. With
Nielsen-type hangers, better lateral resistance can be achieved. Diagonal hangers serve as structural
braces that can take lateral forces (e.g. wind load). Furthermore, bridges with these hangers typically
exhibit less flexibility, which could minimize deflection within the vertical plane and enhance overall
stability. All considered bridges have a steel-concrete deck that is connected to the steel structure with
shear studs, except the railway bridge Kuringen, this bridge has an orthotopic steel deck. In some
bridges, e.g. Zandhazenbrug and Vleutensespoorbrug 2 [7][8], the concrete deck works together with
the main girders to transfer tension forces in the longitudinal direction. In this case, a relatively large
amount of reinforcing steel is needed to take the forces. The steel-concrete composite structure is in
the direction of the cross-girder loaded in compression by the load due to its own weight and vertical
train loading. Concrete can be beneficial for sound emission due to its large weight. For the bridges in
the Netherlands, a ballast bed is applied. This contributes to the reduction of sound emissions.

In the majority of the discussed bridges, a (rectangular) box main girder is used. This type of girder
has more torsional resistance compared to I-profile girders [51]. In addition, this type of profile can
be made airtight, to protect the inside against environmental influences. The height of the box girders
varies between 1220 and 3040 [mm]. The alignment of the infrastructure can influence the maximum
possible height of the main- and cross-girders. The thickness of the inner web of the box girders is
between 15 and 50 [mm)], for the considered bridges.

Inside the main girder, diaphragms (stiffeners) are placed to transfer shear forces from the main girder
inner web plate to torsional forces, contributing to the stability of the girder. The diaphragm design
and position can influence the rotational stiffness of the connection between the main girder and cross-
girder, as will be further explained in Chapter 3. Both the diaphragm and the main- to cross-girder
connection are typically prone to fatigue.

The number of tracks on the bridge influences both the span of the cross-girder and, consequently, the
height of the cross-girder. In addition, the center-to-center (c-t-c) distance of the cross-girders can be
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varied to meet requirements. The c-t-c distance could also affect the stresses at the main- to cross-
girder connection. For cross-girders mainly I-profiles are used, with heights varying between 600 and
1090 millimeters at the location of the connection, for two tracks. Large forces should be introduced in
the main girder at relatively low heights. The c-t-c distance between cross-girders varies between 1.5

and 3.8 meters.

Table 2.6: Overview characteristics from different bridge designs

Data Zandhazenbrug, Vleutensespoorbrug 2, and Theemswegtracé from [Iv-Infra], data Bert Swartbrug from [43], and data
Herentals and Kuringen from [Infrabel]

[ Zandhazenbrug | Bert Swartbrug | Vieutensespoorbrug 2 | Theemswegtracé | Herentals Kuringen
Type of structure
Span [m] 255 175.2 168 172.8 164.2 123
Hangers Diagonal Vertical Vertical Vertical Diagonal Diagonal
Type of deck Steel-concrete Steel-concrete Steel-concrete Steel-concrete Steel-concrete, OSD OSD
Ballast bed Yes Yes Yes Yes No No
Main girder
Profile Box Box Box I-profile Box |-profile, no upper flange
Height inner web [mm] 3040 2930 2400 5500 1220 1221
tinner web [mm] 32 15 35 50 35
Cross-girder
No. of tracks 2 1 2 2 2 2
Span [m] 11.5 55 9 18 9.4 10.29
C-t-c distance [m] 1.6 3.75 3.5 25 1.5 1.52
Profile |-profile Box I-profile I-profile |-profile |-profile
Height constant over width No No No No Yes Yes
Height at connection [mm] 638.4 300 600.25 1090 795 898
t upper flange [mm] 15 25 15 15 15
Diaphragm
Aligned w. cross-girder No No Yes
C-t-c distance [m] 8 10.5 5

2.6. Fatigue load models railway bridges
The Eurocode includes two fatigue assessment load models for railway bridges. A relatively simple
factored Load Model 71 (LM71) [52] and a more realistic load model that consists of combinations of
12 standard trains described in Annex D of EN 1991-2 [53]. These load models will be discussed in
Section 2.6.1 and Section 2.6.2.

In general, fatigue assessment includes vertical rail traffic actions including dynamic and centrifugal ef-
fects. Nosing and longitudinal traffic actions may be disregarded. For structures consisting of multiple
tracks, the load should be applied on a maximum of two tracks at the most unfavorable positions [53].

EN 1991-2 [53] describes the possibility to distribute the forces from the load model in the longitudinal
direction. A point force due to Load Model 71 or a wheel load of a Fatigue Train may be distributed
over three rail support joints, see Figure 2.31. In addition, for the design of e.g. local floor elements,
the point load may be distributed with the ratio 4:1 in the longitudinal direction due to the ballast and

sleeper, see Figure 2.32.

Figure 2.31: Longitudinal
distribution by the rail [53]

Figure 2.32: Longitudinal
distribution by a sleeper and ballast
(53]
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where:

Q.; = the point force on each rail due to LM71 or a wheel load of a Fatigue Train
a = the distance between rail support points

(1) = the load on the sleeper

(2) = the reference plane (the upper surface of the deck)

There are additional requirements for fatigue assessment if a dynamic analysis is required. Figure 2.33
shows a flowchart to determine if a dynamic analysis is necessary. The two fatigue load models will be
discussed for the case when no dynamic analysis is required.

Continuous
bridge (5)

Simple
structure (1)

g within

limits of

Figure 6.10
6)

¥

For tha dynamic Use Tables F1 and F2
analysis use the
aigenforms for
torsion and for
bending
Eigenforms no yes
< for bending —
sufficient
r
Y Dynamic analysis not

required.

At resonance acceleration
check and fatigue check not
required.

Use o with static analysis in
accordance

Dynamic analysis required
Calculate bridge deck
acceleration and ¢'an etc. in
accordance with 6.4.6 (note 4)

Figure 2.33: Flowchart to determine if a dynamic analysis is required according to NEN-EN1991-2 [53]

where:
1% = the maximum line speed at the site [km/h]
L = the span length [m]
ng = the first natural bending frequency of the bridge loaded by permanent actions [Hz]
nr = the first natural torsional frequency of the bridge loaded by permanent actions [Hz]
v = the maximum nominal speed [m/s]

(v/n0)iim = given in NEN-EN 1991-2 Annex F
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2.6.1. Load model 71

When the equivalent damage method is used, as described in NEN-EN 1993-2 [52], only one load
model is considered. The load model is described in NEN-EN 1991-2 [53]. The load model is called
Load Model 71 and represents the static effect of normal rail traffic, see Figure 2.34.

Q vk=250kN  250kN 250kN 250kN
gy =80KN/m g =80kN/m

T L i

Figure 2.34: Load Model 71 and characteristic values for vertical loads [53]

A
v

Formula 2.9 is used to perform the fatigue check when the equivalent damage method is used.

A
YrfAGs AT < —7;; (2.9)

where:

~vry = the partial factor for equivalent constant amplitude stress ranges. The recommended
value, according to NEN-EN1991-2/NB is vz = 1.00 [—] [54]

A = the damage equivalence factor for fatigue, defined in NEN-EN 1993-2 [52]

¢o = the dynamic factor, defined in NEN-EN 1991-2 [53]

Aoc7, = the stress range caused by Load Model 71 without the a-factor and the load is placed on
the most unfavorable position for the considered detail

~vmy = the partial factor for fatigue strength Ao [9]. According to OVS300030-6 [11],
ymy = 1.35 [—] for all details

A damage equivalence factor A should be applied to the stress range determined by LM71 for railway
bridges with a span of up to 100 meters. If larger spans are considered, the A\-method will be conser-
vative. The damage equivalence factor is calculated with Formula 2.10 [52]. To determine A1, A, A3,
and )\, tables 9.3-9.7 from EN 1993-2 can be used.

/\:)\1X)\2X)\3X)\4§)\maw (210)
where:
A1 = the factor for the damage effect of traffic and depends on the length of the influence line
Ao = the factor for the traffic volume
A3 = the factor for the design life of the bridge
Ay = the factor for the structural element is loaded by more than one track

Amaz = the maximum value taking account of the fatigue limit, A, = 1.4 [—] [52]

If no dynamic analysis is required, the dynamic factor ¢, can be determined with Formula 2.11 [53].

1.44
= —— 4+ 0.82 2.11
P2 Ty —0.2 * (2.11)
with:
1.00 < ¢y < 1.67

where:
L, = the determinant length [m], determined in accordance to NEN-EN1991-2 section 6.4.5.3

End cross-girder

For end cross-girders, other requirements are described by Eurocode. NEN-EN1991-2/NB [54] defines
that ¢3 instead of ¢, [53] must be used when fatigue assessment is performed for end cross-girders.
This factor depends on the determinant length L,. For end cross-girders the determinant length is in
most cases lower, compared to middle cross-girders. This results in a higher dynamic factor.
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2.6.2. Annex D model

NEN-EN 1991-2 [53] Annex D describes another fatigue assessment load model for railway bridges.
In total three different standard traffic scenarios are defined: the standard traffic mix, the heavy traffic
mix, and the light traffic mix. The traffic scenarios are different combinations of 12 standard fatigue
trains, see for example Figure 2.35. The traffic mix used should be in agreement with the type of traffic
expected for the railway bridge. In the Netherlands, ProRail defined additions to Eurocode for railway
structures [11]. In OVS00030-6 is defined that for fatigue assessment the heavy traffic mix with 25t
(250kN) axles should be considered, see Table 2.7. In addition, if two railway tracks are considered,
12% of the train passages should be simultaneously on both tracks and both passing train types are
identical [11].

L Q=21600kN V =80km/h L=270,30m q = 80,0kN/m’

6 x 225kN 6 225kN 6x 225kKN 6% 225kN 6x 25kN

11X (6x225KN) ,
i

21 44 21 18 57 1
[ [N 1l
T Tt

| e e e e e o T
20 21 2120 18 18 i k 8 2/ k 0
2,0 20 20 20
16,8 16,9 16,9 16,9 16,9 11x169

Figure 2.35: Train type 5: Locomotive-hauled freight train [53]

8

11 |
LI 1

2,

Table 2.7: Heavy traffic mix with 25t (250kN) axles [53]

| Train type | Number of trains/day | Mass of train [t] | Traffic volume [10° ¢ /ycar] |

5 6 2160 4.73
6 13 1431 6.79
1 16 1135 6.63
12 16 1135 6.63

51 24.78

If no dynamic analysis is required, the dynamic factor for fatigue analysis for each train can be deter-
mined with Formula 2.12. In this formula, it is accounted for the average effect of the structure over
a reference time of 100 years. The formula can be used for a maximum permitted vehicle speed of
200 [km/h] [53].

1 1
P=1tg () (2.12)
where:
/= L
P TI1 K1 K4
with:
K — 160 if Lg <20 [m]
B W if Ly > 20 [m]
and:
L2
" = 0.56¢ T80
where:

v = the maximum permitted vehicle speed [m/s]
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2.7. Rotational stiffness

The rotational stiffness of a connection is the bending moment-to-angular rotation ratio. The rotational
stiffness is necessary when performing an elastic global analysis of the structure. It influences both
the internal forces in the members and in the connections of the structure. The stiffness depends on
the connected sections and the components used. Eurocode 3 part 1-8 [55] classifies three types of
rotational stiffness: pinned, semi-rigid, and rigid, see Figure 2.36. S, ;»; is the initial rotational stiffness
of the connection that can be determined by, for example, finite element modeling or the component
based method according to EN1993-1-8. The boundary when a connection is "rigid” is given in Formula
2.13 and “"pinned” in Formula 2.14.

A pinned connection has zero rotational stiffness and does not transmit any bending moments. It only
transmits shear forces. A rigid connection has an infinite stiffness and transfers forces and bending
moments with limited rotating. This kind of connection often requires thicker and more components.
The properties of a semi-rigid connection are in between that of a pinned and rigid connection. This
kind of connection transfers shear forces and some bending moments and has some degree of rotation
ability. The design of the connection can be adapted to get an optimal distribution of bending moments
in the beam [56].

) Sjini

Semi-rigid

3 Pinned

>
¢

Figure 2.36: Classification of the connection by rotational stiffness, adapted from [55]

ky - E - I
Sjini > 2t (2.13)
Ly
Sioini < 05-E-1 (2.14)
Ly

with:

k, = 8, for frames where the bracing system reduces the horizontal displacement by at least 80%
ky, = 25, for other frames, provided that in every storey K, /K. > 0.1

where:

E = the elastic modulus

I, = the second moment of area of the beam

I. = the second moment of area of the column

L, = the span of the beam

L. = the storey height of a column

K, = the mean value of I,/ L, for all beams at the top of that "storey”
K. = the mean value of 1./ L. for all columns in that "storey”

Relation to fatigue in railway bridges
The design of the main- to cross-girder connection is important in railway bridges. Train passages cause
large stress ranges in the connection detail and in addition large dynamic factors should be accounted
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for. Often, the total construction height of the railway bridge is restricted due to the space available
between the traffic road and the railway bridge. As a consequence, high stress ranges should be trans-
ferred by a small beam height [7][8]. If a close-to-pinned connection can be achieved, the clamping
moments in the connection can be limited. This could be beneficial for fatigue strength. However, when
a close-to-pinned connection is used, higher bending moments are taken by the beam, so larger beam
heights are needed [56]. This height is not always available.

The profile of the main girder does, for example, influence the flexibility of the connection. In design,
rectangular closed profiles can be preferred because it is possible to fabricate the profile airtightly. This
reduces conservation costs. In addition, closed profiles provide better torsional resistance compared
to open shapes, for example, |-girders [51]. However, this makes it more difficult to create a flexible
connection with the cross-girder.



Methodology for parametric study

A parametric analysis of the connection between the main- and cross-girders is conducted. This study
aims to assess how different design considerations impact the fatigue behavior of this connection. In
this chapter, the methodology for conducting the parametric study will be outlined. The starting point
will be a reference model, which will serve as the basis for introducing variations in design parameters.

The reference model and the finite element model will be discussed in Section 3.1 and 3.2, respectively.
Thereafter, the fatigue assessment method will be explained. In Section 3.4, the parameters that will
be considered will be elaborated on. Lastly, the methodology to make an estimation of the costs asso-
ciated with the parametric change will be explained.

3.1. Reference model configuration

The reference model is based on the design of the bridges of project Oostertoegang. Iv-Infra is one
of the contributing parties responsible for designing five newly constructed railway bridges that will re-
place the existing bridges on the eastern side of Amsterdam Central Station. Each bridge consists of
three separate static determinate spans. None of the total 15 (5x3) bridge spans are identical but most
of them have similarities in design. Due to the diverse range of designs and for the sake of simplicity,
a simplified reference model will be used as a basis for a parametric study. At the moment of determin-
ing the configuration for research, the project Oostertoegang was still ongoing. Hence, the reference
model is not based on the final design.

The outer spans are approximately 28 meters in length, while the middle span is around 20 meters, for
each bridge. The plan view varies for each span, with a cross-girder span of approximately 9 [m] at
the abutments and 8 [m] at the intermediate support points. For the parametric study, the plan view
is simplified into a rectangular bridge structure based on the length of the middle span and the largest
cross-girder span, see Figure 3.1 and Figure 3.2. The shorter span is chosen to reduce calculation
time. The structure will only be locally studied. The dimensions are rounded, to simplify for parametric
study.

Moreover, for this study, alterations have been made to the location and design of the diaphragms com-
pared to the original design of the bridges of project Oostertoegang. The original and adapted designs
of the diaphragms are shown in Figure 3.3. In the original design, the diaphragms are aligned with the
cross-girder webs, and in the adapted design the diaphragms are positioned between two cross-girder
webs. The design of the adapted diaphragm is based on the design of Vleutensespoorbrug 2 (see
Figure 1.5). The difference between the two design principles is the rotational stiffness that is created
at the main- to cross-girder connection. The adapted design results in more flexibility at the connection
compared to the original design. This requires a different approach to design the connection to meet
the fatigue requirements. The influence of the different types of diaphragms and their placement on
the fatigue damage of critical fatigue details (Section 3.3) is shown in Section 4.2.1.

28



3.1. Reference model configuration

Figure 3.1: 3D view reference model [3]
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Figure 3.2: Top view reference model with dimensions [mm] [3]
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[ i

Original diaphragm design Adapted diaphragm design
Aligned with cross-girder Between two cross-girders

Figure 3.3: Diaphragm’s original design and adapted design [3]

Figure 3.4 illustrates the dimensions and types of welds used. An OSD deck is used with a cross-girder
spacing of 1900 [mm]. The bottom flange of the cross-girder is extended over the entire length of the
bridge. Both the main girders and cross-girders are welded airtight. The choice of weld types is deter-
mined by this design decision to facilitate the fabrication process.

The design of the adapted diaphragm design has a gap at the location of the connection between the
diaphragm and the inner web of the main girder to gain more flexibility. This could make the welds con-
necting the diaphragm with the internal web and the bottom flange of the main girder critical because
the weld length is shortened. The length of the welds should be as long as possible to take the shear
forces but as short as possible to ensure flexibility.

' Single bevel broad root face Single bevel broad root face
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Figure 3.4: Considered configuration at the location of the connection between the main- and cross-girder [3]

3.2. Finite element model

A static structural analysis of the bridge is conducted using shell elements in the finite element soft-
ware Ansys® 2022 R2 [3]. A linear elastic model is considered, so it is assumed that the behavior of
the material is linearly elastic and that the material is isotropic. The model calculates the effects of a
moving unit load for two railway tracks. Subsequently, a Python code provided by Iv-Infra is used in con-
junction with the Ansys model to compute the fatigue damage resulting from train loading. This section
provides a description of the FE model. In section 3.3, the fatigue assessment will be further explained.

Material properties
The properties of steel grade S355 are considered for the entire structure. The modulus of elasticity is
taken as E = 210000 [M Pa], and Poisson’s ratio as v = 0.3 [—].
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Boundary conditions

The support of the bridge is statically determinate, as shown in Figure 3.5. In the out-of-plane direction
(y-direction), all supports are constrained against movement. At supports 1 and 2 movements are free
in the x-direction, and at supports 2 and 4 movements are free in the z-direction.

To mitigate singularities in the model, the support is modeled as a triangle with a high stiffness, see
Figure 3.6. The isosceles triangle (45°) has a thickness of 500 [mm] and the boundary conditions are
located at the tip.

