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Summary

Orthotropic steel decks (OSDs) are susceptible to fatigue failure due to cyclic loading by heavy traffic pass-
ing the deck. These cyclic loads can cause fatigue cracks in the rib-to-deck joint. In and around the joint
residual stresses are present due to the welding process. In this thesis, the effects of residual stresses on the
fatigue crack propagation rate is evaluated. This research is based on finite element analysis and verified
against experimental data. First, a thermomechanical weld simulation analysis is made in order to define
and verify the residual stress field of the OSD-specimen. This analysis consists of two parts starting with a
thermal model in which the temperature field during the welding process is analysed. This temperature field
output is introduced into the mechanical model in which the residual stress field is modelled and verified.
This data is subsequently used in a crack propagation model based on the extended finite element method
(XFEM) in which the effect of the residual stresses on fatigue crack propagation is quantified. Next to that
the residual stress component in each direction is analysed separately to obtain the effect of the residual
stress per stress direction. The fatigue crack simulation including residual stress field shows good correla-
tion (R?> = 99%) compared to the experimental data. The simulation without residual stress field shows
less correlation (R> = 95%), which shows that including the residual stresses improves the results signifi-
cantly. Introducing only one residual stress component does not significantly improve the results compared
to the model without the residual stresses. The effects of the residual stresses are relatively large as the tensile
transversal residual stresses increase the crack propagation, while the tensile longitudinal residual stresses
decrease the crack propagation rate.

In the case study the obtained knowledge from the research will be applied on the Suurhoffbridge of Rijk-
swaterstaat. On this highway bridge fatigue cracks occurred and these are measured using Time Of Flight
Diffraction (TOFD) measurements. Firstly, the geometry and boundary conditions of FEM-model are verified
using literature data based on hot-spot stresses. Secondly, the critical load position of the truck load is deter-
mined by obtaining influence lines based on the stress intensity factor. These lines show that critical position
is reached when the wheel load is positioned between the webs of the stiffener. Also, from the influence lines
can be concluded that the residual stresses in the transverse direction increase the stress intensity factors,
while the influence of the residual stresses in longitudinal direction is negligible. At last, a fatigue crack prop-
agation simulation with and without residual stresses is performed. The transversal tensile residual stresses
are essential to initiate crack propagation, as at the weld root, compressive transversal stresses are present
due to the traffic load which prevent crack propagation. Overall, the fatigue crack simulation including the
transverse residual stresses corresponds relatively well compared to the measured data as the difference is
approximately 14% also considering that two wheel load that have limited effect have been ignored in the
analysis. If these two wheel loads would be included the results will improve. However, there are many as-
sumptions made that can effect the result, such as the Paris law properties and load parameters. A slight
change in these parameters would effect the results greatly. In order to verify the results, the assumptions
made in the case study, should be verified using measurement data of the structure.






Contents

List of Figures ix
List of Tables xiii
List of Abbreviations XV
1 Introduction 1
1.1 Motivationforresearch . . . . . . . . . . . . .. 1

1.2 Researchquestions . . . . . . . . . . . . . e e e e e e 2

1.3 Researchstructure . . . . . . . . . . . . . . e e e e e e e e e e e e 2

2 Literature review 3
2.1 Generalinformation . . . . . . . . . . .. e e e e e e e 3
2.1.1 Fatiguecracks . . . . . . . . . .. e 4

2.1.2 Crackphases. . . . . . . . . . . e e e e e e 5

2.2 Residualstresses . . . . . . . . . . L e e e e e e e 5
2.2.1 Formation ofresidualstresses . . . . . . . . . ... Lo 5

222 WeldingprocessOSD . . . . . . . . . . L e e e e 6

2.2.3 Effects of residual stresses on the fatiguelife. . . . . . . . ... ... ... ... .... 7

2.3 Fracturemechanics. . . . . . . . . L. L e 7
2.3.1 Linear elastic fracture mechanics . . . . . . . . . . ... ... 0oL, 8

2.4 Abaquscrack propagationmethod . . . . . . . .. ..o Lo 9

3 Welding simulation analysis 15
3.1 Thermalmodel . . . . . . . . . . . . e e e e e e 15
3.1.1 Geometryofthemodel . . . . . .. . . ... ... .. 15

312 UNiS. . . v v v o e e e e e e e e e e e e e e e e 16

3.1.3 Material properties . . . . . . . .. L. e e e e e e e e e 17

3.1.4 Elementactivation. . . . . . . . . . . . e e e e e e e e 17

3.1.5 Weldingsimulation . . . . . . . . . . . e 17

3.1.6 Mesh. . . . . . L e e e 21

3.1.7 Results. . . . . o L e e e e e e 21

3.2 Mechanicalmodel . . . . . . . . . . e e e e e e e e e e 22
3.2.1 Mechanicalanalysis . . . . . . . . . .. Lo e 22

3.2.2 Boundaryconditions. . . . . . . ... Lo e 22

323 Mesh. . . . . L e 24

3.2.4 Stressdiscontinuations . . . . . . . ... Lol 24

325 Results. . . . . . oL e e 26

3.2.6 Verifyingresults . . . . . . . .. L e 28

3.2.7 Simplified residual stress field basedon FEA. . . . . . . . . . . . .. .. ... ..... 34

4 Fatigue crack propagation simulation 37
4.1 Modelproperties . . . . . . . ...l e e e e e e e e e e e 37
4.1.1 Geometryofthemodel . . . . . .. . . . .. ... 37

4.1.2 Loadingmodel. . . . . . . . . . L e e e e e 38

4.1.3 Boundaryconditions. . . . . . . .. ...l e e e e e e e 39

4.1.4 Material Properties. . . . . . . . . . L. e e e e e e 40

4.2 Comparison FE results with the statictestdata . . . . . . . . .. ... ... ... ....... 40
4.2.1 Deformation. . . . . . . . . . . e e e e e e 40

4.2.2 Strain ComparisSOn . . . . . . . . . . o v v v e e e e e e e e e e e 40

423 HOESPOLSIIESSES. . . . . . v v v v v i ettt e e e e e e e e e e e e e e e e 42

vii



viii Contents

4.3 Parameterstudy. . . . . . . . . ..o e e e e e e e e e e e e e 42
4.3.1 Basemodel . . . . . . . L e e e 42

4.3.2 C3-parameter . . . . . . . ..o e e e e e e e e e e e e e e e e e 43

433 Cyg-parameter . . . . . . . . . ..o e e e e e e e e e e e e e 43

434 G-parameter. . . . . . v v v v e e e e e e e e e e e e e e e e e e e e e e e 43

4.3.5 Elementtype. . . . . . . . L e e e e e e e e e e 44

4.3.6 Elementsize . . . . . . . . ... e e e e e 44

4.4 Fatigue crack propagation simulation. . . . . . . . . . ... Lo Lo 46
4.4.1 BC2-variant . . . . . . . . e e e e e e e e e 46

442 Mesh. . . . . . L e 46

4.4.3 Residualstresses. . . . . . . . . . ... Lo e e e 47

444 Results. . . . . . . . L e e 47

5 Case study Suurhoffbridge 53
5.1 Suurhoffbridge bridge description . . . . . . . .. ..o L Lo 53
5.1.1 Fatigueproblems . . . . . . . . . . L e 55

5.1.2 Fatigue analysisprocedure. . . . . . . . . .. .. Lo Lo e 55

5.1.3 Material properties . . . . . . . ... Lo e 56

5.2 Hot-SpotStress (HSS) analysis . . . . . . . . . . . . . e 56
5.2.1 Loadparameters. . . . . . . . . . o it it e e e e e e e e e e e e e 57

5.2.2 Boundaryconditions. . . . . . . ... Lo e 57

523 Results. . . . . . . L e 57

5.3 Analysis critical load position. . . . . . . . ... 58
5.3.1 XFEM-model. . . . . . . . . . e e e e e e 58

53.2 Loadmodel . . . . . . . . e 58

533 Results. . . . . . . . L e 59

5.4 Fatigue crack propagation simulation. . . . . . . .. ... Lo Lo o Lo 61
54.1 XFEM-model. . . . . . . . . L e e e 61

54.2 Loadparameters. . . . . . . . . . . . . .ot e e e e 61

54.3 Results. . . . . . . . L e e 62

5.5 DISCUSSION . . . . . . . . e e e e e e e e e e 64

6 Conclusions & Recommendations 67
6.1 Conclusions. . . . . . . . . . L e 67
6.2 Recommendations . . . . . . . . . . Lo e e e e e e e e 68
Bibliography 69
A Appendix A - Subroutine DFlux 73
B Appendix B - Sequence birth and death principle 75