-

—

X

Figure 3.5: Boundary conditions Figure 3.6: Modeling support [3]

Fatigue load

The fatigue loading considered is based on Eurocode [53] and OVS [11] guidelines. The load model
described in Annex D from NEN-EN1991-2 [53], as described in Section 2.6.2, is considered for the
analysis. This model requires a more time-consuming calculation but results in a more realistic solution
[57].

Itis assumed that dynamic analysis is not required, so a dynamic factor should be applied. This is based
on the flowchart shown in Figure 2.33. The maximum speed of the train at the bridge is 80 [km/h], so
V' < 200 [km/h]. The bridge is supported on both ends, so is not continuous. If n, is within the limits
of figure 6.10 from NEN-EN1991-2, no dynamic analysis is required. The natural frequency, ng, of a
simply supported bridge subjected to bending only can be estimated with Formula 3.1 [53]. Iv-Infra
estimated that the natural frequency lies within the limits, so no dynamic analysis is required.

1775
Vo

no [Hz] (3.1)

0o = the deflection at midspan due to permanent actions [mm]

A unit load of 100 [kN] is used to determine the influence line due to the loading at the location of the
considered node. This influence line is used to determine the stresses induced by the fatigue trains
at that location. The heavy traffic mix with 25t axles (Table 2.7) is considered to determine the total
fatigue damage, applying the Palmgren-miner cumulative damage rule. The rainflow method is applied
to count the load cycles.

Ansys Parametric Design Language (APDL) commands are used to define the moving unit load in An-
sys Mechanical. APDL is a programming language that can interact with the Ansys Mechanical solver.
For both railway tracks, in total 32 load steps are specified. The unit load of 100 [£N] can be distributed
by the rail, sleeper, and ballast, as shown in Figure 2.31 and Figure 2.32. The distance between the rail
supports is a = 600 [mm], as defined by OVS00030-6-V005 section 6.3.6.1 [11]. OVS00030-6 section
6.3.6.2 defines the type of sleeper and rail that should be considered: NS-90 and UIC-54, respectively.
The surface of an NS-90 sleeper is 2520 x 260 [mm]. The ballast thickness considered in this study is
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310 [mm], defined as the minimum thickness in the assumption report of the Oostertoegang and differs
from OVS00056-5.1, where it is larger. The (unit) load will be distributed with a ratio of 1:2:1 over a
surface area of b x d:

* b =260+ 210 .2 =415 [mm)]
« d=2520+ 2.2 = 2675 [mm]

The load distribution per load step is visualized in Figure 3.7. A distance of 600 [mm] is considered,
representing the distance between the rail supports. The distance between the inner web of the main
girder and the middle of the load path is considered 2075 [mm]. The load is positioned directly above
the middle cross-girder of the reference model. The position of the load will remain the same in relation
to the bridge length throughout the parametric study.

415 mm

Q25% Q50% Q25%

ww 5797

| 600 mm | 600 mm |

Figure 3.7: Fatigue load distribution

Weld modeling

As discussed in Section 2.4.1 there are different modeling possibilities to consider the stiffness of the
weld in the the shell element model. The fatigue assessment method used determines whether or not
modeling the weld influences the results using FE modeling. For example, when the nominal stress
method is considered, it is not needed to include welds in the model because the nominal stress is
extracted at a distance x from the weld location where the stress remains undisturbed by the connec-
tion, see Figure 2.7. The hot spot stress, however, is determined by extrapolating the stresses from
reference points to the weld toe. According to IIW [10], if the weld is not modeled, the hot spot stress
should be extrapolated to the structural intersection point to not underestimate the stress. However,
when the weld is modeled, the hot spot stress should be extrapolated to the location of the weld toe
[10](4].

In this research, the hot spot stress method will be used to determine the fatigue resistance of specific
critical details (see Section 3.3). The weld will be considered by increasing locally the thickness. Be-
cause of the different types of welds in the design and the clarity of use, the prTS 1993-1-901 (draft)
[4] modeling technique will be used in the FE model for parametric study.

In Section 4.1.1, the influence of considering the weld using an increased thickness or not with shell
element models will be compared with the results using a solid model. The solid model is used as a
reference that gives a good estimation of reality. This comparison will be done for two simple cruciform
joints with a longitudinal fillet weld and a transverse fillet weld. Pandit [13] conducted similar research,
however, without considering the prTS 1993-1-901 modeling technique. To make verification of the
modeling technique possible, the same conditions as in the research from Pandit will be considered.

In total three welds will be modeled at the location of interest (see Section 3.3). These include the weld
connecting the diaphragm to the inner web of the main girder (Weld 1), the weld connecting the ortho-
topic steel deck to the inner web of the main girder (Weld 2), and the connection of the cross-girder
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web to the main girder (Weld 3). See Figure 3.8 for an overview of the increased thickness approach
at these locations.

Weld 1 is assumed to have a weld throat thickness of 10 [mm] in all cases, resulting in a weld leg length

of 10v/2 [mm]. For welds 2 and 3, a weld toe angle of 45° is assumed and the weld is 3 [mm] non-flat.
Thus, L, in these cases is %2 + 3 [mm].
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Figure 3.8: Thickness increase at the location of the weld

According to prTS 1993-1-901 (draft) [4], full penetration butt welds can be disregarded when model-
ing the welds. These are, for example, detail 1 and 2 of table B.1 of EN 1993-1-9 [9]. An exception
is made for the case the misalignment is larger than described for those details. In the design of the
bridge considered in this study, such a full penetration butt weld is used to attach the bottom flange of
the cross-girder to the main girder.

Mesh size

The mesh size has an impact on the stresses obtained from the finite element software. Smaller ele-
ment sizes lead to higher stresses at plate intersection locations. Also, the smaller the mesh size, the
closer the unaveraged value matches the averaged value.
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The IIW [18] provides guidelines for mesh sizing when the hot spot stress method is used with shell
elements. For type a welds and fine FE models, the size of the elements should be smaller than or
equal to 0.4t - t. Only type a welds are considered in this study. There are no specific guidelines for
mesh sizing when the nominal stress method is used. The IIW [10] suggests that a simple and coarse
element size can be used when determining the stress range with the nominal stress method.

The global mesh size of the model is 175 [mm]. At the location of interest (see Section 3.3), the middle
of the bridge, the mesh size is refined to 50 [mm] with a sphere of influence. The center of the sphere
of influence is positioned at the point where the orthotopic steel deck is connected to the inner web
of the main girder, at the location of the middle cross-girder web. The radius is twice the center-to-
center distance between the cross-girders. At the location of the welds considered, a mesh refinement
of 0.4t - t is applied, in accordance with [IW (HSS) recommendations. This refinement may change if
the parameters are modified. The growth rate of the mesh is 1.1. Figure 3.9 shows the mesh of the
reference model.

Figure 3.9: Global mesh and mesh at welded details [3]

Offset type

In a shell element model, the parts are typically modeled at the mid-plane of the structural component.
However, it is also possible to assign the element a top, bottom, or self-defined offset. When an offset
is applied differently than mid-plane in a shell element model, an eccentricity is introduced. This eccen-
tricity can cause additional bending moments.

For the finite element model of this study, the offset type of each plate is chosen at mid-plane. This
choice provides the closest approximation to reality, with the assumption that overlapping thicknesses
in shell element models are negligible.

In the case of fatigue-prone details with an axial or angular misalignment, such as the connection
between the bottom flange of the main girder and the bottom flange of the cross-girder in the considered
bridge structure, Eurocode 3 part 1-9 [9] and IIW [18] define an additional stress concentration factor.
For this example, the eccentricity resulting from the inclined thickness can induce secondary bending
stresses in the plate when subjected to a normal force, as illustrated in Figure 3.10. Consequently,
the actual stresses are different from those calculated with the FEM. The modified stress takes this
into account. This detail, however, is not further considered in the study and does not influence the
investigated welded details (see Section 3.3).
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Figure 3.10: Eccentricity at the attachment of the cross-girder flange to the main girder [18]

3.3. Fatigue assessment method

In this section, the fatigue assessment method of the parametric study is explained. In this study, a
selection is made of details that will be examined at a specific location of the bridge. Firstly, the loca-
tion of interest will be discussed. Thereafter, the fatigue-prone details that will be investigated at this
location are discussed. Finally, the methodology of the fatigue calculation that is performed in each
iteration of the parametric study will be explained.

Location of interest

For the parametric study, only a specific location will be viewed for the fatigue calculation. The reason
for this is the comparability of the results gathered. The location considered is between the three cen-
tral cross-girders. So, when the assessed weld is in the longitudinal direction of the bridge, it will only
be considered in the aforementioned zone. Fatigue-critical welds in other directions will only be con-
sidered at the middle of the bridge. In cases where the number of cross-girders is even, two "middle”
cross-girders exist. Given this scenario, the lower one will be considered the middle one. However,
due to symmetry, the results should be (approximately) equivalent. The same principle applies to the
diaphragms.

By altering parameters, the stress distribution across the bridge will change. This can optimize the
fatigue resistance of the details that are taken into account but it is possible that other, unconsidered
details might deteriorate in terms of fatigue. This is not taken into account in this study. The focus of this
research is on the most vulnerable fatigue details at the main- to cross-girder connection in the middle
of the bridge. However, other fatigue-prone details should be examined during the actual design of a
bridge.

Fatigue critical details

The fatigue assessment method used determines the way the fatigue critical details should be assessed.
Relatively fast and commonly used fatigue assessment methods are the hot spot stress method and
the (modified) nominal stress method. The effective notch method is used less in practice. For this
reason, only the first two methods are considered in this study.

Appendix A shows the fatigue detail categories that can be considered for the nominal stress method
and the hot spot stress method at the location of the main- to cross-girder connection, according to
NEN-EN1993-1-9 [9]. The hot spot stress method will be used for the critical details where possible. If
this is the case, the surface stresses are read at 0.4¢ and 1.0t from the weld toe location and extrap-
olated to the weld with: o, = 1.67 - 0g.4¢ — 0.67 - 01.o; (fine mesh). The specific reading points will
vary based on changes in the parameters. If it is not possible to use the hot spot method, the nominal
stress method will be used. The reason for this is the doubtfulness of using the nominal stress method
in combination with finite element modeling. Reading the stress at the location of the critical detail will
overestimate the nominal stress because the nominal stress should only account for the macro geo-
metrical effects due to the design. The other effects are incorporated in the detail category. In principle,
the nominal stress can be calculated by hand. When FEM is used, the nominal stress can be read at
a distance x away from the connection, where x is the point at which the stresses remain undisturbed
by the connection and are uniform.

Based on the stresses in the reference model and the critical details of the design of "Vleutensespoor-
brug 27, a selection is made of which fatigue details will be researched in the parametric study. These
are shown in Figure 3.11. Determining the critical welded details is a comparison between the local
stress range at the vicinity of the weld and the fatigue detail category that should be considered for the
detail. For all these details, the hot spot stress method can be used to determine the fatigue damage.
The three details will be further referred to in the report as M1.1, M1.2, and M2, where:
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» M1.1 is the stress in the y-direction at the diaphragm end in the main girder inner web. The hot
spot method is used, so the detail category is 100 (NEN-EN1993-1-9 table B.1 detail 5).

» M1.2 is the stress in the z-direction in the main girder inner web at the location where the di-
aphragm is welded to the inner web of the main girder. The hot spot method is used, so the detail
category is 100 (NEN-EN1993-1-9 table B.1 detail 4).

* M2 is the stress in the x-direction in the deck plate where the bridge deck is welded to the main
girder web. The hot spot method is used. The assumed detail category is 100 (NEN-EN1993-1-9
table B.1 detail 3). It should be noted that this detail category differs from the actual configuration.
The detail category considers a cruciform joint and a double bevel weld, while this connection is
a T-joint welded with a single bevel.
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Figure 3.11: Fatigue detail categories at the location of the connection between the main- and cross-girder, considered in the
parametric study [3][9]

The designated reading points for assessing the stress in detail M1.1 remain consistently positioned
in relation to the diaphragm, namely at the diaphragm end tip. The critical location of details M1.2 and
M2 could differ along the weld length. Nevertheless, it is assumed that for detail M1.2 the diaphragm
end tip is the governing location and for detail M2 two potential critical points could emerge: one at the
deck plate above the cross-girder web and the other aligned with the diaphragm. Only these locations
will be considered during the parametric study.

Dynamic factor

The assumption is made that no dynamic analysis is required (see Section 3.2). Consequently, a dy-
namic factor should be applied that can be calculated with Formula 2.12. The dynamic factor is in
generally based on a maximum permitted speed of 80 [km/h]. The determinant length, L, is deter-
mined in accordance with NEN-EN1991-2 section 6.4.5.3 [53]. This value changes when changing
parameters and is different for the considered fatigue details. The determinant lengths considered in
the parametric study are given in Table 3.1.

Table 3.1: The determinant lengths, L, corresponding with the considered fatigue details [53]

| Fatigue detail | Ly \ Source \
M1.1 The span in the main girder direction | EN1991-2 table 6.2, case 5.1
M1.2 The span in the main girder direction | EN1991-2 table 6.2, case 5.1
M2 Three times the cross-girder spacing | EN1991-2 table 6.2, case 1.1

Ad(ditional critical fatigue detail

In addition to the previous three mentioned fatigue details, fatigue detail M3 will be researched for the
parameters, see Figure 3.12. Detail M3 is at the location where the deck plate is welded to the main
girder. The stresses are determined in the y-direction in the main girder inner web plate. The assumed
hot spot detail category is 100 (NEN-EN1993-1-9 table B.1 detail 4). It should be mentioned that this
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detail category considers a fillet weld, instead of a single bevel weld.

This fatigue detail was not of influence for the fatigue design of Vleutensespoorbrug 2 and the original
design of the bridges of project Oostertoegang. The reason for this is the steel-concrete deck used in
the design of Vleutensespoorbrug 2 and the stiffeners placed in alignment with the cross-girder web in
the original design of the bridges of Oostertoegang.

This detail will not be researched for all steps considered in the parametric study, see Section 3.4. The
total damage value will be calculated for the reference model, and the smallest and largest value con-
sidered for the parameter. However, the same fatigue assessment methodology will be used. Similar
to detail M2, only two possible critical locations are considered: in alignment with the cross-girder and
diaphragm. The results are discussed in Section 4.3.
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Figure 3.12: Fatigue detail category, M3 [3][9]

The determinant length for detail M3 considered in the parametric study is given in Table 3.2.

Table 3.2: The determinant length, Ly, corresponding with fatigue detail M3 [53]

| Fatigue detail | Ly \ Source \
] M3 | The span in the main girder direction | EN1991-2 table 6.2, case 5.1 |

Iv-Tool fatigue calculation

Iv-Infra is working on the automatization of the fatigue calculation. A fatigue tool is being developed,
which is designed to operate in combination with Ansys® 2022 R2 [3]. This tool is further referred to as
Iv-Tool. This tool, in its current form, will be used to perform the damage calculation in the parametric
study. This section will describe the Iv-Tool.

The Iv-Tool is an Ansys extension that can be linked to an Ansys structural model. The objective of the
Iv-Tool is to determine the cumulative fatigue damage value of a detail, which should be smaller than
1 to fulfill requirements. This tool makes it possible to retrieve results from Ansys and automatically
determine the damage value from the given input. Ansys is used to give the input for the calculation,
Python to perform the calculation, and Microsoft Excel to present the output data.

The input for the tool is an Ansys shell element model, loaded by a moving unit load of 1 [k V]. Different
railway tracks can be combined, by combining different static structural analyses in Ansys. If another
unit load is implemented, a scaling factor can be used to scale to 1 [kN]. The selection of the location
where the stress should be determined is done by selecting a node and its adjacent elements. This
requires a generated mesh. The unit load is used to determine the influence line for the selected
location for each railway track that is selected for research. Thereafter, an input menu in Ansys is used,
to give input for the Python calculation. In this input menu, the following can be filled in to perform the
calculation as desired:
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» The stress direction: X, Y, or Z.
» The stress position: top or bottom.
» The influence length Ly per railway track.

» The percentage of the same type of trains simultaneously over the railway tracks. If OVS guide-
lines [11] are followed, this is 12%.

Train combination: train type(s) and number of trains per day. According to NEN-EN 1991-2
[53], there are 12 train types. If OVS [11] guidelines are used, the heavy traffic mix should be
considered for fatigue calculation, see Table 2.7.

The train velocity in [km/h].
The lifetime of the bridge (100 years).
Number of days in a year.

* In Ansys, each load step is implemented by hand and is set as a time step. To know the location
of the load per time, this should be given as input. This should be specified to get the scaled

influence line.
» The detail category and type of S-N curve (normal or shear), according to NEN-EN 1993-1-9.
* The partial factor. The partial safety factor is vy = 1.35 [—], according to the Dutch national

annex to Eurocode 3 part 1-9 [58] for safe life and high consequence of failure. This factor should
be used according to OVS [11].

* Reduction factor due to geometry K. The standard is 1.

Firstly, the lv-Tool generates an Excel where all stresses per load step at the selected location are
categorized by stress type (normal/shear), direction (x/y/z), and position (top/bottom). Thereafter, the
influence line that should be used according to the input menu is selected by Python and used to de-
termine the stresses caused by the entered train types. The train "drives” over the influence line with
a step size of 0.1 [m] to determine the stress plot per train type. In addition, the dynamic factor due
to the influence length L4 and the train velocity are determined, according to the Annex D model (see
Section 2.6.2). However, in its current state, performing fatigue analysis with the hot spot method is not
possible. To solve this issue, the influence lines at 0.4t and 1.0t will be determined and extrapolated in
a separate sheet. This information will be entered into the Excel file generated by the Iv-Tool, which is
utilized in the calculation of fatigue damage.

Next, rainflow counting is performed for one train per train type per railway track. Appendix B verifies
the rainflow counting method of Python using a random stress plot. When two trains are simultaneously
on the bridge, the maximum stress range determined with the rainflow counting method from track 1 is
summed up with that of track 2. The maximum number of cycles of the two is selected. The same pro-
cess is repeated for the second-highest stress range, the third-highest stress range, and so on, down
to the lowest stress range. The stress ranges are then multiplied by the dynamic factor.

Subsequently, the Palmgren-Miner cumulative damage rule determines the damage value per track/
track combination and train type. The allowed number of load cycles N; is determined for each stress
range determined with the rainflow counting method. This value depends on the detail category, which
is reduced by the partial factor vy ¢ : %. The partial factor vp¢ is equal to 1, so does not influence
the results. The number of trains that cross the bridge during its lifetime n; is determined for each track/
track combination (simultaneity) and train type. The cumulative damage per track/ track combination
and train type is determined by: D = Y7 | (number of cycles); - & Finally, all damage values are

summed up to determine the total damage, which must be smaller than 1 to meet requirements.

In Section 4.1.2, the Iv-Tool calculation will be validated by comparing the results with a hand calculation.
In this calculation, the reference model configuration and the critical fatigue details will be considered.

3.4. Parameters

Different design considerations, referred to as parameters, will be investigated in the parametric study.
In this section, each parameter will be discussed. Each parameter will be modified individually within
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the reference model to assess its impact on the fatigue results. The range within which the parameters
are studied is based on Table 2.6. While the dimensions of the structural elements may not be realistic
in all cases, they provide an impression of the influence on the stress range within the connection.

Figure 3.13 provides a visual representation of the six parameters that will be investigated. Also, the
critical fatigue locations and stress orientations that will be researched are shown in blue (see Section
3.3). The parameters cover:

1. c-t-c: The center-to-center distance between the cross-girders
. H.4: The height of the cross-girder

. H,,4: The height of the main girder

. Ting: The thickness of the inner web of the main girder

. Tyia: The thickness of the diaphragm

. Tyeer: The thickness of the steel deck plate
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Figure 3.13: Visualization of the parameters for parametric study [3]
The parameters will be discussed below.

The center-to-center distance between the cross-girders

The center-to-center (c-t-c) distance between the cross-girders influences the bending stiffness of the
orthotropic deck. When there are more cross-girders, the deck deforms less under the same loading
conditions, resulting in less rotation required for the main girder. This may influence the stresses at
fatigue details M1.1, M1.2, and M3. Also, the rotational stiffness of the main girder is affected by the
center-to-center distance. Additional cross-girders reduce the rotation possibilities of the main girder,
potentially influencing the stresses at M2. Moreover, the condition that one diaphragm is placed be-
tween two cross-girders is maintained. More diaphragms can increase the rotational stiffness of the
main girder. This may have an effect on the stresses at detail M2.

In the parametric study, the length of the bridge remains constant and the c-t-c distance between the
end-cross-girders is not changed. The number of cross-girders in the reference model is 8 with a c-t-c
distance of 1900 [mm]. In the parametric study, the number of cross-girders varies between 4 and
10 cross-girders. This corresponds to a center-to-center distance between 1555 and 3420 [mm]. The
diaphragms are consistently positioned between two cross-girders.

The height of the cross-girder
The cross-girder height influences the moment of inertia of the cross-girder. A higher cross-girder de-
forms less under the same loading conditions. As a consequence, the main girder has to rotate less to
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react to the deformation of the cross-girders and deck plate. This could influence the stresses at details
M1.1, M1.2, and M3. Furthermore, elevating the cross-girder height brings the deck plate closer to the
diaphragm end tip. The connection of the deck plate to the main girder becomes stiffer at this location
which may affect the stresses at detail M2. Also, the out-of-plane bending capability of the inner web
of the main girder is changed, which has possibly an effect on the stresses at details M1.1, M1.2, and
M3.

The height of the cross-girder in the reference model is 500 [mm]. In the parametric study, the height
will be adjusted within the range of 300 to 1000 [mm] with increments of 100 [mm].

The height of the main girder

In the reference model, the height of the main girder is 1800 [mm]. Heights between 1600 and 2400 [mm]
with a step size of 100 [mm] will be investigated in the parametric study. The height of the cross-girder
remains constant. However, there are different ways of taking into account the size of the diaphragm.
The design of the diaphragm will influence the stiffness of the main- to cross-girder connection.

It is assumed that the weld length of the connection between the diaphragm and the inner web of the
main girder is the minimum length necessary. The shear force in the main girder web does not change
if the height is adjusted, so the weld that connects the diaphragm should take the same shear force.
Thus, when the height of the main girder is lower than the reference height, the connected diaphragm
length does not change (see Figure 3.13: H,,,_a), while the available free space decreases (see Figure
3.13: Hp,4_b). If the main girder height is increased, there are two options investigated:

» The free space increases with increasing height, so the welded length stays the same.
» The free space stays constant with increasing height, so the welded length increases.

The distinction between those two options is the influence of the gap size. Frequently, a minimum
gap size is required for fabrication and maintenance considerations. The final design seeks a balance
between the minimum weld length needed to handle the shear forces and the minimum gap size nec-
essary to facilitate structural fabrication and maintenance.

The cross-girders, deck, and loading remain constant in the study, resulting in a consistent deforma-
tion of the cross-girders. When the gap size increases, it enhances the flexibility of the inner web of
the main girder. This change may have an impact on the stresses at details M1.1, M1.2, M2, and M3.
Conversely, if the main girder size is increased while maintaining a constant gap size, it results in an
extended welded length, creating a more rigid connection between the diaphragm and the inner web
of the main girder. This alteration could affect the fatigue critical details M1.1 and M1.2.

The thickness of the inner web of the main girder

The thickness of the inner web of the main girder can influence the rotational stiffness of the main- to
cross-girder connection. A thinner web makes the connection more flexible. As discussed in Chapter 2,
the rotational stiffness influences the stress distribution within the connection. The rotational stiffness
at the connection between the deck plate and the main girder may influence the stresses at detail M2.
If the inner web of the main girder is made thinner, the thickness of the outer web should increase to
take the shear forces. A thinner web, however, has a lower moment of resistance which will increase
the stress levels in the plate. This could influence the fatigue detail M1.1, M1.2, and M3.

In the reference model, the thickness of the inner web is 30 [mm]. For the parametric study, the thick-
ness is varied within the range of 10 and 50 [mm], in increments of 5 [mum]. If an inner web thickness
between 10 and 25 [mm)] is applied, the thickness of the outer web of the main girder is increased such
that the combined thickness of the inner and outer webs is at a minimum of 60 [mm].

The thickness of the diaphragm

The diaphragm serves the purpose of transferring the shear forces in the cross-girders through the
inner web of the main girder to torsional forces and contributes to the main girder’s overall stability. A
thicker diaphragm increases the diaphragm’s stiffness, and it also enhances the stiffness of the con-
nection with the inner web of the main girder. When a load is moving over the bridge, the bending of
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the inner web of the main girder at the connection between the diaphragm and the inner web may be
restricted. This could impact the stresses at details M1.1 and M1.2.

In the reference model, the thickness of the diaphragm is equal to 20 [mm]. In the parametric study, a
thickness between 10 and 30 [mm] is researched. The step size is taken as 5 [mm)].

The thickness of the steel deck plate

The thickness of the steel deck plate could influence the stresses at the connection. A thicker deck
offers higher rigidity and can better withstand applied forces. This could have an effect on detail M2.
Due to the rigidity, the deck plate will deform less and the main girder has to rotate less. This could
have an influence on details M1.1, M1.2, and M3.

In the reference model, the thickness of the deck plate is 20 [mm]. In the parametric study, a thickness
between 10 and 40 [mm] will be investigated. The thickness of the total deck plate is varied but it might
also be possible to change the thickness only at the critical fatigue location to have an effect on the
fatigue damage at the main- to cross-girder connection. The step size used is 10 [mm].

3.5. Costs

Modifying a parameter within the bridge structure incurs associated costs. The results of the parametric
study will be used to make an estimation of the costs to lower the total fatigue damage with 1 [—] for
each considered parameter and fatigue critical detail. In this section, the methodology used to deter-
mine the costs to influence the damage value will be discussed.

The costs associated with the parametric change will be based on the material and welding costs. The
costs will be computed for the total bridge. Assumed is a material cost of 1 euro per kilogram of steel,
based on an assumption of Bouwen met Staal [59]. The density of steel is 7850 [kg/m?3]. The welding
costs represent mainly the labor costs. Based on Figure 3.14, it is assumed that the welding process
occurs at an average speed of 50 [cm?/hour]. To include the time for assembly a factor of 2 is applied.
The welding speed becomes 25 [cm?/hour]. It is assumed that a welder is paid 20 [€/hour] [59]. To
include overhead costs a factor of 3 is applied to the salary of the welder. The welding costs become
2.40 [€/cm?3]. Material and labor costs depend on various factors, such as the economy. For this reason,
the assumed costs give only an indication. An overview of the assumed costs is shown below.

+ Costs of steel: 1.00 [€/kg]
+ Costs of welding: 2.40 [€/cm?]

Welding volume [cm3] /hour (2566 samples)

W 09w
8
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Figure 3.14: Measured welding speeds from a data set with 2566 samples by Oostingh ASK Romein [59]

In addition to determining the costs linked to altering the parameter, a correlation between the parame-
ter adjustment and the resultant shift in damage should be established. The least squares method will
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be applied to do so. This is a statistical procedure with which the (linear) line of best fit between the
measured data points can be determined. The coefficient of determination, R2, is a statistical measure
of how well the linear regression line fits the measured data points. The R?-value can be determined
by dividing the sum squared regression (SSR) by the total sum of squares (SST) and subtracting this
value from 1, see Formula 3.2. An R-squared value close to 1 means that the line fits the actual data
well, and close to 0 is a bad fit. This can be used to predict the possible accuracy of future outcomes.

However, it should be noted that the relationship between changing a parameter and the total fatigue
damage is not linear. The different characteristics and mechanisms of a structure are not linearly cor-
related with the fatigue stresses. Moreover, the fatigue calculation using a moving train load and the
S-N curve is not linear. So, in this study, linear regression is used to make a prediction of the direction
coefficient but cannot be used to exactly determine the fatigue damage.

SSR (yi — 9i)?
RP=1- 220 g 2a\Wim Vi) 3.2
55T 1T S (n—w) (3:2)

where:

R? = the coefficient of determination

y; = the observed value of the dependent variable (y) for the it data point

7; = the predicted value of the dependent variable (y) for the i*"* data point based on regression
analysis

y = the mean value of the dependent variable (y) of all the observed data points



Method validation and results

In this chapter, the results of the conducted research will be elaborated. In Section 4.1, the results of
the verification of some aspects of the method for parametric study are given. Thereafter, in Section
4.2, the results of the parametric study will be discussed individually for each parameter. In Section
4.3, the results of an additional fatigue critical detail are discussed. Finally, with the results gathered,
suggestions for the design of project Oostertoegang will be given.

4.1. Validation of the method for parametric study

In this section, two choices made in the methodology of the parametric study will be investigated and
verified. These are the weld modeling technique according to prTS 1993-1-901 [4] guidelines and the
Iv-Tool calculation.

4.1.1. Weld modeling technique

To validate the choice of the modeling technique of the weld at the location of the connection detail,
different modeling possibilities are compared on a cruciform joint. In the FE model of this study, the weld
is modeled according to prTS 1993-1-901 [4] guidelines. Other possible weld modeling techniques for
shell elements are discussed in Section 2.4.1. The modeling techniques that are compared, are:

+ Solid

+ Shell without considering the weld

» Shell + weld I[IW, see Figure 2.14

» Shell + weld Eriksson, see Figure 2.15

» Shell + weld IIW+Eriksson

» Shell + prTS 1993-1-901, see Figure 2.16

In Appendix C, the approach is worked out in detail and the results are presented. Both, a cruciform
joint with a transverse fillet weld and one with a longitudinal fillet weld are considered, see Figure 4.1.
The former is loaded under in-plane bending, in-plane torsion, and out-of-plane torsion. The latter is
subjected to in-plane bending and in-plane torsion. The same conditions as in the research of Pandit
[13] are taken into account to make verification of the results possible. In addition to Pandit’s research,
this study also considers the weld modeling technique outlined in prTS 1993-1-901 (draft) [4].

43



4.2. Results of the parametric study 44

Figure 4.1: Geometry of cruciform joint, longitudinal (left) and transverse (right), adapted from [13]

Comparable results to those found in the research conducted by Pandit [13] are gathered. From the
results, it can be concluded that the hot spot stress might be overestimated if the weld is not consid-
ered in the model and the IIW [10] recommendations are used. All modeling techniques considering an
increased thickness demonstrate good agreement with the solid model. The solid model, in this case,
provides the most accurate estimation of reality. This verification confirms that utilizing the prTS 1993-
1-901 [4] modeling technique offers a reliable approximation when utilizing shell elements. However, it
should be noted that the analysis is based on a cruciform joint with a limited number of load cases.

4.1.2. Hand calculation versus Iv-Tool

The results of the Iv-Tool are compared with those of a hand calculation to verify the outcome of the
Iv-Tool. This comparison is conducted for the reference model configuration. The methodology used
is the same (as outlined in Chapter 3), however, for the hand calculation, no detailed rainflow counting
is performed and a reduced step size of 0.6 [m] is used to minimize calculation time. Fatigue details
M1.1, M1.2, and M2 are considered.

The detailed calculation procedure is presented and explained in Appendix D. A summary of the results
is provided in Table 4.1. It can be concluded that, for each critical fatigue detail, the order of magnitude
of the total damage is the same. Therefore, the Iv-Tool determines the damage value well.

Table 4.1: Fatigue damage reference model, hand calculation versus Iv-Tool

[ Detail | Location detail [ o-direction [ Fatigue method | Detail category [MPa] | Damage hand [-] | Damage Iv-Tool [] |
M1.1 Diaphragm to main girder inner web Y Hot spot 100 1.61 1.57
M1.2 Diaphragm to main girder inner web z Hot spot 100 0.59 0.56
M2 Deck to main girder inner web X Hot spot 100 0.17 0.15

4.2. Results of the parametric study

In this section, the results of the parametric study will be discussed for each parameter. The method-
ology used to gather the results is explained in Chapter 3. Fatigue details M1.1, M1.2, and M2 are
considered in this section. Section 4.3 discussed the results of detail M3.

4.2.1. The type and location of the diaphragm

In Section 3.1, two types of diaphragms are discussed: the original design of project Oostertoegang
and an adapted diaphragm design based on Vleutensespoorbrug 2 (see Figure 3.3). The original di-
aphragm design of the Oostertoegang results in a design with a certain rotational stiffness at the main-
to cross-girder connection. The adapted design creates more flexibility at the location of the connec-
tion. The location of the diaphragm with respect to the cross-girder web can also influence the stress
distribution in the connection area. For example, the diaphragm can be located aligned or not aligned
with the cross-girder web. The effect of both diaphragm designs and locations is determined for the
reference model configuration. Figure 3.11 visualizes the critical fatigue locations that are considered.
The weld throat thickness of the fillet weld connecting the diaphragm to the main girder is in all cases
considered as 10 [mm]. The results are shown in Table 4.2.
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Table 4.2: Damage, parameter: the type and location of the diaphragm

[ Type of diaphragm [ Location of diaphragm | Damage M1.1[-] | Damage M1.2[-] [ Damage M2 [-] [ Location M2 |
Adapted Not aligned w. cg 1.57 0.56 0.15 dia
Adapted Aligned w. cg 2.59 0.63 0.91 cg

Oostertoegang Not aligned w. cg 19.33 dia
Oostertoegang Aligned w. cg 12.69 cg

Abbreviations: w. = with, cg = cross-girder, dia = diaphragm
Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13

Based on the results, it can be concluded that the diaphragm design primarily influences the critical
fatigue location. The diaphragm design that increases the rotational stiffness at the connection results
in a higher cumulative damage value in the deck plate (M2), while the design that induces flexibility
results in governing fatigue damages at the connection between the diaphragm and the main girder
inner web (M1.1 and M1.2). The more flexible main- to cross-girder connection attracts less force to
the connection, leading to lower stress ranges. The maximum total damage of the original Oostertoe-
gang diaphragm is higher compared to the adapted design. Nonetheless, it might still be preferable
to choose the Oostertoegang design. The reason for this is the possibility of reducing the governing
damage value. For example, when the critical fatigue location is at the connection between the deck
plate and the main girder inner web (M2), extra plates with a certain thickness or cope holes can be
applied at this location to reduce the stress ranges for fatigue design. However, it should be noted that
more fatigue-prone details are created by adding more welded plates. This also increases fabrication
costs. If the critical fatigue location is at the diaphragm (M1.1 and M1.2), it might be possible to satisfy
fatigue requirements without adding extra plates. Which measures can positively influence the fatigue
stresses for such a design, is determined with the other parameters in the parametric study.

Furthermore, the alignment of the diaphragm with the cross-girder web shows also an effect on the
magnitude of the damage value and the critical fatigue location. In the case of the Oostertoegang di-
aphragm design, aligning the diaphragm with the cross-girder web results in a lower damage value in
the top deck, with the critical location above the cross-girder. If the diaphragm is positioned between
two cross-girder webs, the critical location of detail M2 changes to the location of the diaphragm. In
addition, the total damage increases. This is probably caused by the squared angle connection of
the plates. When considering the adapted diaphragm design (more flexibility), the case where the di-
aphragm is not aligned with the cross-girder is preferable for fatigue design.

The best placement of the diaphragm for the Oostertoegang design results in a maximum damage of
12.69, while the best placement of the adapted design results in a maximum damage of 1.57. This is
an 88% reduction of the damage at the critical detail. The latter case will be further explored in the
parametric study.

4.2.2. The center-to-center distance between the cross-girders

The first parameter checked for the adapted diaphragm design with the diaphragm located between
two cross-girder webs is the center-to-center distance between the cross-girders. The reference model
has 8 cross-girders and in the parametric study, the number of cross-girders varies between 4 and 10
cross-girders. The condition that between two cross-girder webs a diaphragm in the main girder is
placed is maintained. The total fatigue damage for each case is determined at three critical fatigue
locations: M1.1, M1.2, and M2. In Figure 3.13, the parameters and critical fatigue locations are visual-
ized.

The numerical results are shown in Table 4.3. In this table, also, the percentage change in the total
damage value is presented for each number of cross-girders considered, in comparison to the refer-
ence model.