C Appendix C - transversal DLOAD-subroutine 7



List of Figures

1.1 Crackthroughdeck [12] . . . . . . . . e 1
2.1 OSDexample [12] . . . . o oo e e e e e e e e e 3
2.2 Wheelloadingon OSD [36] . . . . . . . . o i e e 4
2.3 Rib-to-deckjoint fatigue cracks [18] . . . . . . . . . . . 4
2.4 Fatigue crackmodes [32] . . . . . . . . . e e e e 5
2.5 Fatigue crack phases [10] . . . . . . . . . . e e e 5
2.6 Processofheatingand cooling [23] . . . . . . . . . . . . . e 6
2.7 Distribution of residual stresses [30] . . . . . . . . . ... e 7
2.8 Effective stresses [22] . . . . . . . . i e e e e e e e e 7
2.9 Fatiguecrackgrowth [21] . . . . . . . . . L 9
2.10 Additional functions XFEM [45] . . . . . . . . 0 i i i e e e e e 9
2.11 Normal and tangential coordinates additional functions XFEM [2] . . . . .. ... .. ... .. .. 10
2.12 Crack XFEM enriched nodes [43] . . . . . . . . i i i i i e e e e e e e 10
2.13 Crack propagation XFEM [33] . . . . . . . . . i e 11
2.14 Amplitude direct cyclicloading . . . . . . . . . .. .. 11
2.15 Fatigue Crack growth Parislaw[9] . . . . .. .. ... . . .. . . 13
2.16 Procedure XFEM Abaqus [38] . . . . . . . . o e e e 13
3.1 Geometry OSD-specimen [25] . . . . . . . . . . . e 16
3.2 3Dmodel OSD-Specimen . . . . . . . . . ittt e e e e e e e 16
3.3 Imageweld [25] . . . . . o o e e 16
3.4 Weld geometryinmillimeters . . . . . . . .. ... L 16
3.5 Material properties [26] . . . . . . .. e e e e e e 18
3.6 Stress-straindiagram . . . . . . ... L. e e e e e e e e e 19
3.7 Thermal processduringwelding . . . . . . ... ... . .. . e 19
3.8 Heatsourcemodel [19] . . . . . . . . . . . e e e e e 20
3.9 Welding properties . . . . . . . . . e e e 20
3.10 Origin FEM-model . . . . . . . . . e e 21
3.11 Rotated coordinate SYStEIM . . . . . . . . . . e e e e e e e e e 21
3.12 Overviewmesh . . . . . . . e 21
3.13 Mesh detailed view . . . . . . . . ... e e 21
3.14 Weld experiment [25] . . . . . . . oo e e e e e e e e e 22
3.15 Heatmodelweld . . . . . . . . . . e e 22
3.16 Comparison between experiment[25] and FEM-model . . . . ... ... ... ... ......... 22
3.17 Overview welding process boundary conditions [25] . . .. ... ... ... ... ........ 23
3.18 Boundary conditions . . . . . . . ... e e e e e e e e e e 23
3.19 Thermal expansion mechanicalmodel . . ... ... ... ... .. ... .. .. ... .. ... ... 24
3.20 Overview mesh mechanicalmodel . . . . . ... ... ... .. ... ... . ... . ... . ...... 24
3.21 Cross-section mesh mechanicalmodel . . . ... ... ... ... ... ... ... ... ... ....... 24
3.22 Stress discontinuities . . . . . . . . .. e e e e 25
3.23 Revised stress discontinuities . . . . . . . . . . . . . e e e 26
324 g alongdeckplate . . . . ... 27
3.25 oz Rightpositionoutside . . . . .. . .. . .. .. e 27
3.26 o, right position inside and o ; left positionoutside . . ... ... ... ... ... ..... ... 27
3.27 oz leftpositioninside . . .. ... L 28
3.28 Principle of IHD measurement with tensile stress [25] (a) 3D-model with drill and SGR (b) cross-
section before drilling (c) cross-section after drilling, stress/strainrelease .. ........... 28



List of Figures

3.29 OSD-specimen residual stresses[25] (a) Location strain gauges (b) Close-up setup strain gauges

(€) OVerview Strain GaUZES . . « v v v v v v e v vt e e e e e e e e e e e e e e e e e e 29
3.30 Comparison results weld deck plate [25] . . . . . . . . . . . . e e 31
3.31 Comparison results weld toe deck and deckplate [25] . . .. ... ... ... ... ......... 32
3.32 Comparison results weld toe stiffener [25] . . . .. ... ... ... ... o o 33
3.33 Results Chapter 4 longitudinal stresses top deck[25] . . . ... ... ... ... ... ........ 33
3.34 Comparison between FEA results and literaturedata [20] . ... .. .. ... ... ......... 34
3.35 Simplified residual stress component S11 (x-direction) . . . . . .. ... ... .. ... .. ..... 35
3.36 FEA residual stress component S11 (x-direction) . . .. .. ... ... ... .. .. ... ... ... 35
3.37 Simplified residual stress component S22 (y-direction) . . . . . . .. ... ... ... .. . ... 35
3.38 FEA residual stress component S22 (y-direction) . . .. ... .. ... ... .. ... ... 36
3.39 Simplified residual stress component S33 (z-direction) . . . . . . .. .. ... ... ... ... ... 36
3.40 FEA residual stress component S33 (z-direction) . . .. ... ... ... ... . ... .. ... 36
4.1 Experimentset-up OSD-specimen [25] . . . . . ... .. .. .. e 38
4.2 Loading condition OSD-specimen [25] . . . . . . . . o it ittt e e 38
4.3 Clamped support OSD-specimen[25] . . . . . . ... ... .. .. 38
4.4 Pinned support OSD-specimen(25] . . . . . . . . .. e 38
45 Directcyclicload . . . ... ... L 39
4.6 Boundary conditionvariant1 (BC1) . . . . . . . .. . . . . e e 40
4.7 Boundary condition variant2 (BC2) . . . . . . . . . . . e 40
4.8 Deformation . . . . . . . .. 41
4.9 Straindeck . . . . .. e 41
4.10 Strain stiffener . . . . . . L 41
4.11 Hotspotstressweld toedeck . . . . . . ... . . . . . e 42
4.12 Hot spot stressweld toe stiffener . . . . . . . . . .. . . . . . . . . . e 42
4.13 Crack geometry parameterstudy . . . . . . . .. . .. . e 43
4.14 Crack location parameter study . . . . . . . . . . . oo i e e e e e 43
4.15 Elements parameter Study . . . . . . . . . ..o e e e e e e e 44
4.16 Parameter study C3 and Cq Parameters . . . . . . . . v v v v v v v ottt e et e e e e 44
4.17 Parameter study G-parameter and elementtypes . . . . . . ... .. ... ..o 45
4.18 Parametric study elementsize . . ... ... ... ... 45
4.19 geometry initialcrack . . .. . . . . . 46
4.20 Shape and position initial crack [25] . . . . . . . . . . . e e 46
4.21 Mesh fatigue crack simulationmodel [25] . . . . . .. ... .. L L oo 46
4.22 Initial crack depth Specimen 10 [25] . . . . . . . . . . . e 47
4.23 Initial crack length Specimen 10 [25] . . . . . . . ... ... ... 47
4.24 Results fracture models crackdepth . . . . . .. ... . . L L 48
4.25 Results fracture models crackwidth . . . . ... ... .. .. L L 49
4.26 Comparison beachmark measurements and XFEM-results . . ... ... ... .. ... ...... 49
4.27 Results fracture models energy release ratemode K1 . . . . . .. ... ... ... .. .. .. ..., 50
4.28 Results fracture models energy releaseratemode K2 . . . . ... .. ... ... ... .. ..., 50
4.29 Results fracture models energy releaseratemode K3 . . . .. .. ... ... .. .. L oL 51
5.1 Overview Suurhoffbridge[24] . . . . . . . . . . e 53
5.2 Lay-out Suurhoffbridge[15] . . . . . . . . . . e 54
5.3 Cross-section (SV01 & SV02) Suurhoffbridge[15] . . . . . . . ... ... ... .. .. .. . ... 54
5.4 Geometry Suurhoffbridge[15] . . . . . . . . . .. e 54
5.5 Fatigue analysis Suurhoffbridge [15] . . . . . . . . . . .. . .. 55
5.6 Fatigue analysis procedurecasestudy . . . . . . . . . ... ... e 55
5.7 Hot Spot Stress (HSS) FEM-model . . . .. ... ... ... . i 56
5.8 Geometry HSS FEM-model Suurhoffbridge . . . . . ... ... ... ... .. ... .. .. ... ... 57
5.9 Cross-section results HSS-analysis (deformation scale25x) . ... ... ... ... ......... 57
5.10 Hot spotstresswWeld root . . . . . . . . . . oo e e e e 58
5.11 Overview solid part XFEM-model . . . . . .. . . . . . .. e 58

5.12 Mesh solid part XFEM-model . . . . . . . .. . .. e 58



List of Figures xi

5.13 Loading scheme lorry number T1103 (type4) NEN 8701 . . . . ... ... ... ... ........ 59
5.14 Transversal influence line fatigue crackmode 1 . . . . . .. ... ... . ... ... ... .. ..., 59
5.15 Longitudinal influence line fatigue crackmode 1 . . . . ... .. ... ... ... .. ... .. ... 59
5.16 Maximum SIF transversal influence lines fatigue crackmode 1 . . . . . ... ... ... .. .... 60
5.17 SIF middle element transversal influence lines fatigue crackmode 1 . . . . . ... ... ... ... 60
5.18 SIF along crack surface FEAS11 crackmode 1 . . .. .. ... ... .. ... .. .. ... ..., 60
5.19 Wheelload position . . . .. ... ... .. e 61
5.20 Directcyclicwheelload . . . . . . . . . . . e 61
5.21 Base FEA transversal stresses S11 (X-direction) . . . . . . . v v v v v i v v v i e e e e e 62
5.22 Simplified residual stress component S11 . . . . . . . . .. .. e 62
5.23 Simplified residual stress componentS33 . . . . . . . .. ... e 62
5.24 Results FEA S11 transverse stressfield . . . . .. ... ... .. .. .. . . .. L . 63
5.25 Results FEA S11 crackphases . . . . . . . . . . . . . . e 63
5.26 Results fatigue crack simulation FEA S11 cracklength2C . .. ... .. ............... 64
5.27 FEA crack propagation residual stress components S11&S33 . . . . . .. ... .. .. ....... 64

5.28 FEA residual stresses (X-direction) . . . . . . . . . . . . i 64






3.1
3.2

4.1
4.2
4.3
4.4

5.1

List of Tables

Units heatinputmodel . . . . . . . . .. e e 17
parametric study boundary conditions . . ... .. ... ... L L e 23
Load and Paris law parameters [4, 25] . . . . . o v it i e e e e e e e 40
Paris Law parameters . . . . . . . . . . . e e e e e e e e e e e 43
Average percentage differences between experiments and FEA crackheight . . . ... ... ... 52
Squared correlation between experiments and FEA crackheight . . . .. ... .. ... ...... 52
Load and Paris law parameters case study [4,25] . . . . . . . . it e 56

xiii






BC Boundary Conditions

C.T.C. Center-To-Center

FE Finite Element

FEM Finite Element Model

HAZ Heat Affected Zone

HSS Hot Spot Stresses

IHD Incremental Hole Drilling

LEFM Linear Elastic Fracture Mechanics
OSD Orthotropic steel deck

RWS Rijkswaterstaat

SAW Submerged Arc Welding

SGR Strain Gauge Rosette

SIF Stress Intesity Factor

TOFD Time Of Flight Diffraction
VCCT Virtual Crack Closure Technique

XFEM eXtended Finite Element Analysis

List of Abbreviations






Introduction

1.1. Motivation for research

In the 1960s and 1970s the amount of traffic in the Netherlands increased [31], resulting in a lot of bridges
being constructed. During the lifetime of these bridges the maximum weight of the heavy trucks has been
increased from 30 tons, in the ’60s, to 50 tons nowadays [31]. Highways have the highest number of passes of
this heavy traffic due to the high traffic intensity. This heavier traffic mainly causes fatigue problems for steel
bridges with highways on top of them.