In Figure 4.2, for each fatigue critical detail, the line of best fit for the measured data points is shown.
The linear regression lines of all fatigue details are combined in Figure 4.3. While there is no linear
(y = m-z+b) relationship between the total damage value and the number of cross-girders, this will give
a first indication of the slope coefficient when designing for fatigue. Here, m is the value by which the
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total damage changes per extra added cross-girder (integers) if the linear regression line is considered.
The coefficient of determination, R, can be used to predict the possible accuracy of future outcomes.
The m- and R?-value of the best linear fit for each fatigue detail is:

e M1.1: m = —0.1896 and R2 = 0.8737
e M1.2: m = —0.0989 and R2 = 0.9356
* M2: m = —0.04 and R? = 0.5374

For all details, it is visible that the damage value (slightly) decreases with an increasing number of
cross-girders. In Appendix E Section E.1, the deformed shapes at the main- to cross-girder connection
are shown for 4 and 10 cross-girders for a unit load of 100 [kN]. The shapes are shown when the load
is at one of the ends of the bridge and in the middle of the bridge. As mentioned in Section 3.4, the
number of cross-girders influences the deformation of the cross-girder and bridge deck. The results
show that with more cross-girders, the main girder has to rotate less, and the stresses at details M1.1
and M1.2 decrease. The number of cross-girders has, however, almost no effect on the stresses at
detail M2.

Table 4.3: Damage, parameter: the center-to-center distance between the cross-girders

[ No.ofcg [ c-t-ccg[mm] | Damage M1.1[] [ M1.1D] | Damage M1.2[-] [ M1.2D] | Damage M2[-] [ M2D] [ Location M2 |

4 3420 2.71 +73% 1.04 +86% 0.44 +193% dia
5 2850 2.25 +43% 1.00 +79% 0.22 +47% cg
6 2443 2.00 +27% 0.76 +36% 0.13 -13% cg
7 2138 1.84 +17% 0.70 +25% 0.1 -27% dia
8 1900 1.57 ! 0.56 / 0.15 ! dia
9 1710 1.76 +12% 0.57 +2% 0.13 -13% cg+dia
10 1555 1.41 -10% 0.47 -16% 0.12 -20% cg

Abbreviations: no. = number, c-t-c= center-to-center, cg = cross-girder, dia = diaphragm, D] = The difference in total damage with respect to the
reference model
Elaboration: in bold = the results of the reference model
Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13

Center-to-center distance between the cross-girders Center-to-center distance between the cross-girders Center-to-center distance between the cross-girders
Detail M1.1 Detail M1.2 Detail M2
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Figure 4.2: Linear regression using least squares method, parameter: the center-to-center distance between the cross-girders
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Linear regression lines
Parameter: Center-to-center distance between the cross-girders
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Figure 4.3: Linear regression lines for the parameter: the center-to-center distance between the cross-girders

The linear regression lines are used to determine the costs of changing the damage value with 1 [—].
An explanation of the methodology used to determine the costs is given in Section 3.5. The absolute
value of the damage change linked to altering the number of cross-girders (m-value) is divided by the
costs that come along with adding or removing this cross-girder. The costs of adding/ removing a
cross-girder composed of:

+ 1 steel cross-girder web plate
+ 2 steel diaphragm plates

» The welds connecting the extra cross-girder plate to the main girders, the bottom flange, and the
deck plate

» The welds connecting the diaphragms to the main girders

The costs for each fatigue detail are shown in Table 4.4. Increasing the number of cross-girders will
increase the costs. For all fatigue details, the costs will increase when reducing the total damage value.

Adding an extra cross-girder will increase the weight of the steel bridge structure with 1279 tonnes. The
steel industry holds the top position as the largest energy consumer worldwide within the industrial
sector [60]. Energy consumption is related to environmental impact. Increasing the amount of steel
increases carbon dioxide emissions.

Table 4.4: Costs to change the total damage value with 1, parameter: the center-to-center distance between the cross-girders

[ Fatigue detail | Damage []/ cross-girder | Costs [€]/damage [] [ €l DJ |

M1 10.1896] [6791435] +
M1.2 00989 113019778 +
M2 |0.0400] 132191400 +

Abbreviations: €] D)= increase (+) or decrease (-) of the costs when reducing the damage value

Deviating values

A deviating trendline value for M1.1 can be visualized at 9 cross-girders. There are different factors that
could influence the damage value. When the spacing between cross-girders changes, the coordinates
to be read also change. However, the location of the unit load remains unchanged, resulting in a shift
in the position of the load relative to the critical fatigue detail. In the case of 9 cross-girders, the load
is positioned such that it is in line with the diaphragm. This results in the highest possible damage for
detail M1.1. Adjusting the load position to the most favorable for this detail reduces the damage value
from 1.76 to 1.67 [—].

Furthermore, with two middle diaphragms or cross-girders, the lower middle diaphragm/ cross-girder
is considered. With an even number of cross-girders, the location of the middle diaphragm does not
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change, and the location of the middle cross-girder changes (detail M2). Conversely, with an odd num-
ber of cross-girders, the location of the middle cross-girder does not change, and the position of the
diaphragm changes (details M1.1 and M1.2). No difference in the damage value should occur if the
upper diaphragm or cross-girder is considered instead of the lower one. This is checked for the case
where 9 cross-girders (odd) and detail M1.1 are considered.

In Figure 4.4 is the position of the left (lower) diaphragm shown and in Figure 4.5 the right (upper)
diaphragm. Figure 4.6 shows the influence lines for both diaphragm positions for detail M1.1. These
influence lines suggest that, aside from the shift due to reading location, the magnitude of influence
is the same (and thus the damage should be the same). However, if the influence lines are given as
input in the lv-Tool, the total damages computed are not equal. For the left and right diaphragms, the
damage values are 1.76 and 1.65 [—], respectively. The difference is caused by the method of the
Iv-Tool. When two trains are simultaneously on the bridge, the maximum stress range determined with
the rainflow counting method from track 1 is summed up by the one from track 2, for a specific train
type. The higher of the two cycle counts is taken. This process is repeated for subsequent stress
ranges. However, in some cases, the number of cycles of the stress range from track 1 significantly
differs from track 2. This is the case if there are small differences measured in stress ranges by Python.
A random example of the three highest stress ranges with the corresponding number of cycles for a
certain train type is given in Table 4.5. If the second and third highest stress ranges are considered,
there are substantial discrepancies in the number of cycles of track 1 and track 2. As a consequence,
if the stress ranges of tracks 1 and 2 are summed up to consider simultaneity on the bridge, more load
cycles are in total considered than present. The total damage calculated increases, so becomes more
conservative. This is a phenomenon that can occur in some cases due to the methodology used in the
Iv-Tool calculation.

Figure 4.4: Middle diaphragm, left [3] Figure 4.5: Middle diaphragm, right [3]
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Figure 4.6: Influence lines for 9 cross-girders, position diaphragm left and right, detail M1.
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Table 4.5: Example deviated value due to Iv-Tool method

[ Track 1 [ Track 2 [ Track 1 + Track 2
| #Cycles | Stress range [MPa] | #Cycles | Stress range [MPa] | #Cycles | Stress range [MPa]

8 38 16 38+ 16

2 8
0.5 44.5 8 20 8 44.5 + 20
0.5 45 1 25 1 45 + 25

4.2.3. The height of the cross-girder

In this section, the results of the parameter the height of the cross-girder will be discussed. All dimen-
sions are kept the same, but the height of the cross-girder changes. The height of the cross-girder
in the reference model is 500 [mm] and is changed between 300 and 900 [mm]. In Figure 3.13, the
parameters and critical fatigue locations M1.1, M1.2, and M2 are visualized.

The results of the parametric study are presented in Table 4.6. In Figure 4.7, a linear regression line
(y = m - x + b) is established using the least squares method for the three fatigue details considered.
Those lines are combined in Figure 4.8. The R-squared value close to 1 means that the regression line
fits the data well. Here, the variable m represents the change in total damage for every one-millimeter
increase in the height of the cross-girder. The m- and R2-value of the best linear fit for each detail is:

« M1.1: m = —0.0048 and R? = 0.9257
* M1.2: m = —0.0018 and R? = 0.8525
« M2: m = 0.0007 and R? = 0.5761

From the results, it can be concluded that increasing the cross-girder height has a positive effect on
fatigue details M1.1 and M1.2 and a negative influence on detail M2. In Section E.2 of Appendix E, the
deformed plots of a cross-girder height of 300 and 1000 [mm] are shown. It is visible that there is less
deformation of the cross-girder and rotation of the main girder with a cross-girder height of 1000 [mm]
compared to a height of 300 [mm]. This reduced deformation has a beneficial effect on the fatigue
stresses at details M1.1 and M1.2. However, from a height of 700 [mm] and higher the rotational stiff-
ness of the connection between the main girder and deck plate increases. This is caused by the shorter
distance between the deck plate connection and the diaphragm end tip. The stresses at M2 increase
at the location of the diaphragm.

Table 4.6: Damage, parameter: the height of the cross-girder

[ Height of cg [mm] [ Damage M1.1[-] | M1.1DJ [ Damage M1.2[-] | M1.2DJ [ Damage M2[-] | M1.1DJ [ Location M2 |

300 3.61 +130% 1.52 +171% 0.32 +113% cg
400 2.53 +61% 0.92 +64% 0.15 +0% cg
500 1.57 ! 0.56 / 0.15 ! dia
600 1.34 -15% 0.45 -20% 0.18 +20% dia
700 0.96 -39% 0.44 -21% 0.18 +20% dia
800 0.57 -64% 0.29 -48% 0.38 +153% dia
900 0.16 -90% 0.16 -71% 0.56 +273% dia
1000 0.00 -100% 0.01 -98% 0.74 +393% dia

Abbreviations: cg = cross-girder, dia = diaphragm, D = The difference in total damage with respect to the reference model
Elaboration: in bold = the results of the reference model
Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13
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Figure 4.7: Linear regression using least squares method, parameter: the height of the cross-girder
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Linear regression lines
Parameter: Height of the cross-girder
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Figure 4.8: Linear regression lines for the parameter: the height of the cross-girder

In Table 4.7, the absolute costs that come along with changing the cross-girder height are shown per
fatigue damage change. The linear regression lines of Figure 4.7 are used to determine the costs
related to changing the damage value with 1 [—]. The costs of increasing/ decreasing the cross-girder
height consists of:

+ Extra steel to increase all cross-girders in height
» Extra welding length to weld the increased cross-girders to the main girder

Increasing the height will increase the costs and weight of the bridge structure. The weight increases
by 2 [t] with every 100 [mm] increase in height. This reflects the pollution of the material [60].

Table 4.7: Costs to change the total damage value with 1, parameter: the height of the cross-girder

[ Fatigue detail [ Damage [-]/ 100 [nm] | Costs [€]/damage [] [ €[ DJ |

M1 [0.4800] [5941] T
M1.2 |0.1800] 115843 +
M2 |0.0700] [40740]

Abbreviations: €] D] = increase (+) or decrease (-) of the costs when reducing the damage value

4.2.4. The height of the main girder

The parameter, the height of the main girder (H,,,), is investigated for two cases. The distinction lies
in how the diaphragm moves along to the increase in the main girder height. The two cases are (see
Figure 4.9):

1. The free space of the diaphragm increases with increasing height (H,,,_b), so the welded di-
aphragm length stays the same (H,,,_a).

2. The free space of the diaphragm stays constant with increasing height (H,,,_b), so the welded
diaphragm length increases (H,,,_a).
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Figure 4.9: Definition of Hy,4_a and Hp,g_b [3]

The reference height of the main girder is 1800 [mm] and is changed between 1600 and 2400 [mm]
when the gap size increases and between 1800 and 2400 [mm] when the gap size stays the same. The
results of cases 1 and 2 are shown in Table 4.8 and Table 4.9, respectively.

Table 4.8: Damage, parameter: the height of the main girder - increasing gap size

[ Height main girder [nm] | Damage M1.1[-] | M1.1 D [ Damage M1.2[-] [ M1.2D] [ Damage M2[-] | M2DJ [ Location M2 |

1600 1.99 +27% 1.10 +96% 0.66 +340% dia
1700 1.68 +7% 1.04 +86% 0.27 +80% dia
1800 1.57 / 0.56 / 0.15 / dia
1900 1.34 -15% 0.44 -21% 0.10 -33% cg
2000 1.43 -9% 0.32 -43% 0.08 -47% cg
2100 0.99 -37% 0.22 -61% 0.06 -60% cg
2200 0.74 -53% 0.20 -64% 0.05 -67% cg
2300 0.66 -58% 0.1 -80% 0.04 -73% cg
2400 0.50 -68% 0.06 -89% 0.03 -80% cg

Abbreviations: cg = cross-girder, dia = diaphragm, D = The difference in total damage with respect to the reference model
Elaboration: in bold = the results of the reference model
Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13

Table 4.9: Damage, parameter: the height of the main girder - same gap size

[ Height main girder [nm] | Damage M1.1[-] | M1.1Df [ Damage M1.2[-] | M1.2D] | Damage M2[-] [ M2DJ [ Location M2 |

1800 1.57 / 0.56 [} 0.15 / dia
1900 1.67 +6% 0.69 +23% 0.16 +7% dia
2000 1.77 +13% 0.81 +45% 0.12 -20% dia
2100 1.78 +13% 0.83 +48% 0.12 -20% dia
2200 1.74 +11% 0.91 +63% 0.12 -20% dia
2300 1.71 +9% 0.90 +61% 0.13 -13% dia
2400 1.71 +9% 0.94 +68% 0.13 -13% dia

Abbreviations: cg = cross-girder, dia = diaphragm, D = The difference in total damage with respect to the reference model
Elaboration: in bold = the results of the reference model
Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13

In Figure 4.10, the lines of best fit for the case of the increased gap size are shown (case 1). The
direction coefficient m shows the change of the total damage value per millimeter increased main girder
height. The m- and R2-value of the linear regression lines are:

« M1.1 - increased gap size: m = —0.0018 and R? = 0.9655
» M1.2 - increased gap size: m = —0.0013 and R? = 0.8772
« M2 - increased gap size: m = —0.0006 and R? = 0.6093

For the case where the same gap size is considered (case 2), the linear regression lines are shown in
Figure 4.11. The m- and R2-value of the best linear fit for each detail is:

« M1.1 - same gap size: m = 0.0002 and R? = 0.2583
+ M1.2 - same gap size: m = 0.0006 and R? = 0.8774
« M2 - same gap size: m = —0.00004 and R? = 0.3333

Both results of applying the least squares method are shown in Figure 4.12.
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The deformed shapes in Section E.3 and E.4 indicate that the flexibility of the inner web of the main
girder influences the stresses at the considered details. While the deformation of the cross-girder is
the same in all cases, the deformation of the main girder’s inner web is different. When the connection
between the deck plate is closer to the diaphragm end tip (H,,, = 1600 [mm] and H,,, = 1700 [mm]),
higher stresses at M2 are measured, as is also concluded for the parameter, the height of the cross-
girder. The reason for this the the increased rotational stiffness of this connection. Increasing the main
girder height (both cases), however, does not have a large influence on the fatigue performance of
detail M2. In all cases, the stresses at this detail fall within acceptable limits for fatigue. Only the critical
location changes from the diaphragm to the cross-girder web with increasing gap size. At this location,
the connection between the deck plate and the main girder is stiffer compared to the location of the
diaphragm. Nevertheless, increasing the gap size has a beneficial effect on the determined fatigue
damages of details M1.1 and M1.2. The increased flexibility of the inner web of the main girder re-
duces the stresses at M1.1 and M1.2. On the contrary, increasing the main girder height and keeping
the same gap size slightly increases the fatigue damage at those details. The inner web is clamped
over a longer length which makes it at the diaphragm end tip more rigid.
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Figure 4.10: Linear regression using least squares method, parameter: the height of the main girder - increasing gap size
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Figure 4.11: Linear regression using least squares method, parameter: the height of the main girder - same gap size
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Figure 4.12: Linear regression lines for the parameter: the height of the main girder

The absolute costs that are linked to changing the main girder height (changing the gap size) and
changing the damage values of all the details with 1 [—] are shown in Table 4.10. The costs of increasing
the height include:

» The extra steel to increase the inner and outer web of the two main girders
» The extra steel to increase the height of all diaphragms and end stiffeners

» The additional welding of the connection between the heightened diaphragm/end stiffeners and
the main girder’s inner and outer web

Increasing the height increases the costs. In addition, the environmental impact is increased. The
weight of the total structure is increased by 1404 [t] for every 100 [mm] increase.

Table 4.10: Costs to change the total damage value with 1, parameter: the height of the main girder - increasing gap size

[ Fatigue detail [ Damage [-]/ 100 [nm] | Costs [€]/ damage [-] [ € DJ |

M1 [0.1800] [7806733] +
M1.2 0.1300]| 110809323 +
M2 |0.0600]| [23420200] +

Abbreviations: €] D = increase (+) or decrease (-) of the costs when reducing the damage value

Deviating values

There are two main deviating values visible, namely the damage of detail M1.1 at a height of H =
2000 [mm] and of detail M1.2 at H = 1700 [mm] for the increased gap size case. Both deviations are
the results of the methodology of the Iv-Tool, as explained in Section 4.2.2.

4.2.5. The thickness of the inner web of the main girder

The influence of the thickness of the inner web of the main girder on the fatigue response is determined.
The thickness in the reference model is 30 [mm] and is changed between 10 and 50 [mm]. The results
are shown in Table 4.11. Also, the linear best-fitted lines of the measured data for the three fatigue
details are presented in Figure 4.13 and are combined in Figure 4.14. In this case, m represents the
change in total damage per millimeter increase in inner web thickness. The m- and R?-value of the
regression line for each detail is:

« M1.1: m = —0.3107 and R? = 0.8738
« M1.2: m = —0.1451 and R? = 0.8262
* M2: m = 0.0481 and R2? = 0.7779

The results show that from a thickness of 30 [mm] and higher, the fatigue damage of detail M2 increases.
A thicker main girder web makes the connection between the main girder and the cross-girder stiffer
because less deformation of the inner web of the main girder is possible. This results in an increase
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in stress in the deck plate at detail M2 with increasing inner web thickness. On the contrary, the in-
creasing thickness results in notable lower fatigue damages of details M1.1 and M1.2. The stresses
are reduced by the increased cross-sectional area of the plate. Moreover, in the case of a thin inner
web, the rotational stiffness at the diaphragm is relatively higher compared to a thick web that is "stiff”
over the total length of the bridge. The thinner web is restricted in its deformation capabilities at the
diaphragm, causing peak stresses to occur. Increasing the web thickness reduces peak stresses at
the diaphragm’s end tip.

Table 4.11: Damage, parameter: the thickness of the inner web of the main girder

[ Thickness inner web [nm] | Damage M1.1[-] [ M1.1D] | Damage M1.2[-] [ M1.2D] | Damage M2[-] [ M2DJ | Location M2 |

10 10.58 +574% 5.18 +825% 0.00 -100% cg+dia
15 10.42 +564% 5.14 +818% 0.00 -100% cg+dia
20 8.35 +432% 3.24 +479% 0.05 -67% dia
25 4.21 +168% 1.35 +141% 0.10 -33% dia
30 1.57 ! 0.56 ! 0.15 / dia
35 0.87 -45% 0.23 -59% 0.37 +147% cg
40 0.15 -90% 0.08 -86% 0.83 +453% cg
45 0.04 -97% 0.02 -96% 1.39 +827% cg
50 0.00 -100% 0.00 -100% 2.1 +1307% cg

Abbreviations: cg = cross-girder, dia = diaphragm, D = The difference in total damage with respect to the reference model
Elaboration: in bold = the results of the reference model
Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13
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Figure 4.13: Linear regression using least squares method, parameter: the thickness of the inner web of the main girder
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Figure 4.14: Linear regression lines for the parameter: the thickness of the inner web of the main girder

The costs that are related to changing the thickness of the inner web of the main girder and changing
the damage value of all the details with 1 [—] are shown in Table 4.12. The costs include the extra steel
needed to thicken the inner web of both main girders. Between a thickness of 10 and 30 [mm], no extra
steel is considered in this study. There are no costs within this range due to the requirement that both
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the inner and outer web thickness must be a minimum of 60 [mm]. The costs are calculated for an inner
web thickness larger than 30 [mm)].

Increasing the web thickness (T,,,, > 30 [mm]) with 5 [mm] will increase the weight of the total structure
with 2826 [t], contributing to the carbon footprint of the bridge [60].

Table 4.12: Costs to change the total damage value with 1, parameter: the thickness of the inner web of the main girder,
Tmg > 30 [mm]

[ Fatigue detail [ Damage [-]/5[mm] | Costs [€]/damage [-] [ €] D{ |

M1 [1.5535] 1819118 +
M1.2 |0.7255] [3895245) +
M2 |0.2405)| [11750520] -

Abbreviations: €] D = increase (+) or decrease (-) of the costs when reducing the damage value

4.2.6. The thickness of the diaphragm

The thickness of the diaphragm is altered in the parametric study. The thickness in the reference model
is 20 [mm] and is changed between 10 and 30 [mm]. The consequence is determined for three fatigue
critical details, see Figure 3.11. The results are shown in Table 4.13. In Figure 4.15 and Figure 4.16,
the best-fitted linear lines for the measured values are shown for each fatigue detail. The slope m
represents the change in total damage if the thickness of the diaphragm is increased by 1 [mm]. The
m- and R2-value of the linear regression line for each detail is:

* M1.1: m = 0.1218 and R2 = 0.9875
« M1.2: m = 0.0454 and R% = 0.9919
* M2: m = 0.003 and R? = 0.3676

A thicker diaphragm reacts more stiffly. The consequence is that all welded details close to the di-
aphragm experience higher peak stresses because the inner web of the main girder can deform less at
this location under the same loading conditions. The influence of the diaphragm thickness is substan-
tial. With a 5 [mm] reduction in thickness compared to the reference model, all details satisfy the fatigue
requirements. However, further assessment is necessary to determine if this reduction is feasible in
terms of the overall strength and stiffness of the entire structure.

Table 4.13: Damage, parameter: the thickness of the diaphragm

[ Thickness diaphragm [mm] | Damage M1.1[-] [ M1.1DJ [ Damage M1.2[-] | M1.2D] | Damage M2[-] [ M2DJ] | Location M2 |
10 0.52 -67% 0.16 -T1% 0.09 -40% cg
15 0.87 -45% 0.35 -38% 0.12 -20% cg
20 1.57 / 0.56 ! 0.15 / dia
25 2.16 +38% 0.78 +39% 0.09 -40% dia
30 2.92 +86% 1.08 +93% 0.18 +20% dia

Abbreviations: cg = cross-girder, dia = diaphragm, D} = The difference in total damage with respect to the reference model
Elaboration: in bold = the results of the reference model

Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13
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Figure 4.16: Linear regression lines for the parameter: the thickness of the diaphragm

The costs that are related to changing the thickness of the diaphragm and changing the damage value
of all the details with 1 [—] are shown in Table 4.14. The cost consists of the extra steel needed to thicker
the diaphragm. Decreasing the thickness, which is in this case the more beneficial option for fatigue
design, will reduce the costs of the bridge. Moreover, reducing the thickness of 26 diaphragms with
5 [mm] decreases the weight of the total bridge structure by 1860 [¢]. Less steel needs to be produced,
which reduces C'O, emissions [60].

Table 4.14: Costs to change the total damage value with 1, parameter: the thickness of the diaphragm

[ Fatigue detail [ Damage [-]/5[mm] | Costs [€]/damage [-] [ €] D{ |

M1 10.6090] [3053403]
M1.2 10.2270] 8191729 -
M2 [0.0150| 1123968173 -

Abbreviations: €] D = increase (+) or decrease (-) of the costs when reducing the damage value

4.2.7. The thickness of the steel deck plate

The results of the study of the thickness of the steel deck plate on the fatigue damage are shown in
Table 4.15. The thickness of the deck plate in the reference model is 20 [mm] and is changed between
10 and 40 [mm]. In addition, Figure 4.17 and Figure 4.18 show the linear regression lines for each
detail. Here, m represents the change in total damage per millimeter increase in the thickness of the
steel deck plate. The m- and R2-value of the linear regression line for each detail is:

* M1.1: m = —0.0341 and R2 = 0.6699
e M1.2: m = —0.0182 and R2 = 0.7778
* M2: m = —0.1468 and R? = 0.6248

The results show minimum effect for all details. In Figure 3.11, the locations of the details are explained.
In Section E.7 of Appendix E, the deformed shapes for a thickness of 10 [rnm] and 40 [mm] are shown.
It shows that the thicker deck plate deforms less. In addition, the main girder rotates less. As a result,
the inner web of the main girder has to deform less, which lowers the stresses at details M1.1 and
M1.2. A thicker deck plate is stiffer and attracts more force but the larger area of the plate lowers the
stresses at detail M2. At a thickness of 10 [mm] a higher total damage value of detail M2 is observed
than what would be expected as the trend line is followed. The explanation for this is the mesh size
and the reading points. With a smaller thickness, the mesh size at the weld connecting the deck plate
to the main girder is smaller because the mesh is equal to 0.4¢ - t. A smaller mesh size results in higher
stresses. Moreover, the reading points to determine the HSS of detail M2 are closer to the connection
due to the weld geometry. Because of the right-angle connection, higher stresses are measured closer
to this location.
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Table 4.15: Damage, parameter: the thickness of the steel deck plate
[ Thickness deck plate [nm] | Damage M1.1[-] [ M1.1D] | Damage M1.2[-] [ M1.2D] | Damage M2[-] [ M2DJ [ Location M2 |
10 2.46 +57% 1.01 +80% 4.85 +3133% cg
20 1.57 / 0.56 / 0.15 / dia
30 1.25 -20% 0.47 -16% 0.02 -87% dia
40 1.43 -9% 0.43 -23% 0.00 -100% cg+dia

Abbreviations: cg = cross-girder, dia = diaphragm, D = The difference in total damage with respect to the reference model

Elaboration: in bold = the results of the reference model

Reference: the fatigue details correspond to those given in Figure 3.11 and Figure 3.13
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The costs that are related to changing the thickness of the steel deck plate and changing the damage
value of all the details with 1 [—] are shown in Table 4.16. The cost consists of the extra steel needed to
thicker the deck plate and the extra volume of the weld connecting the deck plate to both main girders.
The latter is not linear, an assumption of an extra 125 [mm?] per 5 [mm] is made.

Increasing the thickness of the steel deck plate will result in elevated steel consumption. The manu-
facturing process of steel is associated with the release of carbon dioxide CO- emissions, and energy
and water consumption [60]. In total, increasing the thickness of the deck plate with 5 [mm], increases

the amount of steel with 7065 tonnes.

Table 4.16: Costs to change the total damage value with 1, parameter: the thickness of the steel deck plate

[ Fatigue detail [ Damage [-]/5[mm] | Costs [€]/ damage [-] [ €] D{ |

Vi [0.1705] [41468622]
M1.2 |0.0910| |77696703]
M2 07340 19632698

+
+
+

Abbreviations: €] D] = increase (+) or decrease (-) of the costs when reducing the damage value
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Deviating values
A deviating value is visible at detail M1.1 at a thickness of 40 [mm]. The value is higher than expected,
which is the result of the methodology of the Iv-Tool, as explained in Section 4.2.2.

4.3. Results of additional fatigue detail

In addition to fatigue details M1.1, M1.2, and M2, fatigue detail M3 is studied for the different param-
eters, see Figure 3.12. The results are shown in Appendix F. For each parameter, however, the total
damage value is only measured for three values: the reference model and the two extreme considered
values of the parameter. A linear line between these three points is created using the least squares
method. The results of Section 4.2 show that in most cases a linear relationship gives a good approxi-
mation of the trend.

In general, it can be concluded that the total fatigue damage of detail M3 cannot be reduced to below 1
with the parameters considered within realistic sizes. The fatigue damage of this detail can be slightly
reduced with the (global) parameters considered. This detail can probably fulfill the requirements by
applying local measures such as adding an external plate or a cope hole to mitigate excessive concen-
trated stresses.

4.4. Design recommendations for bridges project Oostertoegang

On the basis of the results of the parametric study (Section 4.2) suggestions will be made for the fatigue
design of the bridges of project Oostertoegang with the adapted diaphragm design. Recommendations
to enhance the fatigue design of the reference model will be based on both cost-effectiveness and fea-
sibility. Only the fatigue details discussed in the parametric study will be considered. In addition, the
total bridge structure will not be verified on strength and stability.

From the results, it can be concluded that fatigue detail M3 will not satisfy fatigue criteria by changing
the considered parameters. This detail requires a local approach. Probably adding an external plate or
a cope can improve the fatigue performance of this detail. For the reference model (see Section 3.1),
fatigue requirements are also not met for the fatigue-prone detail M1.1, which exhibits a fatigue damage
of 1.57 [—]. Suggestions to improve the fatigue damage of this detail with the considered parameters
will be given.

Parametric alterations incur costs. In Table 4.17, the costs involved with changing the damage value
with 1 [—] are sorted by magnitude for each fatigue detail. These costs are determined in Section 4.2.
The parameter offering the most cost-effective means of reducing damage by 1 unit will be most in-
teresting to change when designing for fatigue. To reduce the damage value of the particular detail,
less material and welding may be required for certain parameters. This will save costs. In this case,
the parameter with the highest absolute costs per damage is preferable to change. Other parameters
require costs to optimize the damage value of the fatigue detail. In this situation, the parameter with
the lowest costs per damage is most interesting to change if feasible.

In Table 4.17, some values that require attention are shown in bold. For all fatigue-prone locations,
the parameter T,,, requires attention because between an inner web thickness of 10 and 30 [mm] the
costs do not change. This is because the thickness of the main girder’s inner web is compensated by
the outer web. For detail M2 and the parameter T, the costs to change the damage look favorable.
However, the linear regression line is not fully representative because of the sensitivity to an outlier.
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Table 4.17: Sorted costs per damage, in bold: results that require attention

(a) Detail M1.1 (b) Detail M1.2 (c) Detail M2
[ Par. | Costs[€]/damage [ € D] | [ Par. [ Costs[€]/damage | €/ D] | [ Par. [ Costs[€]/damage | €f D] |
Hey [5941] + Hey [15843] + Heq [40740] -
Tomg [1819118] + Tomg [3895245) + Tieek |9632698| +
Taia |3053403| - Tiia |8191729] - Tomg [11750520] -
c-t-c 16791435 + Hpg 110809323 + Homg 23420200 +
H,,g |7806733| + c-t-c [13019778| + c-t-c 132191400| +
Tieek |41468622| + Taeck 77696703 + Taia [123968173) -

Abbreviations: par. = parameter, € D|. = increase (+) or decrease (-) of the costs when reducing the damage value

To satisfy the fatigue requirements of detail M1.1, the thickness of the diaphragm could be decreased
with 5 [mm] to a thickness of 15 [mm]. Less steel would reduce the costs of the bridge structure. This
would be the most cost-effective option to design for these three fatigue details in the middle of the
bridge. However, this alteration would affect the main girder’s overall stability. For this reason, this
optimization is probably not feasible.

Then, increasing the height of the cross-girder is shown to be a cost-effective solution to improve the
fatigue stresses at M1.1 to a level that conforms to the standards. Increasing the height with 200 [mm]
to 700 [mm] solves the fatigue issue for this detail. However, due to road and rail alignment require-
ments, this solution is not realistic for this case.

The third cost-effective solution that follows from the parametric study is increasing the thickness of the
inner web of the main girder. Increasing the thickness with 5 [mm] to 35 [mm] would result in a damage
value below 1 [—] for details M1.1, M1.2, and M2. It is a more expensive solution but does probably
not have a large influence on the structural performance of the bridge. For this reason, it is the most
feasible solution.

Other more costly solutions are increasing the number of cross-girders, increasing the height of the
main girder, and increasing the thickness of the deck plate. With only increasing the number of cross-
girders, fatigue requirements will not be met. The height of the cross-girder should be increased by at
least 300 [mm] to meet the criteria, for which space might not be available. Increasing the deck plate
thickness is a very costly procedure with low effect. These measures could be used as an addition to
others, as a combination of parameters could also reduce the damage value to below 1 [—]. On the
other hand, if it is possible to reduce these parameters, costs can be saved and the fatigue details
will not be influenced that much. However, it should be noted that the potential for achieving these
reductions is limited.



Conclusion and recommendations

In this chapter, the conclusions are presented. In addition, recommendations for further research will
be put forth.

5.1. Conclusion

The purpose of this report is to determine how certain parameters affect the fatigue strength of the
main- to cross-girder connection, and what parameter changes do this in the most cost-effective way.
The goal is to minimize the necessity of welding additional plates to the connection while still meeting
fatigue requirements. The main research question is: How can the design of the connection between
the main girder and cross-girder of a railway bridge be optimized for fatigue?

To answer the research question a literature and parametric study is performed. The influence of sev-
eral parameters on the fatigue performance of the connection is researched. The designs of the bridges
of project Oostertoegang are the basis of the parametric study. A finite element model in Ansys® 2022
R2[3] is created to determine the stress ranges due to moving train loads at fatigue-prone details. Be-
low the conclusions of this research are listed:

» The follow-up research to Pandit [13], modeling the weld with increased thickness of the shell
elements, in accordance with the guidelines outlined in prTS 1993-1-901 [4], yielded hot spot
stress results comparable to those of a solid model (see Section 4.1.1).

Designing a diaphragm that increases the flexibility at the main- to cross-girder connection can
reduce the maximum fatigue damage at the most critical location by 88% compared to a design
with a certain rotational stiffness (see Section 4.2.1).

Reducing the center-to-center distance between the cross-girders reduces the fatigue stresses at
all considered hot spot locations (see Figure 3.11). However, this solution is relatively expensive,
considering its minimal impact on fatigue and the costs associated with adjusting the parameter.
The fatigue damage of detail M1.1 can be reduced by 17% when increasing the number of cross-
girders from 7 to 8 (see Section 4.2.2).

Increasing the height of the cross-girder reduces the stresses at details M1.1 and M1.2 and in-
creases the stresses at detail M2. This parameter is one of the most cost-effective solutions out of
the considered parameters to reduce the damage of detail M1.1. Increasing the height from 500
to 600 [mm] and from 500 to 700 [mm] reduces the damage value with 15% and 39%, respectively
(see Section 4.2.3).

Increasing the height of the main girder, thereby increasing the gap size (H,,,_b), reduces the
fatigue damage of all details. Changing the height from 1800 to 1900 [mm] reduces the fatigue
damage of detail M1.1 with 15% (see Section 4.2.4). However, the costs are high in relation to
the advantage achieved.
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Increasing the thickness of the inner web of the main girder reduces the fatigue stresses at details
M1.1 and M1.2 but increases those at detail M2. Increasing the thickness from 30 to 35 [mm] has
a noticeable effect on the fatigue damage at detail M1.1 with a decrease of 45% (see Section
4.2.5). Also, the estimation is that this is a relatively cost-effective approach.

Increasing the thickness of the diaphragm increases the fatigue damage at details M1.1 and M1.2
and has almost no influence on detail M2. Decreasing the thickness has a significant influence
on the fatigue damage of detail M1.1. A thickness decrease from 20 to 15 [mm], reduces the
damage with 45% (see Section 4.2.6). Moreover, decreasing the thickness would save costs and
for this reason, is an attractive solution if feasible.

Increasing the thickness of the deck plate decreases the damage values of the considered details.
Increasing the thickness from 20 to 30 [mm] reduces, in this case, the damage of detail M1.1 with
20% (see Section 4.2.7). Increasing the deck plate thickness over the entire bridge is, however,
a costly procedure.

» Detail M3 cannot meet fatigue requirements with the analyzed parameters (see Section 4.3).
Implementing localized measures could enhance the fatigue life of this specific detail.

Increasing the thickness of the inner web of the main girder is the most feasible and relatively
cost-effective solution to fulfill the fatigue requirements of details M1.1, M1.2, and M2 for this
bridge structure (see Section 4.4).

5.2. Recommendations for further research

Based on the results gathered in this report, certain subjects arise that require further detailed investi-
gation. Recommendations for further research are listed below.

» Additional research is necessary to ascertain the suitability of the hot spot detail categories ap-
plied to fatigue detail M2 and M3. NEN-EN1993-1-9 table B.1 detail 3 depicts a cruciform joint
featuring a full penetration K-butt weld, whereas detail M2 is a T-joint with a single bevel butt weld.
Furthermore, NEN-EN1993-1-9 table B.1 detail 4 addresses a non-load carrying fillet weld, while
detail M3 is a single bevel weld.

Satisfying the fatigue requirements of detail M3 within the considered parameters is unfeasible.
Further research is required to identify cost-effective local measures that could enhance the per-
formance of this specific fatigue detail.

The results of the weld modeling technique for shell elements according to prTS1993-1-901 [4]
show good agreement with a solid model considering a welded cruciform joint. In order to check
whether this is also the case for a T-joint and other load cases, further research needs to be
performed.