Many steel bridges use orthotropic steel decks (OSDs) as deck construction. These decks mostly consist of
a stiffened deck plate that is supported by main girders. At a certain interval cross-girders are positioned in
order to ensure that the bridge has enough torsional rigidity. All the different members are welded together
to one integral deck. With this type of construction, a lightweight deck construction can be realised. These
lightweight bridges are often used in long span highway bridges. Nowadays the weakest link in these con-
structions are the welded connections. The orthotropic deck can resist high loads, and thus heavy traffic, due
to the low self-weight. However the stress range of the traffic passing the bridge is relatively high due to the
low self weight. The increase in load, due to the heavier traffic, causes higher stress ranges within the struc-
ture of the bridge. Although the bridge can easily cope with the increase in stress the cyclic loading of the
heavy traffic can cause fatigue cracks in certain joints of the deck. The rib-to-deck joint, which is the focus
of this MSc-thesis, is susceptible for fatigue cracks around the weld region. These cracks are shown in Figure
1.1.

deck plate

fatigue deck plate crack

deck plate

A
%
Y I"\

~ trough web "‘;,.."'!-

trough

Figure 1.1: Crack through deck [12]



2 1. Introduction

During the manufacturing of these welds residual stresses and distortions are induced in the joint. Resid-
ual stresses are caused due to thermal expansion by the heat initiation of the welding process. These residual
stresses can influence the fatigue life of a structure as these stresses are primarily in tension around the weld
zone of the rib-to-deck joint [34].

1.2. Research questions

Research around the prediction of residual stress of an orthotropic plate due to welding is performed in a pre-
vious MSc-thesis of K. Spyridoni [34]. These residual stresses can influence the crack propagation through
the rib-to-deck joint. In the MSc-thesis of R. Shankar Gupta [15], the rate of crack propagation of a rib-to-
deck joint has been analysed using eXtended Finite Element Method (XFEM) in Abaqus®. The XFEM model
uses Linear Elastic Fracture Mechanics (LEFM) and Virtual Crack Closure Technique (VCCT) to determine
the crack propagation. The residual stresses were not taken into consideration in the research of R. Shankar
Gupta. In this MSc-thesis the residual stresses due to the welding will be incorporated in the XFEM model.
The crack propagation will result in a number of cycles which can represent a fatigue life of the joint. This
leads to the following research question:

What is the effect of residual stresses on the crack propagation of a rib-to-deck joint using XFEM?

The research question is answered using the following sub questions:
1. How can the residual stress field of the OSD-specimen be determined?
2. How can the residual stresses be implemented in an extended finite element model?
3. What is the effect of the residual stresses on the crack propagation using XFEM?
4. How can the effect of the residual stresses be quantified?

5. How can the results of the XFEM analysis be implemented in a case study?

1.3. Research structure

In order to keep the thesis organised the thesis is divided into six chapters. The structure of the thesis is de-
scribed below.

In chapter 2, a literature review is presented. This literature review holds the fundamental theory that is
applied in the research. The chapter starts with some general information about orthotropic steel decks and
the fatigue problems on the connections of these type of structures. It continues with fundamental informa-
tion about residual stresses concerning welded connections. At last, the theory about the fracture mechanics
applied in the research will be elaborated.

In chapter 3, the welding simulation model is described. This chapter consist of two parts. In the first part
the thermal analysis model will be described. In the second part a mechanical analysis is performed. In this
analysis the residual stresses will be defined using the temperature data field obtained by the thermal analy-
sis. These residual stresses will be used in Chapter 4.

In chapter 4, the fatigue crack simulation is described. In this chapter a crack propagation analysis is per-
formed with and without residual stresses. This will be done in order to obtain the effect of the residual
stresses on the crack propagation. The results of the model will be compared with experimental data from
literature.

In chapter 5, the case study will be presented. The knowledge gained from the research in the previous chap-
ters will be applied to a greater scale. In this case study the methodology of the research will be compared to

an existing structure.

At last, chapter 6 presents the conclusions of the total work and recommendations for further research.



Literature review

This chapter can be divided into four parts. In section 2.1, general information about orthotropic steel decks
(OSDs) and fatigue is given. In section 2.2, the influence of residual stresses will be elaborated. In section
2.3, all the necessary information of linear elastic fracture mechanics will be described. At last, the technical
background of the XFEM package in Abaqus® will be elaborated in section 2.4.

2.1. General information

Orthotropic steel decks (OSDs) are one of the most common deck systems in steel bridges construction. An
orthotropic steel deck mostly consist of a stiffened deck plate that is supported by main girders. At a certain
interval, cross-girders are positioned in order to ensure that the bridge has enough torsional rigidity. In most
OSDs, closed stiffeners are used for their torsional rigidity, which leads to an increase in transversal stiff-
ness of the OSD. Although these stiffeners are more difficult to manufacture and maintain compared to open
stiffeners the structural benefits outweigh the practical disadvantages. All the different members are welded
together to one integral deck. With this type of construction a lightweight deck construction can be realized.
An example of an OSD is shown in Figure 2.1.

Cross-section bridge deck with orthotropic deck structure

NARANA'AAAEEE ISRV R

View on underside of bridge deck

\ \ \ \ \

longitudinal girder /

trough profile ~

Figure 2.1: OSD example [12]

The orthotropic deck is often loaded with heavy traffic load in the form of trucks. The localized loads
of the wheels cause local deformations of the deck. When a wheel load passes the bridge deck between
two stiffeners or in the middle of the stiffener, the deck will deform locally and causes high stresses on the
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connection between the deck and the stiffener. The localized stresses of the wheel loads can cause fatigue
issues in the structure. The loading of the deck plate is shown in Figure 2.2.

Deck plate Wheel load

Trough stiffener Mg ;‘. ’ Md

Md-Mg

Figure 2.2: Wheel loading on OSD [36]

2.1.1. Fatigue cracks

On a bridge the load of heavy traffic is not always present. The structure is loaded in a cyclic manner as many
heavy trucks pass the bridge during the use of the bridge. In fatigue engineering a pass of a truck wheel cor-
responds to a load cycle as a part of the structure is loaded and unloaded once. These cyclic loads can cause
fatigue problems on OSDs although these stresses are well below the yield stress of the material. Eventually
this cyclic loading can cause the material to fail, which ultimately leads to failure of the structure after a num-
ber of load cycles.

The change in stress during the load cycle is called the stress range. The magnitude of these stress ranges
is one of the most important factors in determining the fatigue life of the structure. The combination of the
magnitude and the number of cycles per stress range can determine the damage of the loading on the struc-
ture using S/N-curves described in the Eurocode [28]. If the cumulative damage of each stress range with the
corresponding number cycles is higher than 1, the structure is considered failed according to the Eurocode
[28].

Fatigue cracks can occur when OSDs are exposed to cyclic loads in the form of passing heavy traffic. The
localised stresses due to the cyclic wheel loads of heavy traffic can cause fatigue cracks in the welded connec-
tions of the OSD. The cracks are often initiated at the welds, which often have weld imperfections that can
initiate fatigue cracks in the different joints of the OSD. At these joints, stress concentrations are present due
to the change in geometry and weld imperfections. These increased stresses can both initiate and accelerate
the growth of a fatigue crack.

In this thesis, only the rib-to-deck joint will be considered. The possible crack locations within this joint are
represented in Figure 2.3. In this research the toe-deck crack and the root-deck crack will be considered. The
root-deck joint is particularly difficult to detect as this crack occurs within the stiffener. Also these cracks can
propagate due to different stresses in any direction in three distinct fracture modes: crack opening, in-plane
shear and out-of-plane shear, shown in Figure 2.4.
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RS A ] e == Toe-trough crack
\,—% Hol Weld root crack I%Ié'l |\ \Trough
~._Cape Hole My =
Diaphragm R \ \
(a) Trough-deck welded joint (b) Fatigue cracks in welded joint

Figure 2.3: Rib-to-deck joint fatigue cracks [18]
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Figure 2.4: Fatigue crack modes [32]

2.1.2. Crack phases

The fatigue life of OSDs can be described in two phases namely fatigue crack initiation and fatigue crack
propagation [44]. This thesis will focus on the crack propagation of a fatigue crack of a rib-to-deck joint. The
crack propagation phase is followed by final failure of the structure. The three phases are shown in Figure 2.5.

Initiation period
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! |
1 _ . I .
1| cyclic crack microcrack macrocrack ' final
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1 L | failure
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___________________________________ [ pyppp———
Ke K K, Ke
stress concentration stress intensity fracture

Figure 2.5: Fatigue crack phases [10]

In welded connections crack initiation often occurs due to welding defects and tensile residual stresses.
Defects that occur during the manufacturing of the welds such as lack of penetration/fusion, slag inclusion,
gas holes, overlap or excess of weld material. Next to that the quality of the workmanship can influence the
fatigue life of the joint. There are several weld improving methods like peening, grinding or coining. These
methods reduce the stress concentration around the weld and reduce the effect of tensile residual stresses.
These microcracks often start at a size of a grain [15].