Optimizing the weld modeling technique could help minimize the disparity between the outcomes
obtained using shell elements and those derived from solid elements. The computational time
with shell elements is significantly lower compared to solid elements, so this would be beneficial.

» Many large steel railway bridges are constructed with either an arch or truss structure. This
research only considers a beam railway bridge based on the bridge designs for project Oost-
ertoegang. The inclusion of an arch or truss structure impacts the structural stiffness, thereby
potentially affecting stress distribution within the structural elements. Further research is needed
to understand how this may influence the fatigue performance of the connection between the
main- and cross-girder.

+ Steel-concrete decks are commonly seen in railway bridge structures. The weight of the bridge
deck serves as a beneficial factor for mitigating sound emissions and managing tension forces
within the hangers of an arch structure. This study only considers a steel deck. The influence
of the steel-concrete deck on the fatigue strength of the main- to cross-girder connection can be
further investigated.

» The impact of different cross-sectional shapes of the main girder (open or closed profiles) could
be researched to determine the influence on the fatigue stresses at the connection with the cross-
girder.
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Fatigue detail categories

Figure A.1 and Figure A.2 show relevant fatigue detail categories at the location of the main- to cross-
girder connection. Figure A.1 considers the detail categories for the nominal stress method and Figure
A.2 for the hot spot stress method.

In Table A.1 and Table A.2 the fatigue detail categories are shown. The source of the detail categories
is NEN-EN1993-1-9 [9]. Table A.1 includes detail categories for the nominal stress method and Table
A.2 for the hot spot stress method. For each fatigue detail, the table number in Eurocode 3 part 1-9
and the detail number are shown.

Nominal stress method

Table 8.2 detail 5 Table 8.2 detsil 5
100 100
sy, web Sy, web
Table 8.4 detail 1
e Table 8.4 detail 1

56, L>100 mm

sy, web
Table 5.4 detail 8 Sy Y
80, L<50 mm Table 8.4 detail &
sz, web 80, L<50 mm
Table 8.5 detail 3 52, web
£ Table 8.5 detail 3
Sx, diaphragm 36
Table 8.5 detall 8 S dinphisin \\
/ 80 Table 8.5 detail & NEN-EN1993-1-9 X
txy, diaphragm/ T/,,—-éu—— — “
yz flange ; et 3
y . (,!a!i”:a,gm \ Table 8.2 detail 5
{ vz flange \ i
Sz, flange
Table 8.4 detall 6
80, L<50 mm
Table 8.2 detail 5 il T e
100 Table 8.5 detail 1 Table 8.1 detail 1
sx, flange 80, L<50 mm /
bR een 71, 50<L<80 mm all plates
56, L>100 mm Sx, flange
Sx, flange Table 8.5 detail 8
Table 8.4 detail 8 80
80, L<50 mm I/sz flange / tyz, web
52, flange
Table 8.5 detail 3 g |
o4 100 l
Sy, diaphragm Table 8.2 detail 6 5y, web main girder /
Table 8.5 detail 8 100 \ Er‘os&giéder : |
a0 5z, flange Table 8.4 detail 6
I e, lange / Table 8.5 detail 1 0, L<50 mm T”*"E‘: ;den A
ooy diaphragm B0 Sz, web main girder & Hange Table 8 2 detail 10
Sy, web Table 8.5 detail 1 Sl =
, able ai
l Table 8.5 detail 8 B0 L onal ol 2ot i Sx, flange at web
o e 52, flange Table 8.3 detail 14
vz, web / Tz, flange Lyt Foble s detail 1 7
Gl b = 80, 80, L<50 mm / 52, flange at web
Table &3 detail 7 Ty, web cross-gider | 0 -<E)mm TRHE Ll
90, <25 mm Tyz, web main girder B, el :
sx, flange cross-girder Table 8.5 detail 8 Txy, web/Tyz, flange
80

Txy, web / Tz, flange

Figure A.1: Fatigue detail categories at the location of the connection between the main- and cross-girder for nominal stress
method [3][9]
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Table A.1: Fatigue detail categories EN1993-1-9, nominal stress method [9]

| Table | Detail |

Explanation

NOTE The fatigue strength curve associated with category 160 | Rolled and extruded products: Details 1) to 3):
is the highest. No detail can reach a better fatigue strength at any
number of cycles. 1) Plates and flats; Sharp edges, surface and rolling
8 1 1 160 —~ 2) Rolled sections; flaws to be improved by grinding
. - ( 3) Seamless hollow sections, until removed and smooth
either rectangular or circular. transition achieved.
5) Manual fillet or butt weld. 5), 6) A very good fit between the
flange and web plates is essential.
8 2 5 +6 100 6) Manual or automatic butt The web edge to be prepared such
. P — welds carried out from one side | that the root face is adequate for
) only, particularly for box girders | the achievement of regular root
é/ C(D penetration without break-out.
10) Longitudinal butt weld, both
125 sides ground flush parallel to
8 2 1 0 load direction, 100% NDT
. 10) No grinding and no
12 @ slart/swir ¢
90 10) with start/stop positions
5) Transverse splices in plates or | - The height of the weld convexity
<01b b <1/4 flats. to be not greater than 10% of the
Ty m " iy " 6) Full cross-section butt welds weld width, with smooth
EE i of rolled sections without cope transition to the plate surface.
size effect holes. -Weld run-on and run-off pieces
for ,% Q> 7) Transverse splices in plates or | to be used and subsequently
8 3 7 90 >25mm: (5) S~ flgts tapereq in width or in removed, pla{e ques to be
. . oy th]cknes_s with a slope < V4. ground flush in direction of
k=252 ) Translation of welds to be stress.
s = <1/4 E machined notch free. -Welded from both sides;
(6) ‘/7\ checked by NDT.
&/ \LJ
Details 5 and 7:
Welds made in flat position.
vt With backing strip: Details 14) and 15):
A 14) Transverse splice.
. A 15) Transverse butt weld Fillet welds attaching the backing
size effect Tl tapered in width or thickness strip to terminate > 10 mm from
8 3 1 4 for | % >10mm with a slope < V4. the edges of the stressed plate.
. 71 >25mm: T~ Also valid for curved plates. Tack welds inside the shape of
_ 02 butt welds.
k=(25/t)"
@ == @
Longitudinal I The thick of the T
80 L=50mm must be less than its height. If not
71 50<L<80mm 1) The detail category varies see Table 8.5, details 5 or 6.
8.4 1 - according to the length of the
63 80<L<100mm attachment L.
56 L>100mm
Transverse | Details 6) and 7):
6) Welded to plate. Ends of welds to be carefully
ground to remove any undercut
80 (=50mm 7) Vertical stiffeners welded to a | that may be present.
beam or plate girder.
7) Ao to be calculated using
8 4 6+ 8 8) Diaphragm of box girders principal stresses if the stiffener
. welded to the flange or the web. | terminates in the web, see left
May not be possible for small side.
hollow sections.
7 50<t<80mm The values are also valid for ring
stiffeners.
80 <50 mm Cruciform and Tee joints: I) Inspgclgq and fouqd fiiee from
discontinuities and misalignments
71 50<(<80 1) Toe failure in full penetration | outside the tolerances of
63 80<(<100 butt welds and all partial EN 1090.
56 100<(<120 penetration joints.
56 >120 2) For computing Ao, use
120<€<200 modified nominal stress.
50 200
200<(<300 3) In partial penetration joints two
45 300 fatigue assessments are required.
0 300 Firstly, root cracking evaluated
8 5 1 +3 flexible panel 2) Toe failure from edge of accqrdmg tovstresses deﬁnetim
" / ¢ attachment to plate, with stress section 5, using category 36* for
As / [ ] peaks at weld ends due to local | A0w and category 80 for At,,.
detail 1 . plate deformations. Secondly, toe cracklflg. is .
in @ v, fl.\l/allu:z:d by ::!c!cn;nmng Ac in
Table 8.5 . — T— N e load-carrying plate.
=3 Details 1) to 3):
@ The misali of the load-
3) Root failure in partial carrying plates should not exceed
S~ penetration Tee-butt joints or 15 % of the thickness of the
36* . — fillet welded joint and effective | intermediate plate.
] (3) _ T | full penetration in Tee-butt joint.
8) Continuous fillet welds 8) At to be calculated from the
transmitting a shear flow, such weld throat area.
>10 mm as web to flange welds in plate
80 girders. 9) At to be calculated from the
8 . 5 8 A S weld throat area considering the
m=5 == 9) Fillet welded lap joint. total length of the weld. Weld
O 9/ terminations more than 10 mm
from the plate edge, see also 4)
and 5) above.
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Hot spot stress method

/

Table B.1 detail 5
100
Sy, web

NEN-EN1993-1-9

Table B.1 detail 3
100
Sx, flange
Table B.1 detail 4
100

/y, web main girder

Figure A.2: Fatigue detail categories at the location of the connection between the main- and cross-girder for hot spot stress

method [3][9]

Table A.2: Fatigue detail categories EN1993-1-9, hot spot stress method [9]

| Table | Detail | Explanation

2) Full penetration butt joint. 2)
-Weld not ground flush
-Weld run-on and run-off pieces
0 be used and subsequent];
B.1 2 100 @ \(é 8 9} :emovesd, platesedgsesqto btey
ground flush in direction of
stress.
-Welded from both sides.
-For misalignment see NOTE 1.
o—_ 3) Cruciform joint with full 3)
penetration K-butt welds. -Weld toe _angle <60°.
B ) 1 3 100 @ Qé E:é) -For misalignment see NOTE 1.
= 4) Non load-carrying fillet 4)
welds. -Weld toe angle <60°.
B1 4 100 ] L -See also NOTE 2.
@ (< —=>)
5) Bracket ends, ends of 5)
h longitudinal stiffeners. -Weld toe angle <60°.
B.1 5 100 ® %—1 -See also NOTE 2.
C— 7) Cruciform joints with load- 7)
carrying fillet welds. -Weld toe _angle <60°.
B.1 7 w | @ ge:i tj_ﬂ, o g e NOTS
B.1 Note 1 | Table B.1 does not cover effects of misalignment. They have to be con-
sidered explicitly in determination of stress.
B.1 Note 2 | Table B.1 does not cover fatigue initiation from the root followed by prop-
agation through the throat.




Rainflow counting Iv-Tool

Figure B.1 shows a stress plot due to train type 11 for a random influence line. Table B.1 shows
the output of the rainflow counting performed by Python (lv-Tool). In Figure B.2 the rainflow output
is visualized in the stress plot. The load history is rotated 90 degrees clockwise to do the rainflow
counting.

Train stress plot

Stress (Pe]

Loadstep (]

Figure B.1: Stress plot due to train type 11, random influence line

Table B.1: Rainflow counting output Python

Stress range [Mpa]| Average stress [Mpa] | Number of cycles| Startindex|End index Stress range [Mpa]| Average stress [Mpa] | Number of cycles | Startindex|End index
07 -38 i 27 42 34 -15.8 1 1062 1063
12 67 1 49 64 222 75 il 902 1017
97 -48 05 0 70 36 -16.1 il 1106 1107
0.1 6 1 121 123 31 98 1 1126 1127
02 6 i 130 132 35 15 1 1154 1175
158 17 05 70 127 34 -158 il 1242 1243

0 -114 1 206 207 222 75 il 1082 1197
0 58 ! 234 235 36 -16.1 1 1286 1287
02 5 9 2 1 98 Of 07
35 1 6 i 5 15 3 55
02 -5 0 2 4 -15.8 2. 23
0 0. 1 4 222 15 6. 77
2 -1 55 73 6 -16.1 6 67
26 -4 0 1 98 8 87
-1 2 5 15 1 35
1 8.1 7 -15. 60: 603
-16. 7 2. 7. 44 557
9. 7 1 641 647
K 34 55 661 667
15.4 22 23 69: 715
22 -7 62 77 1 78 783
36 -16.1 1 566 567 222 75 il 1622 1737
31 98 1 586 587 36 16.1 il 1826 1827
35 15 1 614 635 31 98 1 1846 1847
34 -15.8 i 702 703 35 15 1 1874 1895
222 15 il 542 657 34 158 il 1962 1963
36 -16.1 1 746 747 222 75 i) 1802 1917
34 98 ! 766 767 248 6.3 05 127 1982
5 15 794 815 0 96 1 05 051
4 158 82 3 06 42 i 14! 156
222 75 22 282 45 05 98 052
6 16.1 26 7 178 07 05 05: 136
1 938 46 7 46 59 05 131 162

5 145 74 5
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Figure B.2: Rainflow counting visualized (clipped stress plot), green dots are starting indexes and black dots are ending
indexes determined by Python



Verification modeling technique

This section compares and verifies different weld modeling techniques using a reference model. As
discussed in Section 2.4.1, if shell elements are used the weld can be modeled by increasing locally
the thickness. This is especially important when the results are affected by local bending. Pandit [13]
showed that a solid model gives a good estimation of reality, so the results of this model are used as a
reference. The following modeling techniques are researched:

+ Solid

» Shell without considering the weld
 Shell + weld 1IW [18]

 Shell + weld Eriksson [35]

+ Shell + weld [IW+Eriksson

» Shell + prTS 1993-1-901 [4]

The modeling techniques are compared on two cruciform joints with a longitudinal fillet weld and a
transverse fillet weld, respectively. The geometry and dimensions are taken the same as in the re-
search of Pandit [13], see Figure C.1 and Table C.1. The shell and solid models are modeled such that
they are the same size. The shell model is modeled with mid-planes and the total height of the top/bot-
tom plate is H+ %7 By comparing the results with the research of Pandit, the way of modeling is verified.

The stresses are determined between 0 [mm] and 50 [mm] perpendicular to the weld toe location, to the
hot spot location. The hot spot location for the solid model is at the weld toe location. For the shell ele-
ment model, the origin for stress extrapolation is at the intersection point between two adjacent plates.
If the weld is modeled in the shell model, the hot spot location is taken at the weld toe location. This is
in accordance with [IW [10].

The mesh size of all models is 1 [mm]. The mesh size of the model from Pandit is not known, so this
can cause differences in the results. This report uses the FEM software Ansys® 2022 R2, while Pandit
uses ABAQUS.

Figure C.1: Dimensions and geometry of cruciform joint, longitudinal (left) and transverse (right) [13]
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C.1. Transverse fillet weld 71

Table C.1: Dimensions of cruciform joint, reference model [13]

\ Component | Abbreviation | Dimension [mm] |

Length of the base plate L 200

Height of the top and bottom plates H 50
Thickness of the base plate ty 8
Thickness of the top and bottom plates tp 10
Width of the base plate wy 50

Width of the top and bottom plate wy 50
Throat thickness of the weld a 5

C.1. Transverse fillet weld

In this research, four modeling techniques are used which are relevant for the transverse fillet weld:
solid, shell, shell + weld Eriksson, and shell + weld prTS. The first three are based on the research
of Pandit [13]. The same coordinate system, load cases, boundary conditions, and reading paths are
considered as in the research of Pandit to make verification possible. Figure C.2 shows the numeri-
cal models of Pandit and Figure C.3 shows the numerical models for this research. The models are
comparable.

Shell + weld
Eriksson

.
i

Shell + Eriksson Shell + prTS

Figure C.3: Numerical models of the cruciform joint for different modeling techniques, transverse weld [3]

Figure C.4 shows the load cases and reading paths considered in the research of the cruciform joint
with a transverse fillet weld. The load cases considered are:

* in-plane bending
* in-plane torsion
* out-of-plane torsion

The face and edge for the torsion load cases are taken 10 [mm] from the end of the top/bottom plates.
The boundary conditions are placed at the mid-plane of the base plate. On one side is the displacement
restricted in all directions and on the other side is the displacement free in x-direction.
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In-plane bending In-plane torsion Out-of-plane torsion

Figure C.4: Three load cases, transverse weld, reference model [13]

Figure C.28 to Figure C.8 shows the results for the load case in-plane bending. The results show the
same order of magnitude as the research of Pandit. It can be concluded that all shell models where the
weld is included show a good estimation of the behavior when compared to the solid model. However,
the shell model without weld shows an overestimation of the stress, also at a distance x from the hot
spot location.
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Distance from hot-spot (mm)
Figure C.5: Transverse fillet weld, in-plane bending Figure C.6: Transverse fillet weld, in-plane bending
stress stress, reference model [13]
Deformation y-direction along path 1
0,50
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: 0 5 10 15 20 25 30 35 40 45 50
Distance from one end of the plate to the other end [mm] .
Distance from one end of top plate to other end (mm)
Figure C.7: Transverse fillet weld, in-plane bending Figure C.8: Transverse fillet weld, in-plane bending
deformation deformation, reference model [13]

Figure C.30 to Figure C.12 shows the results for the load case in-plane torsion. Also, for this load case,
the shell element model shows an overestimation of the stresses. All shell element models where
the weld is included show good comparison with the solid model. The results have the same order of
magnitude as the research of Pandit.
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Figure C.10: Transverse fillet weld, in-plane torsion
Figure C.9: Transverse fillet weld, in-plane torsion stress stress, reference model [13]
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Figure C.11: Transverse fillet weld, in-plane torsion Figure C.12: Transverse fillet weld, in-plane torsion
deformation deformation, reference model [13]

Figure C.13 to Figure C.20 shows the results for the load case out-of-plane torsion. The results are
comparable with the results of Pandit. It can be concluded that for this load case, the shell element
model without the weld shows an overestimation of the stress. When the weld is modeled according
to prTS1993-1-901 it also shows a small overestimation compared to the solid model.
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Figure C.13: Transverse fillet weld, out-of-plane torsion Figure C.14: Transverse fillet weld, out-of-plane torsion

stress stress, reference model [13]



C.1. Transverse fillet weld 74
Deformation x-direction along path 1
0,01
Deformation U1 along path-1 for variant-1

_ — 0010
£ 001 g Solid
£ £ ol
< el = 0.005
c ) =
2 0,00 Shell + weld Eriksson
® s Shell
£ 0O 5 10 15 20 25 30 35 40 45 50 Shell + weld prTs g 0.000
§_001 solid g 0 5 10 15 20 25 30 35 40 45 50

’ S -0.005 Shell+weld

& Eriksson
-0,01 -0.010

Distance from one end of the plate to the other end [mm]

Figure C.15: Transverse fillet weld, out-of-plane torsion
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Figure C.17: Transverse fillet weld, out-of-plane torsion
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Figure C.19: Transverse fillet weld, out-of-plane torsion
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Figure C.16: Transverse fillet weld, out-of-plane torsion
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Figure C.18: Transverse fillet weld, out-of-plane torsion
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Figure C.20: Transverse fillet weld, out-of-plane torsion

deformation Z, reference model [13]

The same is done for a double bevel weld, see Figure C.23 for the geometry. Figure C.24 to Figure
C.24 show the results for the same load cases used for the transverse fillet weld.
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Figure C.21: Geometry double bevel weld
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Figure C.23: Double bevel, in-plane torsion stress

C.2. Longitudinal fillet weld
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Figure C.22: Double bevel, in-plane bending stress
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Figure C.24: Double bevel, out-of-plane bending stress

In this research, six modeling techniques are considered which are relevant for the longitudinal fillet
weld: solid, shell, shell + weld IIW, shell + weld Eriksson, shell + weld IIW+Eriksson, and shell + weld
prTS. The first five are based on the research of Pandit [13]. The same coordinate system, load cases,
boundary conditions, and reading paths are considered as in the research of Pandit to make verification
possible. Figure C.25 shows the numerical models of Pandit and Figure C.26 shows the numerical

models for this research. The models are comparable.