However compared to the crack propagation phase the crack initiation phase is relatively short due to the
weld defects. In modelling this phase might be neglected, as it can be assumed that initial defects are already
present [15]. For non-weld connections the crack initiation phase is much longer, due to the lack of those
imperfections.

In the crack propagation state the macrocrack will propagate through the material. In this crack phase the
stress intensity factor, denoted as K, is used to determine the crack propagation. The research in this thesis
will be mostly focused on this phase.

At final failure the fracture toughness, denoted as K, can be used to determine the critical crack length at
which a specimen fails.

2.2. Residual stresses

During the manufacturing process of steel often residual stresses are introduced into the material. In welding,
these stresses occur due to the thermal gradient within the specimen generated during the weld process
[35, 41]. First the specimen is heated, due to the weld arc, and the filler material is added to the specimen
in order to connect the deck plate and the stiffener. During the heating phase the material acts almost like
a liquid as the stiffness of the material is very low at these elevated temperatures. Next, the filler material
and the material surrounding the weld cools down. During this cooling phase the material shrinks, however
as the material stiffens it cannot deform freely. Due to these restrained shrinkage tensile residual stresses
occur in the weld region. These tensile residual stresses are compensated compressive residual stresses in
the surrounding material.

2.2.1. Formation of residual stresses
As mentioned in the previous paragraph, the residual stresses are formed during the manufacturing process
of the component. There can be different reasons behind the occurrence of residual stresses during manu-
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facturing. According to Withers [40] there are three main causes behind the occurrence of residual stresses
during manufacturing:

1. Plastic deformation
The permanent deformation of a component induce residual stresses when the component is de-
formed beyond the elastic limit of the ductile material. In practical applications these stresses exist
at the corners of cold formed steel sections. At these corners the material has been deformed beyond
the elastic limit in such way that the material is permanently deformed.

2. Phase transformation

Rapid changes of the crystal lattice structure of the material can induce distortions to nearby regions
which can induce residual stresses [40].

3. Thermal gradient

This cause of residual stresses can be found in welded connections, as the welding process involves
heating the welding material and rapid cooling of the material. During the welding process the welding
material heats up and expands, after the welding material is positioned the material cools. In the pro-
cess during the temperature rise, the material expands, while during cooling the material shrinks. This
heating and shrinking of the material does not induce residual stresses. Only when the deformation
of the material is restricted, residual stresses occur. In the following section this phenomena will be
described when welding a rib-to-deck joint.

2.2.2. Welding process OSD

During the welding process the material is heated which causes the material to expand. When the weld
material is placed on its position the material cools down and will shrink. Only when the deformation of the
material is restricted do residual stresses occur. During the welding process some elements are heated more
than others. Most of the time the heated elements are restricted by the less-heated elements. This restrained
deformation results in compressive stresses of these heated elements. When the heat source is removed the
heated elements cools down and shrinks at the same time. During this cooling phase the deformation is
restrained by the surrounding material. This restrained deformation will result in longitudinal tensile stresses
that can be up to the yield stress for mild steel [30]. This distribution of stress will be present in the material
when the structure is in use. Around the welded material compressive residual stresses occur to compensate
for the tensile residual stresses. The process of heating and cooling is shown in Figure 2.6 and the distribution
of residual stresses is shown in Figure 2.7.

Hot
Immediately /
after welding Cold % Cold
y/ﬁ
Cold
After cooling if /%
contraction allowed Cold 2 Cold
Cold
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Tension P
v Residual
"""""" stress

Compression

Figure 2.6: Process of heating and cooling [23]
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Figure 2.7: Distribution of residual stresses [30]

2.2.3. Effects of residual stresses on the fatigue life

As described in section 2.1.1, fatigue cracks in OSDs can be a problem when these are subjected to cyclic
loading. Nowadays the stresses within the cross-section caused by heavy traffic can be accurately obtained
with numerical models. However, it is more difficult to obtain the residual stress field around a welded joint.
The additional residual stresses can have a negative influence when determining the fatigue life.

The cyclic loading by heavy traffic can cause fatigue problems with OSDs. The cyclic loading can cause crack
propagation of microcracks within the structure. Often these cracks are present around welded connection
between the deck and the stiffener of the OSD. During the welding process initial imperfections are intro-
duced in the weld area. Due to the imperfections, microcracks around the weld area can grow to fatigue
cracks that can cause the connection to fail. The residual stresses in the weld area influence the crack propa-
gation of these microcracks caused by the initial imperfections.

The residual stresses can either accelerate or decelerate the crack growth as the stress caused by the cyclic
loading will be the same. Compressive residual stresses can increase the fatigue life by reducing the crack
propagation rate, while tensile stresses are unfavourable in terms of fatigue life as these stresses increase the
crack propagation rate [6, 39]. However, in the case of orthotropic steel decks, cracks have been observed in
regions where the stress field due to external loads is normally in compression. These compressive stresses
should prevent crack propagation as the compressive stress closes the crack. Therefore, in cases where resid-
ual stresses were excluded from numerical models of OSDs under cyclic loading, fatigue life may be overesti-
mated [11]. The effective stress of both the residual and live stresses is most important when calculating the
fatigue life of the structure. The influence of tensile residual stresses is shown in Figure 2.8. Therefore the
influence of the residual stresses on the crack propagation of microcracks can not be underestimated as the
results are greatly dependant on the combination of external stresses and residual stresses.
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tensile + Ll_,I'I"DrlH Ve

stress Effective stress
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[\ ﬂ Time
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>
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all compressive
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Figure 2.8: Effective stresses [22]

2.3. Fracture mechanics

A study towards fracture mechanics will be the main part of this research. LEFM will be used to predict the
crack propagation through the specimen. The LEFM method will be described in section 2.3.1. The crack
propagation will be modelled using eXtended Finite Element Method (XFEM) with Abaqus®, which uses
LEFM and virtual crack closure technique (VCCT) to model the crack propagation in the model.
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2.3.1. Linear elastic fracture mechanics

In this section the Linear Elastic Fracture Mechanics(LEFM) used for the crack propagation in XFEM will be
described. At the end of this section the justification for using this method is described.

LEFM started in 1921 with Griffith criterion [14]. Griffith criterion states that crack propagation of a crack
with a length Aa in a plate with a certain thickness t is only possible: “if the work done by the applied force
is more than or equal to the summation of the change in the elastic energy and the energy absorbed at the
crack tip, then it will lead to unstable fracture" [16]. Equation 2.1 coincides with the previous statement:

SW = 86U + Gst6a @2.1)

Where the W is the work done by the crack propagation, the §U¢ is the change in elastic energy and G,
is the critical energy release rate. The G, is a material factor that represents how easily the material cracks.
A very brittle material has a low G, while a very tough material has a very high G.. The unit of the critical
energy release rate is energy per area [#]. There is a relation between the critical energy release rate and the
critical stress. This relation is represented by equations 2.2 and 2.3.

oc.vna = VEG. = Kj¢ (2.2)

Where Kj is the fracture toughness. The first formula is related to the formula for the Stress Intensity Factor
(SIF) K = ov/ma [MPay/m).

o?na

G, = CE (2.3)

Later Irwin [17] proposed a solution, shown in the equation 2.4, that relates the Potential Energy P with the
crack growth da.

G——d—P (2.4)
" da )

Using equations 2.2, 2.3 and 2.4 an important relation within the LEFM can be derived. The change in po-
tential energy P is considered to act on closing a small part of the crack, equating this energy to the work
necessary to close the crack segment without any external work variation [16]. Equation 2.5 is obtained for
plain stress and equation 2.6 for plain strain.

I TS S R
G = S (K} + K + ——Kiy; (2.5)

1-v: ., 1+v _,
G = T(KI +KII) + TKIII (2.6)

In this research, the crack propagation phase is of most importance as the initiation phase is relatively short.
Paris and Erdogan [29] have been studying the fatigue crack growth in many experiments. They have found
a Log-Log relation between the range of Stress Intensity AK and the crack growth rate j—l‘\ll. After more ex-
periments they also found two asymptotes on either side of the j—]‘\ll — AK-relation. The g—j’f, — AK-relation is
shown in Figure 2.9. The left region of the graph is called the threshold region, denoted by AKiyreshold- Below
this level no crack grow will exist. While the right asymptote, denoted by AKj¢ is the point at which the crack
will propagate so fast that it will lead to failure. In the middle region also called the "Paris region" the crack
growth is linear and stable crack growth occurs. This region can be represented by equation 2.7. Where C and
m are both dependant on the material properties of the specimen. The research described in this thesis will
be focussed on the 'Paris region’ as this phase is the dominant phase in fatigue cracks occurring in OSDs.

da m
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Figure 2.9: Fatigue crack growth [21]

2.4. Abaqus crack propagation method

In this section the methods used in Abaqus® will be elaborated. In this thesis Abaqus® version 6.14 and 6.17
of Dassault Systemes Simulia Corp [8] have been used to model the specimen.

The following part is written using the document made by Zhen-zhong Du [45] of Dassault Systemes Simulia
Corp. Abaqus® has included a module to model the crack propagation using XFEM. The eXtended Finite
Element Method has first been developed by Belyschko and Black [3]. Next to the regular finite element
method two additional enrichment functions have been added to the displacement vector. These functions
are used for the nodes at the crack-tip and around the crack opening. The region in which the crack can
propagate and thus these two additional functions are applied are called the enriched region. The nodes
around the crack are located in the enriched region. The two additional functions apply to the nodes in this
enriched region. The equation 2.8 [45] applies for the enriched nodes.

N 4
u=>Y Ni(xX)[uj+Hx)-ar+ Y Fax)-bf] (2.8)
I=1 a=1

Where:

u = Displacement vector

Ni(x) = Shape functions

u; = Nodal displacement vectors

H(x) = Jump functions

a; = Nodal enriched degree of freedom vector
F,(x) = Asymptotic crack — tip functions

bf‘ ;= Nodal enriched degree of freedom vector

The jump function applies to the nodes that attach to the crack surface, whereas the asymptotic crack-tip
functions apply to the nodes that are attached to elements that are cut by the crack-tip. The regular shape
functions are used in the normal FE-method and apply to all the nodes. In Figure 2.10 the nodes affected by
the jump function H(x) are shown in the yellow, while the nodes affected by the asymptotic crack-tip function
F,(x) are given in red.

R

Figure 2.10: Additional functions XFEM [45]
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The jump function H(x) is shown below, where x is a sample point, x* is the point on the crack closest to
x and 7 is the unit normal to the crack direction at point x* [2]. The coordinates are shown in Figure 2.11.

{1 if (- %*)71 =0,
H(X) = . 2.9)
-1 otherwise

The asymptotic crack-tip function Fj (x) is shown below. A polar coordinate system is used for this formula,
where r is the distance from the centre(crack tip) and 0 is the direction from the crack-tip. The direction of
the crack at the crack tip is denoted as 6 = 0 [2]. The coordinates are shown in Figure 2.11.

0 0 0 0
Fo(x) = |V7sin 2 VT cos 2 ﬁsin@sini, V/Tsinf cos 2 (2.10)

In Figure 2.12 the blue square nodes are enriched nodes by the jump function H(x), while the red circular
nodes are enriched nodes by the asymptotic crack-tip function F, (x). Around the enriched elements blend-
ing elements are applied, these elements are adjacent to the enriched elements. The rest of the specimen
consists of regular non-enriched elements.

Figure 2.11: Normal and tangential coordinates additional
functions XFEM [2] Figure 2.12: Crack XFEM enriched nodes [43]

Using this module, the asymptotic crack-tip function will be disabled in the finite element analysis. Only

the jump function H(x) is used for crack propagation analysis. This has as consequence that in the finite
element analysis only whole elements can crack during the crack propagation analysis. Therefore, a fine
mesh is necessary in order to obtain the right crack propagation shape. However, a very fine mesh will also
result in longer computing times.
In this study, the XFEM module within Abaqus® will be used in order to propagate the crack. There are
several methods possible when using the XFEM module for crack propagation simulation. These possible
methods are shown in Figure 2.13. Method 1 consists of re-meshing around the crack surface after crack
growth. This is very intensive in terms of computing power and will result in long computing time, especially
when considering a relative large specimen. Method 2 consists of manual crack control which will result in
a well formed crack shape. In addition the computing time is reduced as the mesh does not need to be re-
meshed at every crack propagation step. However, the results do not correspond very well with experimental
data [33]. At last, method 3 is fully automatised within the XFEM module of Abaqus®. Cyclic loading ensures
that the initial crack will propagate. The Power law is rewritten based on energy release rate. The energy
release rate per element is calculated by VCCT, while the crack propagation of the individual elements is
computed using the Paris Law based on energy parameters.
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Figure 2.13: Crack propagation XFEM [33]

The direct cyclic loading simulates a varying load over time. When using the XFEM module, the direct
cyclic loading is necessary in order to simulate the cycles that cause the crack to propagate. In order to create,
this variable load an amplitude has to be created that is depended of time. The load will be multiplied by the
amplitude. Within Abaqus® there a multiple options to create a variable load. Within this research there
is chosen for a periodic amplitude as this is also chosen by W. Nagy [25]. This periodic function, shown in
equation 2.11, is a function of time and amplitude. The parameters, shown in equation 2.12, are also used by
W. Nagy [25]. This function will result in one cycle of fully loading and unloading within one second, shown
in Figure 2.14. The loading ratio R is therefore zero, while the frequency is 1 Hz.

y = A+ Ajcos(t— ty) + By sin (w(t — tp)) (2.11)
y = 0.5+0cos(t-0.5) +0.5sin (27 (¢ —0.5)) (2.12)
Amplitude plot
b I I I ]
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time

Figure 2.14: Amplitude direct cyclic loading

The Paris law parameters have to be defined into automate crack growth by Abaqus®. Usually in litera-
ture, like the thesis of W. Nagy [25], all the material parameters are described in terms of C and m, as shown
in equation 2.7. The fracture toughness, denoted by K¢, can not be used directly in the Abaqus® XFEM
module. The SIF-parameters have to be rewritten to energy relation parameters in order to automate the
crack propagation. In equation 2.13 [15], there can be seen that Kj¢ is rewritten to Gjc. The parameters in
mode 2 and 3 are more difficult to obtain, and therefore often not available in literature. However, these two
parameters can be rewritten to energy-parameters using formulas 2.14 and 2.15 [15].

2

E
Gic = # J/m?]  where E = : (for plain strain) and E' = E (for plain stress) (2.13)

— 2
2
Gric = %,C U/ m?] where E' = T2 (for plain strain) and E’ = E (for plain stress) (2.14)
2
G _ Kiric 2 ;o . . . .
1ic = —— [J/m*?] where E = (for plain strain) and E' = E (for plainstress) (2.15)

2u 1-v2
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Within the XFEM module of Abaqus®, the following threshold [33] has to be overcome to start the crack
growth. Usually constants c¢; and c, are set very low to immediately start the crack growth.

N
f=age =10 (2.16)

The following parameters apply on the Paris region described in section 2.3.1. Both material constants need

to be rewritten in terms of energy. These terms are rewritten using equations 2.17, 2.18 and 2.19 [33]. Where
AG is the relative fracture energy release rate, E' = E for plane stress and E' = T _EVZ for plane strain. The
relative fracture energy release rate, denoted as AG, is the range of fracture energy release rate between the

maximum and minimum load situation [33]. Once the crack growth is started, equation 2.18 is used to model
the stable crack growth.

d
—d;\’] = CAK™ (2.17)
d
H‘\l] = 3AGE (2.18)

3 = CE'® Cy =

m 2.19)
. .

At last, the fatigue growth with energy relations are described. In Figure 2.15, the fatigue crack growth
according to the Paris law is shown with energy relation parameters. Fatigue crack growth is only possible
when equation 2.20 [33] is met. Within Abaqus®, this equation is related to the G, by equations 2.21 and
2.22 [33]. Parameters C;, C, and G‘grc“" are set very low in order to immediately start the crack propagation
phase. Equation 2.22 determines the point at which unstable crack growth occurs in relation to the fracture
toughness and is set to 0.85 based on previous research [15].

Ginresh < Gmax < Gpi (2.20)
G
Tthresh _ 0 2.21)
Gc
Gpi
P =085 (2.22)

c

The G, can be specified using various mixed mode models within Abaqus®. In this study, there is chosen to
use the Power law shown in equation 2.23 [42].

G Gy \%m G an G ao
eq _ (_I) +( 11 ) +( 111 ) (2.23)
Geqc Grc Gric Griic

The procedure of crack propagation used by Abaqus® based on a combination of Paris Law and VCCT is
illustrated in Figure 2.16. Using VCCT, the amount of energy to propagate the crack is computed. If the
amount of energy is higher than G,z the element will crack. The stable crack growth of the element will
be calculated using equation 2.18 (Paris Law) in which the propagation direction, length (Aa) and amount
of load cycles (N) are computed. After the element is cracked, the stress field is re-calculated and the next
element that cracks is calculated based on VCCT and the Paris law. The element in the enriched region,
which requires the least amount of cycles will be cracked first. This procedure is repeated which results that
every step correspond with the propagation of one element at a certain number of load cycles[33].
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Welding simulation analysis

In this chapter the welding simulation analysis will be described, which is performed to obtain the residual
stress field that occurs due to the welding process between the trough and the deck plate. The modelling of
the welding process is divided into two phases. In the first part, a thermal analysis is performed in which the
heat transfer of the welding arc to the specimen is modelled using FEA. In this part the temperature increase
caused by the welding arc is modelled per time step in Abaqus®. In the second part the stresses caused by the
temperature change are modelled. These stresses are introduced by restrained deformation due to expansion
and shrinkage of the elements within the specimen. At the end of the simulation the obtained residual stress
field is used in the fatigue crack propagation simulation. The method of the weld simulation model is based
on the MSc-thesis of K. Spyridoni [34]. Her thesis was focussed on the modelling of residual stresses of a
orthotropic deck specimen. The geometry of the welding simulation model is based on the OSD-specimen
of W. Nagy [25]. Therefore a new model has been built which has the same geometry as used in the thesis of
W. Nagy. The units has been changed from m to mm, as this is more convenient when modelling the crack
propagation in Chapter 4 of the thesis.

During both the mechanical and thermal analysis a number of assumptions have been made in order to
simulate the welding conditions of the experiment. These assumptions might influence the results in some
extend. All assumptions are listed below.

e It is assumed that both the parent material and the filler material are the same according to the NEN-
EN 1993-1-2 [26]. The filler material can have different material properties. In addition, the material
properties could be different in the HAZ compared to the rest of the OSD-specimen.

¢ No material, geometrical and weld imperfections are modelled. Geometric imperfections consist for
example of a slightly curved deck plate or variations in thickness of the specimen. The material prop-
erties of the FEM-model are constant over the whole specimen. At last, weld imperfections like lack of
penetration and slag inclusion are ignored.

* The mechanical analysis does not result in a constant residual stress field over the cross-section due
to the boundary conditions and thermal expansion. Therefore, the cross-section at z=-380 mm, which
are verified with the experimental data, is assumed to be present over the whole cross-section in the
fatigue crack propagation analysis. The reasoning behind this assumption is described in section 3.2.2.