Shell + weld
Eriksson

Shell + weld
IIW+Eriksson

Shell + weld

Figure C.25: Numerical models of the cruciform joint for different modeling techniques,longitudinal weld, reference [13]
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Shell + IW Shell + Eriksson

Shell + IIW+Eriksso! Shell + prTS

Figure C.26: Numerical models of the cruciform joint for different modeling techniques, longitudinal weld [3]

Figure C.27 shows the load cases and reading paths considered in the research of the cruciform joint
with a longitudinal fillet weld. The load cases considered are:

* in-plane bending
* in-plane torsion

In-plane bending In-plane torsion

Figure C.27: Three load cases, longitudinal weld, reference model [13]

Figure C.28 shows the result for the load case in-plane bending. The results show the same order
of magnitude as the research of Pandit, see Figure C.29. All modeling techniques where the weld is
included in the shell element model show good comparison with the solid model. The shell element
model without weld does overestimate the results.
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Figure C.29: Longitudinal fillet weld, in-plane bending
Figure C.28: Longitudinal fillet weld, in-plane bending stress, reference model [13]
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Figure C.30 shows the result for the load case in-plane torsion. The results show the same order
of magnitude as the research of Pandit, see Figure C.31. The shell element model shows a small

overestimation of the results.
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Figure C.30: Longitudinal fillet weld, in-plane torsion
stress

Stress perpendicular to weld toe along path-1 for

variant-1
150 Solid
ElOO Shell
=
“&' Shell+weld
g 50 w
& Shell+weld
0 Eriksson
0 5 10 15 20 25 30 35 40 45 50 Shell+weld
1IW+Eriksson

Distance from hot-spot (mm)

Figure C.31: Longitudinal fillet weld, in-plane bending,
reference model [13]



Hand calculation versus Iv-Tool

The total damage of the three fatigue critical details (M1.1, M1.2 & M2) is calculated for the reference
model configuration. The general methodology is described in Chapter 3. The calculation will be per-
formed with the described lv-Tool and compared with a hand calculation using Microsoft Excel.

The plate thickness in the shell element model is increased at the viewed location, according to prTS
1993-1-901 [4] guidelines, to consider the stiffness of the weld. This is at the location of the middle di-

aphragm (weld 1), between the three middle cross-girders (weld 2), and the middle cross-girder (weld
3). The increased thickness considered for the reference model is shown in Figure D.1.

@ gﬁ
X
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<3
=30 t1=30

1:+0.5L2-37.5 @

) =20

©

L1:24.14I i
LL:Z4.14I i
7

11+0.5L1 =42.0°

L.=35

[mm] t1+0.5L: = 36.5

Figure D.1: Thickness increase at the location of the weld [mm]

The global mesh size is 175 [mm]. The mesh at the viewed location is refined to 50 [mm] with a sphere
of influence with a radius of 2 x 1900 [mm]. At the location of the fatigue details the mesh is further
refined to 0.4t. The mesh refinement along weld 1 is 12 [mm] and weld 2 & 3 is 8 [mm]. The growth
rate of the mesh is 1.1. So, the mesh size increases by 1.1 times the previous size each time as it
moves further away from the defined location.

The fatigue damage is determined for in total three fatigue details, see Section 3.3. The detail category
of all details is 100, if the hot spot method is used [9]. The stresses for detail M1.1 are always deter-
mined at the stiffener end in the y-direction, see Figure D.2. The stress for detail M1.2 is determined
along weld 1 where the stress range is the highest. It is measured that this is always, for all parameters,
the case at the stiffener end. The normal stress is determined in the z-direction. The hot spot method
is used, so the stresses due to the unit load are read out at 0.4t = 12 [mm] and 1.0¢ = 30 [mm] from
the weld toe location. The normal stress of M2 is read out in the x-direction at the top position of the
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deck plate, see Figure D.3. Also, the hot spot method is applied to this detail and the reading points
are: 0.4t = 8 [mm] and 1.0t = 20 [mm]. However, the critical location along the weld can differ. There
are two locations that can become governing for fatigue, namely at the location of the cross-girder web
or at the location of the diaphragm. The location at the diaphragm is governing when the reference
model is considered.

Ansys® 2022 R2 [3] determines the stress in the asked location per load step. There are in total 32
load steps, as described in Section 3.2 fatigue load. To determine the influence line for the different
details, the unit load of 100 [kN] is scaled to a moving load of 1 [kN]. The stress is determined at 0.4¢
and 1.0¢ from the weld toe per load step and per railway track. The HSS (influence line) is determined
as: ops = 1.67 - 094t — 0.67 - 01.0:- Track 1 is considered on the side closest to the detail and track 2
is on the other side. In Figure D.4 and Figure D.5, the influence line due to the extrapolated hot spot
stress per track is shown for detail M1.1 and M1.2, respectively. The influence lines for detail M2 are
shown in Figure D.6.
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Figure D.2: Stress direction and reading points, detail Figure D.3: Stress direction and reading points, detail
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Figure D.4: Influence line M1.1 Figure D.5: Influence line M1.2
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Figure D.6: Influence line M2

The dynamic factor that should be considered for each detail for the reference model is shown in Table
D.1.

Table D.1: The dynamic factors for the reference model

[Fatiguedetail | L, ] [ K[| ¢ o[ o=1+21 (7 + 1) ]

M1.1 20 0.14 | 0.16 | 0.01 1.08
M1.2 20 0.14 | 0.16 | 0.01 1.08
M2 5.7 0.14 | 0.16 | 0.40 1.18

The same detail category, influence line, and dynamic factor that are determined in the hand calculation
are used as input in the Iv-Tool. For hand calculation, Microsoft Excel macros are used. The four trains,
from the heavy traffic mix, are "driven” over the influence line to determine the stress plots caused by
the train loading. The step size with which the train drives over the influence line is chosen 0.6 [m] for
the hand calculation and 0.1 [m] for the Iv-Tool. The Excel calculations take more time if the step size is
taken smaller. Moreover, the hand calculation is less precise and a step size of 0.6 [m] will give a good
estimation of the stress plot. With the hand calculation, an estimation of the stress ranges is made,
while with the Iv-Tool the rainflow counting is executed precisely. The summation of two simultaneous
trains on the bridge is done in the same way. The damage calculation of detail M1.1 will be worked
out and compared for the hand calculation and Iv-Tool. The damage values of the other details are
determined in the same manner.

Figure D.7 to Figure D.14 show the stress plots due to the trains from the traffic mix for detail M1.1 of
the reference model. On the left, the stress plot due to hand calculation is shown, and on the right from
Iv-Tool. It can be concluded that the stress plots are (almost) similar.

Stresses due to train 5, reference model Stresses due to train 5, reference model
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Stress [MPa]
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=——Track] ==—Track2 =——Track1 ====Track2

Figure D.7: Train 5, stress plot hand calculation Figure D.8: Train 5, stress plot Iv-Tool
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Stresses due to train 6, reference model Stresses due to train 6, reference model
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Figure D.9: Train 6, stress plot hand calculation Figure D.10: Train 6, stress plot Iv-Tool
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Figure D.11: Train 11, stress plot hand calculation Figure D.12: Train 11, stress plot Iv-Tool
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Figure D.13: Train 12, stress plot hand calculation Figure D.14: Train 12, stress plot lv-Tool

The hand calculation is shown in Table D.2. The assumption is made that for each train stress plot
the maximum stress range is the maximum value minus the minimum value. One cycle of this value is
accounted for in all cases. If there are (obviously) more cycles with a stress range that causes damage,
these should also be accounted for. An estimation is made in this case. For detail M1.1 this is the case
for train type 6 and train type 11. The estimation of the stress ranges is shown in Figure D.15 and
Figure D.16. For train type 6, an extra 12 times a stress range of 41 [M Pa] (track 1) and 20 [M Pa]
(track 2) is accounted for. These are also summed up in the case of simultaneity. For train 11, an extra
10 times a stress range of 40 [M Pa] (track 1) and 25 [M Pa] (track 2) is taken into account. The design
number of load cases until failure (1V;) is determined with Formula 2.3. The 3 and 5 in N5 and N5 refer
to the slope in the S-N curve that corresponds to the design stress range. The total damage for detail
M1.1 becomes 1.61 [—].
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Table D.2: Hand calculation reference model detail M1.1

[Number of days per year 365 |[days]
Lifespan 100 |[years]
YMf 135][
Percentage of trains simultaneously 12|[%]
Dyn. Factor 1081
AcC 100] [Mpa]
AcC IyMF 74.07 [Mpa] [N I 3600000][-]
AcD 5453 |[Mpa] [ND | 5000000|[]
Aol 29.98|[Mpa] [NC | 100000000][-]
Train and track Mass [tons] |Number of trains / day |Mass [tons] / year|Number of trains / lifespan |Ac x dyn. Factor [Mpa] [N3 [-] D3 [] m[-] D5 [-]
Train 5 (frack 1) 2160 528 4162752 192720 4 5715601| 0.03
Train 5 (frack 2) 2160 528 4162752 192720 1946
Train 5 (track 1+2) 4320 072 1135296 26280 7260(2124317| 001
Train 6 (frack 1) 1431 11.44 5975283.6 417560 53.30 2627776| 0.07
Train 6 (frack 2) 1431 11.44] 5975283 6 417560 2460
Train 6 (frack 1+2) 2862 1 56‘ 1629622 8 56940 77.90[1719472| 0.03]
Train 6 (frack 1) 1431 11.44| 5975283 6 417560 4441 14017042| 0.36
Train 6 (track 2) 1431 11 444‘ 5975283 6 417560 2166
Train 6 (frack 1+2) 2862 156 1629622 8 56940 66.07|2818019| 0.24]
Train 11 (frack 1) 1135 1408 5832992 513920 5412 5216440| 010
Train 11 (frack 2) 1135 1408 5832992 513920 2759
Train 11 (track 1+2) 2270 192 1590816 70080 8171/1489976| 0.05
Train 11 (frack 1) 1135 1408 5832992 513920 4333 15858996| 0.32
Train 11 (frack 2) 1135 14.08] 5832992 513920 2708
Train 11 (frack 1+2) 2270 192 1590816 70080 70.41|2329128| 0.30
Train 12 (frack 1) 1135 1408 5832992 513920 47.88 9627151| 005
Train 12 (frack 2) 1135 1408 5832992 513920 2206
Train 12 (frack 1+2) 2270 192 1590816 70080 69.93|2376687| 0.03]
0.67 0.94

Stresses due to train 6, reference model

Stresses due to train 11, reference model

Stress [MPa]

Position train

—Track1 T

6[m]

ack2

Figure D.15: Train 6, stress ranges hand
calculation detail M1.1
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Figure D.16: Train 11, stress ranges hand
calculation detail M1.1

Table D.3: Iv-Tool calculation reference model detail M1.1

Track Train type [Number of trains / day |Number of trains / lifespan |Cummulative damage [-]

Track 1 5 6 192720 0.02
Track 2 5 6 192720 0.00
Track 1+2 5 6 26280 0.02
Track 1 6 13 417560 0.40
Track 2 6 13 417560 0.00
Track 1+2 6 13 56940 0.40
Track 1 11 16 513920 0.31
Track 2 11 16 513920 0.00
Track 1+2 11 16 70080 0.30
Track 1 12 16 513920 0.06
Track 2 12 16 513920 0.00
Track 1+2 12 16 70080 0.05

For the other details, the same approach is used. The results are shown in Table 4.1.

The results of the Iv-Tool are shown in Table D.3. The total damage is equal to 1.57 [—].
almost equal to the cumulative damage of the hand calculation. The hand calculation is slightly higher
because a rough estimation is made of the stress ranges. However, the difference is negligible for a
fatigue damage calculation because the damage value changes fast if a value used in the calculation

This is



Deformed shapes

Figure E.1 and Figure E.2 show the total deformation of the reference model used for the parametric
study for a unit load of 100 [kN] at load step 2 (¢t = 2 [s]) and load step 17 (¢t = 17 [s]), respectively. At
load step 2, the unit load is at the beginning/end of the bridge, and at load step 17, the unit load is posi-
tioned at the middle of the bridge structure. The unit load is distributed by the rail, sleeper, and ballast,
as described in Section 3.2). Only the railway track closest to the location of interest is considered (see
Section 3.3). The results have been extracted from Ansys 2022 R2 [3].

Figure E.1: Total deformation of total bridge structure at Figure E.2: Total deformation of total bridge structure at
t=2s] [3] t =17 [s] [3]

In Sections E.1 to Section E.7, for each parameter the deformed shapes of the cross-section are shown
for the two extreme values considered in the parametric study. The cross-sectional deformation aligned
with the middle diaphragm att = 2 [s] and ¢t = 17 [s] is considered. In this area, there is no cross-girder
web, which allows for the deformation of the deck plate to be visible. These figures also include the
equivalent stresses (Von Mises). In addition, the normal stress in the y-direction at the location of detail
M1.1 (see Figure 3.11) is shown for load step 2. This load step results in the most significant (negative)
stress value at this location when the load is moving over the length of the bridge. This is also the case
when the load is at the end of the bridge.
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E.1. The center-to-center distance between the cross-girders
In this section, the plots of the parameter, the center-to-center distance between the cross-girders, are
shown. The figures show the deformed shape and Von Mises stresses for the cases where there are

4 and 10 cross-girders present. Also, the normal stresses in the y-direction at the location of fatigue
detail M1.1 are shown at ¢ = 2 [s].

t=2]s]

At t = 2 [s] a deformation scale factor of 1000 is applied.
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Figure E.7: Zoomed in at detail M1.1, Figure E.8: Zoomed in at detail M1.1,
normal stress in y-direction and normal stress in y-direction and
deformed shape, No. of cg =4 and deformed shape, No. of cg = 10 and

t=21[s][3] t=21[s][3]
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t =17 [s]

Att =17 [s] a deformation scale factor of 500 is applied.

Figure E.9: Equivalent stress and deformed shape, No.
ofcg=4andt =17 [s] [3]

160
000621 Min

Figure E.11: Zoomed in, equivalent
stress and deformed shape, No. of cg
=4andt =17 [s] [3]

I

Figure E.10: Equivalent stress and deformed shape, No.
ofcg=4andt =17 [s] [3]

ses) Stress - Top/Bottom

72

0
0,00874Min

Figure E.12: Zoomed in, equivalent
stress and deformed shape, No. of cg
=10and ¢t =17 [s] [3]
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E.2. The height of the cross-girder

In this section, the plots of the parameter, the height of the cross-girder, are shown. The figures show
the deformed shape and Von Mises stresses for a cross-girder height of 300 [mm], and 1000 [mm)].
Also, the normal stresses in the y-direction at the location of fatigue detail M1.1 are shown at ¢ = 2 [s].
t=2]s]

Att = 2 [s] a deformation scale factor of 1000 is applied.

Figure E.13: Equivalent stress and deformed shape,

Figure E.14: Equivalent stress and deformed shape,
Hc.y =300 [mm]and ¢t = 2 [s] [3]

H.y = 1000 [mm] and t = 2 [s] [3]
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Figure E.15: Zoomed in, equivalent Figure E.16: Zoomed in, equivalent

stress and deformed shape,
H.g = 300 [mm]and t = 2 [s] [3]
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Global Coordirate Systern
Time: 25
Deformation Scale Factor: 1000,
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Figure E.17: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, H.q = 300 [mm]
and ¢ = 2 [s] [3]

stress and deformed shape,
H.g = 1000 [mm] and t = 2 [s] [3]

A: Track 1

Normal Stress

Type: Normal Stress( fuis) - Top/Bottom
Unit: MPa

Global Coordinate Systern

Time: 25

Deformation Scale Factor: 1000,
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Figure E.18: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, H.y = 1000 [mm)]
and ¢ = 2 [s] [3]
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Att =17 [s] a deformation scale factor of 500 is applied.

Figure E.19: Equivalent stress and deformed shape,
H.y = 300 [mm] and t = 17 [s] [3]

AcTrack 1
Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottarm
Unit: MPa

Figure E.21: Zoomed in, equivalent
stress and deformed shape,
H.y =300 [mm] and t = 17 [s] [3]

Figure E.20: Equivalent stress and deformed shape,
H.g = 1000 [mm] and t = 17 [s] [3]
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Figure E.22: Zoomed in, equivalent
stress and deformed shape,
Hcy = 1000 [mm] and ¢ = 17 [s] [3]
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E.3. The height of the main girder - increasing gap size

In this section, the plots of the parameter, the height of the main girder (increasing gap size), are shown.
The figures show the deformed shape and Von Mises stresses for a main girder height of 1600 [mm],

and 2400 [mm]. Also, the normal stresses in the y-direction at the location of fatigue detail M1.1 are
shown att =2 [s].

t=2]s]

At t = 2 [s] a deformation scale factor of 1500 is applied.