3.1. Thermal model

3.1.1. Geometry of the model

As mentioned before, the specimen used in this research will be identical to the specimen used in the research
of W. Nagy [25]. The geometry of the OSD-specimen according to W. Nagy[25] is shown in Figure 3.1. The
specimen has a depth of 400 mm, which is shown in Figure 3.2. The specimen is supported by two supports
at either side of the through. At the left-hand side, the specimen is supported by a clamped support with
a width of 40 mm (x-direction). At the right-hand side, the specimen is supported with a pinned support
placed 50 mm away from the edge of the specimen. The deck has a thickness of 15 mm, while the trough

15
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has a thickness of 6 mm. The mechanical loading that is placed on top of the model will be described in the
fracture model, as the model is not mechanically loaded while the specimen is welded.

70
40, 150 300 300 W20,
ﬁﬂ v [
L ]
@
= 6
o
150
Figure 3.1: Geometry OSD-specimen [25] Figure 3.2: 3D model OSD-specimen

All the specimens are welded using an automated welding machine. The exact geometry of the weld is not
described in the thesis of W. Nagy. Therefore an estimation of the weld geometry has been made on a photo,
shown in Figure 3.3. The final weld geometry based on the drawing is shown in Figure 3.4. It is assumed that
there are no imperfections in the weld and the weld is fully penetrated.

14.53

6 mm

Figure 3.3: Image weld [25] Figure 3.4: Weld geometry in millimeters

3.1.2. Units

As mentioned in the introduction of this chapter, the model of the OSD-specimen has been built in millime-
ters. This has certain advantages when modelling the crack propagation model as the stress units is then in
MPa and the crack length is in millimeters instead of meters. Within Abaqus®, it is required to change all the
units with the change in model size. Almost all units have to be changed due to the change in the dimension
unit. For keeping things organised, the units applied by K. Spyridoni and N. van den Berg are shown in Table
3.1.
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K. Spyridoni N. van den Berg
Property Value Unit Value Unit
Length 1 meter 1000 millimeters
Density 7850 kg/m? 7.850.107° Tonnel mm?®
Temperature -273.15 K -273.15 K
Conductivity 53.33 W/im.K 53.33 mW/mm.K
Specific Heat 439.802 Jlkg.K 4.39802 % 10% | mJ/Tonne.K
Convection 10 Wim?.K 0.01 mW/mm?.K
Emissivity 0.5 0.5
Heat Flux 1000 Wim3 1 mwW/mm3
Energy 1 J 1000 mj
Stefan-Boltzmann constant | 5.67*10° | W.m2.K * | 56710 ! mW.mm 2K *

Table 3.1: Units heat input model

3.1.3. Material properties

There is chosen to use S355 steel, as this is also applied in the research of W. Nagy [25]. However, there are
no properties at elevated temperatures specified in that research. These properties are necessary for the weld
simulation model. Therefore there is chosen to apply the material properties according to NEN-EN 1993-
1-2 [26] also used by K.Spyridoni [34]. The material properties are shown in Figure 3.5. In Figure 3.6, the
stress-strain diagram per temperature °C according to the NEN-EN 1993-1-2 [26] is shown.

3.1.4. Element activation

In this section, the 'birth and death’ principle will be elaborated. This principle has been applied in the work
of K. Spyridoni in order to simulate depositing of weld material to the OSD-specimen during the weld pro-
cess. To describe this principle, the thesis of K. Spyridoni [34] is used. This element activation method is
applied in both the thermal and mechanical analysis. At the beginning of the weld process, no weld material
is present between the deck plate and the trough. The total weld has been divided in the FEM-model in 'weld
elements’ with alength of 10 mm. At the start of the analysis, no weld material should be present between the
deck plate and the stiffener. However, before the analysis in Abaqus® is able to start, the necessary weld ele-
ments were modelled. Therefore, in step 1 all the weld elements are deactivated using the command "Model
change’ in Abaqus®. This process results in the 'death’ of these weld elements. After all the weld elements are
deactivated, the thermal analysis can start. Every time step, a weld element is reactivated using the "Model
change’ command in the model. This process is the 'birth’ of these elements. Simultaneously, the heat source
model, described in section 3.1.5, moves over the reactivated element. This simultaneous process simulates
the heat input of the arc and the depositing of weld material to the OSD-specimen. During the deactivation of
all the weld elements, it is made sure that the remaining OSD-specimen is stress-free. When a weld element
is reactivated, this element is free of any stress and strain. The sequence of weld elements is added to Annex
B.

3.1.5. Welding simulation

In this section the welding simulation in the FE-model will be described. The welding simulation will be
almost the same compared to the research of K. Spyridoni [34], only the units and the parameters for the
welding will be different. In this model the temperature of the specimen during the welding process will be
modelled using Abaqus®. The temperature at each node is registered per time increment. It is therefore im-
portant to have a fine mesh around the weld area, as the temperature gradient will be large.

During the welding process, fillet material is added in the opening between the trough and deck of the or-
thotropic steel deck. During this process, a heat source is applied in order to bond the fillet material to the
parent material. After the fillet material is added, the joint cools down as the heat source has been removed.
This process will be modelled using a transient thermal analysis within Abaqus®. The thermal process,
shown in Figure 3.7, can be divided into three parts: Heat input due to the welding arc, heat transfer through
the specimen and heat loss to the environment [34].
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Stress-strain diagram
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Figure 3.6: Stress-strain diagram
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Figure 3.7: Thermal process during welding
This thermal process can represented by equation 3.1.
9T 92T 9T 9T
cp— =k|==|+k|=| + k[=—=| + 3.1
var = ) o)+l o ol

Where T is the temperature in °C, t is the time in seconds, p is the density in T/ mm?3, cis the specific heat
capacity in mJ/T.K, q is the internal heat generation rate in mW/mm3 and k is the thermal conductivity in
mW/mm.K.

The heat flux will be modelled using a DFLUX subroutine within Abaqus®. This subroutine is added to Annex
A. With the subroutine the heat energy input caused by the welding can be specified by magnitude time and
location within the model. Within the subroutine the heat flux is calculated using two formulas and the
specified weld parameters. The heat source model used by K. Spyridoni has been developed by Goldak et al.
[13]. This model consist of two ellipsoidal shapes, shown in Figure 3.8, in which the heat flux is modelled
that is introduced by the welding. The heat flux is modelled by two power density distributions. There is one
formula for the front half ellipsoid and one for the rear half ellipsoid. The front power density distribution is
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described as:
6\/_3I 2.2 212 —3z2/c2
fQ ) 3x“/a 3y° 1D > 3z /Cf

X,¥,2) = 3.2
qr(x,y,2) abcpnya 3.2

While the rear power density distribution is described as:
qr(x,y,2) = _6\/§fo e*BxZ/aZ e—3y2/b2 6732‘2/0% 3.3)

abc,\/T

All parameters used in both formulas are shown in Figure 3.9. In both equations Q is the power output of
the welding machine defined in mW. Within the subroutine, the Q is specified by multiplying the current A,
Voltage V and the efficiency. These parameters are obtained from the thesis of W. Nagy [25]. Submerged Arc
Welding (SAW) has been used for welding the OSD-specimens. Before the SAW , the through and deck plate
were connected using a few tack welds. For the SAW welding a automatic single wire welding machine has
been used. The specimen was first welded on one side, and then back from the other side. Parameters a and
b are based on the geometry of the weld. Parameter a is defined by half of the width of the weld, while param-
eter b is defined by the depth of the molten zone. The magnitude of both parameters is shown in Figure 3.4.
Parameters ¢y and ¢, define the length of the front and rear ellipsoid. Both parameters are related to the weld
geometry parameter a. According to Goldak et al. [13], ¢y is approximately the same as parameter a, while ¢,
is defined as ¢, = 2.33cy. Parameters fr and f; define the amount of energy that goes to the front ellipsoid
and rear ellipsoid. Goldak et al. [13] and experimental data, show that f7 + f; = 2, f; = 1.4and fr = 0.6 will
result good results.

At last, the x,y and z parameters are described. These three parameters determine the position of the heat
source within the FEM-model. Within the subroutine, the time and coordinates are used as input. The sub-
routine has the coordinates within the FEM-model that are subjected to a heat flux and the magnitude of this
heat flux at each time step as output. The origin of the heat model, shown in Figure 3.8, start at the origin of
the FEM-model shown in Figure 3.10. However, the heat source model has to be rotated in order to correctly
heat the fillet material. Within the subroutine the coordinate system is rotated with 38 degrees, shown in Fig-
ure 3.11. With the rotation of the coordinate system within the subroutine, the starting position of the heat
source model within the FEM-model has been defined. According to W. Nagy [25], the automatic welding
machine moves with a speed of 550 mm/min to 650 mm/min. There is assumed that the average speed is
10 mm/s, this will be the speed that will be used in the FEM-model. The coordinates within the subroutine
that determine the position of the heat source model are changed with each time step. Every second the
heat source model moves 10 mm/s in negative z-direction. After 40 seconds, one side of the specimen, with
a length of 400 mm, has been 'welded’ with time steps of 10 mm/s. After the heat source model has passed
the first side of the OSD-specimen, a short cooling period of 100 second is analysed by the FEM-model. This
cooling period is applied because the welding machine has to be moved to the other side of the specimen. Af-
ter the first cooling period the specimen is welded in the next 40 seconds. After both sides have been welded,
a longer second cooling of 4000 seconds is applied. This is so that the specimen can cool down completely.
After these 4000 seconds the temperature field date analysis is finished. This temperature field data is used
for the calculation of the residual stresses in the mechanical model.

Welding Properties
Welding Speed 10 mm/sec
Current 26 A
Voltage 600 14
Efficiency 0.95
Heatflux 1.48% 107 | mW/mm?
Width a 6.87 mm
i Depthb 9.08 mm
Front cf 6.87 mm
/ Back cr 16 mm
Eront half ellipsoid Heat front ff 0.6
Rear half ellipsoid Heat back fr 1.4

Figure 3.8: Heat source model [19] Figure 3.9: Welding properties
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Figure 3.10: Origin FEM-model Figure 3.11: Rotated coordinate system

3.1.6. Mesh

In Figure 3.12 and 3.13, the mesh is shown as overview and in detail. Figure 3.13 shows that the mesh has
been refined around the weld area. In this way, there are less elements needed for building the model, as
the thermal analysis is time consuming in terms of computing time. With the current mesh the computing
time on a workstation (Xeon® W2123) is around four full days of running time, due to the relative large OSD-
specimen. The weld itself has the smallest elements with a size of 1.75 mm. There is chosen to apply wedge
elements (DC3D6) due to the triangular shape of the weld. The deck plate has been modelled with hexahedral
elements (DC3D8) that have a size of 10 mm and a height of 5 mm. Between the hexahedral elements and
wedge elements there is chosen for tetrahedral elements (DC3D4) to transition in element size and type.

Figure 3.12: Overview mesh Figure 3.13: Mesh detailed view

3.1.7. Results

In this section the results of the thermal analysis will be described. The results of the thermal model are
temperature field data at every time step over the whole FEM-model. Unfortunately, no temperature data
has been recorded during the welding process of the research done by W. Nagy. Therefore it is hard to verify
the results of the thermal analysis. Nevertheless, in Figure 3.14, the molten zone of the weld in the OSD-
specimen is shown. The molten zone of the experiment in the research of W. Nagy can be compared with
the thermal analysis. It is assumed that the steel used in the experiment melts around 1200 degrees. The
contour plot of the weld area at z = —200, where temperatures = 1200°C are denoted in light grey is shown
in Figure 3.15. A comparison between the two models is shown in Figure 3.16. The molten zone of the FEM-
model is slightly underestimated compared to the results of the experimental data. Overall, the shape of the
molten zone is similar compared to the experiment. However, it must be noted that a comparison between a
cross-section of an OSD-specimen and a contour plot is not as accurate as comparing experimental data with
results from the FEM-model. This will be done in Chapter 3.2 as experimental data of the residual stresses is
available.
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Figure 3.14: Weld experiment [25] Figure 3.15: Heat model weld Figure 3.16: Comparison between
experiment[25] and FEM-model

3.2. Mechanical model

In this part of the chapter, the temperature field data obtained in the thermal analysis will be used in the
mechanical analysis in order to model the residual stress due to welding process. This residual stress field
will be compared to the experimental data of W. Nagy.

3.2.1. Mechanical analysis

In order to obtain the residual stresses a mechanical FEM-analysis has been performed. The temperature
field data is used as predefined field input during the analysis. During the mechanical analysis, similar time
steps as in the thermal model are applied. Also a similar sequence in the 'birth and death’ principle has been
used in order to obtain valid results. The FEM-model obtains the stresses due to the temperature depended
material properties described in section 3.1.3. During the mechanical analysis the material expands and
shrinks due to the changes in temperature. During this variation in volume, stresses are generated due to
restrained deformation. At the end of the mechanical analysis, the residual stress field is obtained due to the
welding of the OSD-specimen.

3.2.2. Boundary conditions

During the mechanical analysis, the mechanical boundary conditions (BC) of the OSD-specimen influence
the stress distribution greatly [34]. However, there is little information on the boundary conditions during
the welding process other then the picture shown in Figure 3.17. However, the research of K.Spyridoni [34]
was a starting point of finding the right boundary conditions for the mechanical analysis. The OSD-specimen
should not be restricted in such way that it cannot expand due to the increased temperature, this would lead
to higher residual stresses due to additional restrained deformation. In contrary to the research of K. Spyri-
doni, there are no rotational restrictions applied as the specimen is clearly not clamped in Figure 3.17. How-
ever, there are supports applied in each direction in order to keep the specimen in the same place when the
elements are activated step by step over time, due to the 'birth and death’ principle. Otherwise, the elements
are placed not at the correct position, because the OSD-specimen was displaced in a unsupported direction.
The boundary conditions in each of the three directions are shown in Figure 3.18. At z = —400mm, the
OSD-specimen is supported in the z-direction. While at the right-hand side of the specimen, the specimen is
supported in the x-direction.

The support in the y-direction was more difficult to determine, as this support can greatly influence the re-
sults. First the tack welds are simulated in the FEM model. During the production of the specimen a number
of tack welds are placed in order to keep the trough and deck connected. These tack welds are modelled by
not deactivating the welds at each corner at the first step. This ensures that the trough and deck cannot dis-
place from each other. Due to the heat introduced into the mechanical model, the specimen was expanded.
In the manufacturing process, the OSD-specimen was in unrestrained condition in both x- and y-direction.
As the free edges can deform freely, the residual stresses at these edges is very low, while at the restrained
edges the residual stresses are very high. This phenomenon is shown in Figure 3.19 with the red arrow, where
at the right upper corner the residual stresses will be relatively high and at left lower corner relatively low.
The residual stresses of this cross-section will be assumed constant over the whole cross-section during the
fatigue crack simulation. As can been seen in Figure 3.17, a section of 4000 mm is welded, wherefrom OSD-
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specimens of 400mm are cut. In this way, the OSD-specimens in the middle have a near constant residual
stress over the length of the weld. This justifies the method of using a cross-section of the residual stress field
over the whole length of the OSD-specimen in the fatigue crack propagation simulation as the residual stress
field will be constant over the whole width (z-axis) of the specimen. Therefore, it is important to evaluate at
which cross-section the residual stresses correspond with the experimental data. A type of parametric study
has been performed in order to find the boundary conditions and cross-section that corresponds with the
literature data [25]. All the boundary condition variants are shown in Table 3.2. Two variants correspond well
with the experiment. In the first variant (BC7), no support is applied. The support in the y-direction relies
fully on the four tack welds. The second variant (BC8), consists of y-supports at the four corners off the spec-
imen. The boundary conditions are activated during step 1, this result in a stress free specimen when all the
weld elements are deactivated in the same step. Overall, the OSD-specimen can freely expand due to the un-
symmetrical boundary conditions in every axis, this prevents overconstraining the specimen and unrealistic
high residual stresses [34]. The results of most relevant variants are shown in Figures 3.30, 3.31 and 3.32. In
order to keep the graphs readable, not all variants are shown. The results are compared with experimental
data in section 3.2.6.

Back side: Uz=0

Four comers:
Uy=0

l lPositious tack welds v
== Yeu(on both sides) ,L.

Right side: Ux=0

e z X
Figure 3.17: Overview welding process boundary Figure 3.18: Boundary conditions
conditions [25]
BC | Y-support Z-axis [mm] | Side
BC1 | Support under the weld | -200 Right
BC2 | Deck supported -200 Right
BC3 | 4 corners -200 Right
BC4 | 4 corners -200 Left
BC5 | No support -200 Right
BC6 | No support -380 Left
BC7 | No support -380 Right
BC8 | 4 corners -380 Right

Table 3.2: parametric study boundary conditions
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Figure 3.19: Thermal expansion mechanical model

3.2.3. Mesh

In Figure 3.20 and 3.21, the mesh is shown as overview and in detail. The mechanical analysis requires less
computing time compared to the thermal analysis, however it still takes 2.5 days (Xeon® W2123) to compute
with the current mesh. The mesh is refined around the weld area as there the difference in stresses would be
large. In the refined mesh area, the mesh size is set to 0.5 mm in order to verify the results with the experimen-
tal data of W. Nagy. In the deck linear hexahedron (C3D8R) elements are applied, where in the refined area
these have a size of 0.5 mm. Linear wedge elements (C3D6) have been applied to the weld itself. In between
the refined and non-refined mesh, tetrahedron (C3D4/10) elements have been applied to transition in ele-
ment type and size. For the rest of the non-refined mesh, two layers of linear hexahedron (C3D8R) elements
are applied with a size of 10 mm.

Figure 3.20: Overview mesh mechanical model Figure 3.21: Cross-section mesh mechanical
model

3.2.4. Stress discontinuations

After the first results, there were some stress discontinuities visible between the welds when using the param-
eters described in the previous paragraphs. These stress discontinuities are shown in Figure 3.22, in which
light grey are tensile stresses = 300 M Pa and dark grey are compressive stresses < —300 M Pa. As described
before, at each time step, 10 mm of weld material is re-activated within the model. At each interfaces be-
tween these groups of 10 mm of weld material stress discontinuities occur. These discontinuities, cause
tensile stresses on one side and compressive stresses on the other side. The discontinuities are caused by
the expansion of the elements due to the heat and simultaneous activating the next weld-element when the
previous weld-element is at its maximum temperature. Weld-element (length 10 mm) n; is heated by the
heat source, and thus expands during the mechanical analysis. When weld-element ;. is re-activated at
its original position, there is interference due to the expansion of weld-element 7n;. The FEM-model ’solves’
the problem of overlapping elements, by introducing tensile and compressive stresses to connect the nodes
of the re-activated weld-element n;;;. This FEM-problem on itself is not a problem as the results can be
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(a) S11-stresses (x-direction)

(b) S22-stresses (y-direction)
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(c) S33-stresses (z-direction)

Figure 3.22: Stress discontinuities

analysed in between the discontinuities. However, the compressive stresses will slow down the crack prop-
agation path of the initial crack. In order to minimize these stress distortions, two parameters of the model
have been changed compared to the method of K. Spyridoni. Firstly the material properties have changed.
One parameter has been added to the properties described in section 3.1.3. The parameter anneal temper-
ature’ in Abaqus® has been added. This temperature has been set to 1000 °C and is applied to the whole
model. This means that when an element reaches 1000 degrees Celsius, the plastic strain of the element till
that time step is set to zero [1]. When the temperature drops below the set temperature, the plastic strain
starts recording again from zero. This means that above 1000 degrees Celsius the material acts like it is liq-
uid and when the temperature cools down below the "anneal temperature’ it starts strain-free. This reduces
the stress-discontinuities, as at the moment at which the new weld element is re-activated, the temperature
of the already activated weld element is very high. Due to this high temperature, the material will act like a
liquid, and hardly any stresses will be generated due to the re-activation of the new weld element. The stress-
discontinuities will be reduced due to this added material parameter.