I_. IIIIIlIIIII;IV

Figure E.23: Equivalent stress and deformed shape,
Hpg = 1600 [mm] and ¢t = 2 [s] [3]

Figure E.24: Equivalent stress and deformed shape,
Hpg = 2400 [mm] and ¢t = 2 [s] [3]
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Figure E.26: Zoomed in, equivalent
stress and deformed shape,

Figure E.25: Zoomed in, equivalent
stress and deformed shape,

Hpmg = 1600 [mm] and t = 2 [s] [3]
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Figure E.27: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, H,,y = 1600 [mm)|

and t =2 [s] [3]

Hpmg = 2400 [mm] and t = 2 [s] [3]
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Figure E.28: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, H,,g = 2400 [mm)]

and t = 2 [s] [3]
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Att = 17 [s] a deformation scale factor of 1700 is applied.

Figure E.29: Equivalent stress and deformed shape, Figure E.30: Equivalent stress and deformed shape,
Hyg = 1600 [mm] and t = 17 [s] [3] Hyng = 2400 [mm] and ¢t = 17 [s] [3]
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Figure E.31: Zoomed in, equivalent stress Figure E.32: Zoomed in, equivalent stress
and deformed shape, H,,g = 1600 [rm] and deformed shape, Hy,g = 2400 [rmm]
and t = 17 [s] [3] and t = 17 [s] [3]
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E.4. The height of the main girder - same gap size

In this section, the plots of the parameter, the height of the main girder (same gap size), are shown.
The figures show the deformed shape and equivalent stresses for a main girder height of 1900 [mm],

and 2400 [mm]. Also, the normal stresses in the y-direction at the location of fatigue detail M1.1 are
shown att =2 [s].

t=2]s]

At t = 2 [s] a deformation scale factor of 1500 is applied.
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Figure E.33: Equivalent stress and deformed shape, Figure E.34: Equivalent stress and deformed shape,
Hpug = 1900 [mm] and ¢t = 2 [s] [3] Hpmg = 2400 [mm] and t = 2 [s] [3]
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Figure E.35: Zoomed in, equivalent Figure E.36: Zoomed in, equivalent
stress and deformed shape, stress and deformed shape,
Hymg = 1900 [mm] and t = 2 [s] [3] Hpmg = 2400 [mm] and ¢t = 2 [s] [3]
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Figure E.37: Zoomed in at detail Figure E.38: Zoomed in at detail
M1.1, normal stress in y-direction and M1.1, normal stress in y-direction and
deformed shape, Hy,g = 1900 [mm)] deformed shape, Hy,y = 2400 [mm)]

and t =2 [s] [3] and t = 2 [s] [3]
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Att = 17 [s] a deformation scale factor of 700 is applied.

g
Figure E.39: Equivalent stress and deformed shape, Figure E.40: Equivalent stress and deformed shape,
Hpmg = 1900 [mm] and t = 17 [s] [3] Hpg = 2400 [mm] and t = 17 [s] [3]
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Figure E.41: Zoomed in, equivalent Figure E.42: Zoomed in, equivalent
stress and deformed shape, stress and deformed shape,

Hpg = 1900 [mm] and ¢t = 17 [s] [3] Hyng = 2400 [mm] and ¢t = 17 [s] [3]
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E.5. The thickness of the inner web of the main girder

In this section, the plots of the parameter, the thickness of the inner web of the main girder, are shown.
The figures show the deformed shape and Von Mises stresses for a main girder inner web thickness of
10 [mm], and 50 [mm)]. Also, the normal stresses in the y-direction at the location of fatigue detail M1.1
are shown at ¢ = 2 [s].

t=2]s]

At t = 2 [s] a deformation scale factor of 1500 is applied.

""""1;'\ T||||||Ii_

Figure E.43: Equivalent stress and deformed shape,
Tmg = 10 [mm] and t = 2 [s] [3]

Figure E.44: Equivalent stress and deformed shape,
Tmg = 50 [mm] and ¢t = 2 [s] [3]
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0376
0.00161 Min

Figure E.45: Zoomed in, equivalent
stress and deformed shape,
Tmg = 10 [mm] and ¢t = 2 [s] [3]

Figure E.47: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, Ty = 10 [mm]
and ¢ = 2 [s] [3]

Figure E.46: Zoomed in, equivalent
stress and deformed shape,
Tmg = 50 [mm] and t = 2 [s] [3]

tressCY £uis) - Top/Bottom
ate System

Deformatian Scale Factor: 1500,

Figure E.48: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, Trg = 50 [mm)]
and ¢ = 2 [s] [3]
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Att = 17 [s] a deformation scale factor of 700 is applied.

Figure E.49: Equivalent stress and deformed shape, Figure E.50: Equivalent stress and deformed shape,
Tmg = 10 [mm] and t = 17 [s] [3] Tmg = 50 [mm] and ¢t = 17 [s] [3]
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Figure E.51: Zoomed in, equivalent Figure E.52: Zoomed in, equivalent
stress and deformed shape, stress and deformed shape,

Tmg = 10 [mm] and ¢t = 17 [s] [3] Tmg = 50 [mm] and ¢ = 17 [s] [3]
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E.6. The thickness of the diaphragm

In this section, the plots of the parameter, the thickness of the diaphragm, are shown. The figures show
the deformed shape and equivalent stresses for a diaphragm thickness of 10 [mm], and 30 [mm]. Also,
the normal stresses in the y-direction at the location of fatigue detail M1.1 are shown at ¢ = 2 [s].
t=2]s]

At t = 2 [s] a deformation scale factor of 2000 is applied.

Figure E.53: Equivalent stress and deformed shape,

Taia = 10 [mm] and t = 2 [s] [3]
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Figure E.55: Zoomed in, equivalent
stress and deformed shape,
Taia = 10 [mm] and ¢t = 2 [s] [3]
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Figure E.57: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, Ty;, = 10 [mm]
and ¢ = 2 [s] [3]

Figure E.54: Equivalent stress and deformed shape,
Taia = 30 [mm] and t = 2 [s] [3]
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Figure E.56: Zoomed in, equivalent
stress and deformed shape,
Taia =30 [mm]and ¢t = 2 [s] [3]
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Figure E.58: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, Ty;, = 30 [mm)]
and ¢ = 2 [s] [3]
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t =17 [s]

Att = 17 [s] a deformation scale factor of 700 is applied.

T Tt

Figure E.59: Equivalent stress and deformed shape,
Taia = 10 [mm] and t = 17 [s] [3]

Mises) Stress - Top/Bottom

ale Factor: 700,

Figure E.61: Zoomed in, equivalent
stress and deformed shape,
Taia = 10 [mm] and t = 17 [s] [3]

\

Figure E.60: Equivalent stress and deformed shape,
Tiia =30 [mm] and t = 17 [s] [3]

0.0107Min

Figure E.62: Zoomed in, equivalent
stress and deformed shape,
Taia = 30 [mm] and t = 17 [s] [3]
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E.7. The thickness of the steel deck plate

In this section, the plots of the parameter, the thickness of the steel deck plate, are shown. The figures
show the deformed shape and equivalent stresses for deck plate thickness of 10 [mm], and 40 [mm)].
Also, the normal stresses in the y-direction at the location of fatigue detail M1.1 are shown at ¢ = 2 [s].

t=2]s]

At t = 2 [s] a deformation scale factor of 2000 is applied.

Figure E.63: Equivalent stress and deformed shape,

Taeck = 10 [mm] and t = 2 [s] [3]

Figure E.65: Zoomed in, equivalent
stress and deformed shape,
Tgeck = 10 [mm] and t = 2 [s] [3]
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Figure E.67: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, Tyccr = 10 [mm]
and ¢t = 2 [s] [3]

Figure E.64: Equivalent stress and deformed shape,
Taeck =40 [mm] and t = 2 [s] [3]
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Figure E.66: Zoomed in, equivalent
stress and deformed shape,
Tdeck =40 [mm] and t = 2 [s] [3]
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Figure E.68: Zoomed in at detail
M1.1, normal stress in y-direction and
deformed shape, Tyccr = 40 [mm]
and ¢ = 2 [s] [3]
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Figure E.69: Equivalent stress and deformed shape, Figure E.70: Equivalent stress and deformed shape,
Taeck = 10 [mm] and t = 17 [s] [3] Tieck = 40 [mm] and ¢ = 17 [s] [3]
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Figure E.71: Zoomed in, equivalent Figure E.72: Zoomed in, equivalent
stress and deformed shape, stress and deformed shape,
Tdeck = 10 [mm] and t = 17 [s] [3] Tgeck = 40 [mm] and ¢t = 17 [s] [3]
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Results fatigue detail M3

Figure F.1 visualizes the location of fatigue detail M3 and the parameters. Section F.1 to F.6 show the
fatigue damage results for each parameter. The hot spot stress method is used. The detail category
considered is 100, see Figure 3.12.

) ng

Figure F.1: Visualisation of the parameters and fatigue detail M3 [3]

The dynamic factor considered in the parametric study is given in Table F.1.

Table F.1: Dynamic factor, fatigue detail M3 [53]

[Fatiguedetail | Ly [m] | K[ | ¢ | ¢ ] 6=1+% (¢ +3¢ ) |
| V3 [ 20 [ 0.4 [ 046 [ 001 | 7.08 |

Concentrated nominal surface stresses are measured at detail M3 in the y-direction, see Figure F.2.

98
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Figure F.2: Concentrated stress in y-direction at detail M3 at ¢t = 15 [s], reference model [3]

F.1. The center-to-center distance between the cross-girders

The fatigue damage is determined for 4, 8, and 10 cross-girders. The numerical results are shown in
Table F.2.

In Figure F.3 the line of best fit between the measured data points is shown. The linear regression lines
of all considered fatigue details are combined in Figure F.4. The m- and R2-value of the best linear fit
for fatigue detail M3, based on three measured data points, are: m = —0.9907 and R? = 0.9493.

The damage value decreases with an increasing number of cross-girders. An increasing number of

cross-girders decreases the deformation of the deck plate. The main girder inner web has to deform
less at detail M3, which reduces the concentrated stresses.

Table F.2: Damage detail M3, parameter: the center-to-center distance between the cross-girders

[ No.ofcg | c-t-ccg[mm] | Damage M3[-] [ Location M3 |

4 3420 10.31 cg
8 1900 5.29 cg
10 1555 4.63 cg

Abbreviations: no. = number, c-t-c= center-to-center, cg = cross-girder
Elaboration: in bold = the results of the reference model

Center-to-center distance between the cross-girders Linear regression lines
Detail M3 Parameter: Center-to-center distance between the cross-girders

y =-0.9907x + 14.009 .
R? = 0.9493 s

Total damage [-]

.
Total damage [

Number of cross-girders [mm]

Figure F.3: Linear regression detail M3: c-t-c Figure F.4: Linear regression lines: c-t-c

F.2. The height of the cross-girder

The total fatigue damage is determined for a cross-girder height of 300, 500, and 1000 [r»m]. The nu-
merical results are shown in Table F.3.

In Figure F.5 the line of best fit between the measured data points is shown. The linear regression
lines of all considered fatigue details are combined in Figure F.6. The m- and R2-value of the linear
regression line are: m = —0.0121 and R? = 0.9378.
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The less deformation of the cross-girder by increasing the height causes the inner web of the main
girder to deform less. This decreases the stresses at detail M3.

Table F.3: Damage detail M3, parameter: the height of the cross-girder

[ Height of cg [nm] | Damage M3 [-] [ Location M3 |

300

9.88 cg
500 5.29 cg
1000 0.85 dia

Abbreviations: cg = cross-girder, dia = diaphragm
Elaboration: in bold = the results of the reference model

Height of the cross-girder Linear regression lines

Detail M3 Parameter: Height of the cross-girder
12 2
11
10 10
= o~ y=-0.0121x + 12.616 9
¢ == | R?=0.9378 ¢
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® Measuredvalue  ====sD=1

inear regression line Height of the cross-girder [mm]

Figure F.5: Linear regression detail M3: H.4 Figure F.6: Linear regression lines: H.g

F.3. The height of the main girder - increasing gap size

The total fatigue damage is determined for a main girder height of 1600, 1800, and 2400 [mm]. The
numerical results are shown in Table F.4.

In Figure F.7 the line of best fit between the measured data points is shown. The linear regression
lines of all considered fatigue details are combined in Figure F.8. The m- and R2-value of the linear
regression line are: m = —0.0031 and R? = 0.9457.

Increasing the height of the main girder results in more flexibility of the main girder inner web reducing
the stresses at detail M3.

Table F.4: Damage detail M3, parameter: the height of the main girder- increasing gap size

[ Height main girder [nm] [ Damage M3 [-] | Location M3 |

Total damage [-]

1600 5.31 cg
1800 5.29 cg
2400 2.98 cg

Abbreviations: cg = cross-girder

Elaboration: in bold = the results of the reference model

Height of the main girder
M3 - increasing gap size

- y=-0.0031x + 10.576
| R?=09457 |
—

—

1700 1800 1900 2000 2100 2200 2300 2400
Height of the main girder [mm]

® Measuredvalue  ssesss D=1 ——— Linear rey gression line

Figure F.7: Linear regression detail M3: Hy, 4

Linear regression lines
Parameter: Height of the main girder - increasing gap size

11600 1700 1800 1900 2000 2100 2200 2300 2400

Height of the main girder [mm]

Figure F.8: Linear regression lines: Hy,g4
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F.4. The thickness of the inner web of the main girder

The total fatigue damage is determined for a main girder inner web thickness of 10, 30, and 50 [mm)].
The numerical results are shown in Table F.5.

In Figure F.9 the linear line of best fit between the measured data points is shown. The linear regres-
sion lines of all considered fatigue details are combined in Figure F.10 for the parameter the thickness
of the inner web of the main girder. The m- and R2-value of the linear regression line are: m = —0.1583
and R? = 0.9948.

The results show a decrease in the total fatigue damage when increasing the thickness of the inner web
of the main girder. A thicker web has a larger cross-sectional area and is stiffer from itself. There is
less difference in stiffness over the height of the main girder web which reduces concentrated stresses.
The deck, however, can deform less at the attachment to the main girder, which increases stresses at
detail M2. In addition, because the hot spot stress method is used, the stresses are read at a location
further from the weld toe location (0.4t and 1.0¢). This reduces also the measured stresses at detail M3.

Table F.5: Damage detail M3, parameter: the thickness of the inner web of the main girder

[ Thickness inner web [nm] | Damage M3 [-] [ Location M3 |

10 8.85 cg
30 5.29 cg
50 2.52 cg

Abbreviations: cg = cross-girder
Elaboration: in bold = the results of the reference model

Linear regression lines

Thickness inner web main girder
Parameter: Thickness inner web main girder

Detail M3

° o 10
g el y =-0.1583x + 10.301 s
7 T~ R?=0.9948 N

10 15 2 25 20 35 W s s0 110 15 20 25 20 35 4
Thickness inner web main girder [mm]

® Measuredvalue ====-D=1 ——— Linear regression line

Figure F.9: Linear regression detail M3: T4 Figure F.10: Linear regression lines: Tiq

F.5. The thickness of the diaphragm

The total fatigue damage is determined for a diaphragm thickness of 10, 20, and 30 [mm]. The numeri-
cal results are shown in Table F.6.

In Figure F.11 the linear line of best fit between the measured data points is shown. The linear regres-
sion lines of all considered fatigue details are combined in Figure F.12. The m- and R?-value of the
linear regression line are: m = 0.0245 and R? = 0.9316. The diaphragm thickness does not influence
the fatigue damage of detail M3 a lot. The overall stability of the main girder influences slightly the
stresses at M3. The position of the diaphragm is at a distance from the critical location, so will not
locally influence the results.

Table F.6: Damage detail M3, parameter: the thickness of the diaphragm

[ Thickness diaphragm [mm] | Damage M3 [-] [ Location M3 |

10 4.93 cg
20 5.29 cg
30 5.42 cg

Abbreviations: cg = cross-girder

Elaboration: in bold = the results of the reference model
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Thickness of the diaphragm Linear regression lines
Detail M3 Parameter: Thickness of the diaphragm
6 12

11
E—————— s ]
—— 10

y =0.0245x + 4.7233
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Total damage [-]
Total damage [-]
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Thickness of the diaphragm [mm]
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Figure F.11: Linear regression detail M3: T};, Figure F.12: Linear regression lines: T;,

F.6. The thickness of the steel deck plate

The total fatigue damage is determined for a deck plate thickness of 10, 20, and 40 [mm]. The numerical
results are shown in Table F.7.

In Figure F.13 the line of best fit between the measured data points is shown. The linear regression
lines of all considered fatigue details are combined in Figure F.14. The m- and R2-value of the linear
regression line are: m = —0.3326 and R? = 0.8998.

increasing the thickness of the deck plate will reduce the deformation of the deck. As a result, the main
girder inner web has to deform less which reduces the stresses at detail M3.

Table F.7: Damage detail M3, parameter: the thickness of the steel deck plate

[ Thickness deck plate [nm] | Damage M3 [-] [ Location M3 |

10 11.82 cg
20 5.29 cg
40 1.2 cg

Abbreviations: cg = cross-girder
Elaboration: in bold = the results of the reference model

Thickness of the steel deck plate Linear regression lines
Detail M3 Parameter: Thickness of the steel deck plate

Total damage [-]

8
6
a T~~~
5
0

i~ — y =-0.3326x + 13.865|
- R? = 0.8998 \

Total damage [-]

10 2 30 1
Thickness of the deck plate [mm]

o Measuredvalue  =memnen D=1 = Linear regression line Thickmess:of the deck plate fmm]

Figure F.13: Linear regression detail M3: Tyecr Figure F.14: Linear regression lines: Tyeck

F.7. Cost-effectiveness of the parameters for detail M3

In Table F.8, the costs per damage change for each parameter are sorted by magnitude. The costs are
determined using the same method as in Section 4.2. The parameter offering the most cost-effective
means of reducing damage by 1 unit will be most interesting to change when designing for fatigue. In
the case the thickness of the diaphragm is optimized for fatigue design of detail M3, costs will be saved.
For the remaining parameters, costs need to be incurred to reduce the damage at detail M3. The most
cost-effective methods are increasing the cross-girder height, reducing the center-to-center distance
between the cross-girders, and increasing the thickness of the inner web of the main girder. However,
these methods will not reduce the damage value to below 1.
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Table F.8: Sorted costs per damage detail M3, in bold: results that require attention

[ Parameter [ Costs [€]/damage | € D] |

H., [2357] +
c-t-c 11299744| +
Trmg |3570436| +
Taeck 14251594| +
Hyyg 14532942]| +
Tdia 115179776| -

Abbreviations: €] D|. = increase (+) or decrease (-) of the costs when reducing the damage value
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