In addition, the ’birth and death’ sequence is modified in order to reduce the stress discontinuities. In the
first results with the stress discontinuities, the same sequence as in the thermal analysis was applied in the
mechanical analysis. This method was based on the sequence that was applied in the work of K. Spyridoni
[34]. However, in order to reduce the stress discontinuities, the predefined temperature field is applied be-
fore the weld element is added. In this way, the already activated weld element has the highest temperature
before the new element is re-activated. This re-activated weld element is heated very fast, due to the shift in
the predefined temperature field. This causes less plastic strains between the weld elements. The sequence
of each step with its corresponding predefined temperature field is added to Annex B. The time step size has
been adjusted in order to correspond with the time steps of the predefined temperature field. Otherwise,
there would be not enough sufficient cooling time in order to cool down the OSD-specimen.

Fortunately, the results with the changed parameters above have resulted in better results in terms of stress
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discontinuities. The improved results are shown in Figure 3.23 in which the stress scale is the same as in Fig-
ure 3.22. It must be noted that compared to Figure 3.22, the mesh is different in order to obtain the effect of
a smaller mesh size. However, on both outer sides the mesh is exactly the same. In Figure 3.23a and 3.23b,
the tensile stresses have been reduced between the weld elements. While in Figure 3.23c, the compressive
stresses between the weld elements have been eliminated. The mesh refinement in the middle of the speci-
men reduces the stress discontinuities even further. In an ideal scenario an almost constant stress should be
present along the length of the weld. It is not possible to refine the mesh over the whole specimen due to the
increase in computing time.

(a) S11-stresses (x-direction)

(b) S22-stresses (y-direction)

(c) S33-stresses (z-direction)

Figure 3.23: Revised stress discontinuities

3.2.5. Results

In this section the residual stresses along the deck and the trough are plotted. The results of variant 8 (BC8)
are shown. In Figure 3.24, the S33-stresses along the deck plate are shown. The results are not symmetric
as at one connection the mesh is refined. In Figure 3.25,3.26 and 3.27, the S33-stresses are shown along the
troughs. The differences between the left en the right joint are very little. The stresses are obtained at the
middle of the specimen (z = —200 mm). The residual stresses are compared to the experimental data in
section 3.2.6.
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3.2.6. Verifying results

The results of the residual stresses obtained by the mechanical model will be compared with the results of
W.Nagy [25] using experimental data.

In the thesis of W.Nagy [25], the residual stresses due to the welding process have been monitored. This re-
search has been done by incremental hole-drilling IHD) measurements. During the welding process, resid-
ual stresses are introduced around the weld area. The magnitude of these stresses can be obtained using this
method. A special type of strain gauge, Strain Gauge Rosettes (SGR), are installed around the weld area. Af-
ter the welding process, a very small blind hole is drilled into the specimen. Due to the removal of material,
there will be redistribution of the residual stresses around the hole. This redistribution of stresses and relieved
strains caused by the hole can be monitored by the surrounding strain gauges. These relieved strains can be
reversed calculated into stresses that were present before the hole was drilled. The hole is drilled through
the SGRs. Only a small depth of the specimen can be analysed, due to the very small hole. In the case of the
OSD-specimen, the residual stresses of only 1 millimeter in depth are obtained. Every 50 um the strain can
be obtained from the SGR, resulting in 20 stress measurements in 1 millimeter of depth. The principle of this
method is shown in Figure 3.28.

Drilling cutter 1.6 mm

Hole to be drilled
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Figure 3.28: Principle of IHD measurement with tensile stress [25] (a) 3D-model with drill and SGR (b) cross-section before drilling (c)
cross-section after drilling, stress/strain release

One OSD-specimen that was prepared has been analyzed with this method to obtain the magnitude of
the residual stresses due to welding. On the specimen two groups of SGRs are placed, one called 'Left’ and
one called 'Right’. These will be compared to the results of the mechanical model. There were three mea-
surements on the deck plate, one on the weld toe of the stiffener and one on the weld toe of the deck. These
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measurement were all to a depth of 1 mm. Additionally, there was one measurement with a depth of 2 mm at
one of the deck plate position. The positions of the strain gauges are shown in Figure 3.29.

[a]

Position small
SGRs

@ Position large
SGRs

o
—

\
=
e
B
g
%II -

Figure 3.29: OSD-specimen residual stresses[25] (a) Location strain gauges (b) Close-up setup strain gauges (c) Overview strain gauges

The experimental data that has been described previously will be compared with the results from the
mechanical model. In order to obtain the stresses at a certain point, a path with a length of 1 mm will be
made in Abaqus® in order to obtain the residual stresses at the same point. However, the mesh size at the
measured locations is 0.5 mm. This will result in only three points at which the residual stresses can be
obtained. In contrast, the experimental data has every 50 um a measurement, which results in a more flowing
lines. The FEA results are only analysed in the middle of the specimen as the distance between the two groups
has not been specified. The results of the experimental data and results of the mechanical models have been
combined in Figure 3.30, 3.31 and 3.32.

In the thesis of W. Nagy [25] is described that the stresses obtained by the measurements of the experiment
start at a very high compressive stress. This negative peak can be considered as a sort of singularity at the
surface of the specimen. This singularity is caused by the surface preparation before placing the SGRs [25].
The stress should converge to a flat line at greater depth within the specimen. Therefore, the comparison
between the FEA and the experimental data starts at a depth of 0.4 mm. The results of SGR TD3 can be
ignored as the result does not converge. At that position, larger SGR’s(TD3L) have been installed, which do
converge. These can be used for the comparison between experimental data and the FEM-model. There is
chosen to exclude the singularity close to the surface of the specimen in order to compare the experimental
data with the FEM-model.

In the following section the residual stresses will be compared with the experimental data of W. Nagy. In the
graphs all eight boundary condition variants are shown. However, in the written comparison below the focus
lies only on variant BC7 and BC8 as these variants correspond well with the experimental data. In all graphs
where the longitudinal stress (S33 z-direction) is analysed the yield stress of the material is denoted with a thin
green line. In Figure 3.30 and 3.31, the deck plate results are shown. The residual stresses in the longitudinal
direction are around the yield strength (355 MPa) in most of the FEM-models, while the experimental results
are much lower around the 250 MPa. In the thesis of Nagy [25], it is stated that these stresses should be around
the yield stress referring to chapter 4. In that chapter, W. Nagy has done a welding simulation model in FEM
validated with experimental data on another geometry. The longitudinal stress in this analysis was around
the yield strength in both the experiment as in the FEM-model. The results of this analysis is shown in Figure
3.33. Therefore, it is verified that the results of the FEA in this thesis correspond with the experimental data
as the longitudinal residual stresses should be around the yield stress of 355 MPa. In the thesis of K. Spyridoni
[34] the longitudinal stresses reached the yield stress at the same position, although the geometry was not
identical to the geometry in this thesis. The traversal residual stresses of both BC7 and BC8 are slightly lower
at the three deck plate positions, however this difference is considered acceptable.

In Figure 3.31 and 3.32, the results at both weld toes are shown. In comparison to the deck plate results, these
results are closer to the experimental data. At the weld toe (BD1), the transversal residual stresses correspond
well to the experimental data. The longitudinal residual stresses are slightly higher than the yield stress of the
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material. This position is of great importance as the initial crack will be placed at the weld toe in the fracture
model. Overall, it can be concluded that both variant BC7 and BC8 correspond well with the experimental
data. In the fatigue crack simulation, the residual stress field of variant BC 8 will be used to obtain the effects
of the residual stress field.
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In Figure 3.34, the results of the mechanical analysis are compared to other similar experimental data of
Kainuma et al. [20]. In this research the transverse residual stresses along the thickness of the deck at the weld
root have been determined using both experimental data as FE-analysis. In this comparison, the FE-analysis
performed in this thesis will be compared with both the FEA and experimental results. As the thickness’s
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of the deck and stiffener of both the experimental data and the FEM-model are different compared to the
geometry used in this thesis, the relative thickness of the deck is used to compare the results. The transverse
residual stress data from the experimental data is obtained using strain gauges along the deck thickness,
while the transverse residual stress data of the FE-analysis is obtained directly from the FEM-software used
by Kainuma et al.[20]. From the results of variant BC8, it can been seen that the mesh size in the middle of the
deck s coarser compared to the top and bottom of the deck. The mesh on the top and bottom has a size of 0.5
mm in order to correctly compare with the experimental data of W. Nagy, while in the middle a mesh size of
3.67 mm is applied. Overall, the results of variant BC8 corresponds very well compared to both the FEA and
experimental data of Kainuma et al. [20].
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Figure 3.34: Comparison between FEA results and literature data [20]

3.2.7. Simplified residual stress field based on FEA

Based on the results of the mechanical model variant BC8, a simplification of the stresses in each direction
is made. In Figures 3.35, 3.37 and 3.39 the simplified residual stresses are shown, while the FEA stress field
output corresponding to these figures is shown in Figures 3.36, 3.38 and 3.40. The stresses are shown in the
global axis system, so residual stress component S11 corresponds to the x-direction, residual stress compo-
nent S22 to the y-direction and residual stress component S33 to the z-direction. As can been seen in the
simplification of residual stress components S11 and S33, the stresses are not symmetrical everywhere. This
is due to the asymmetrical geometry and the sequential weld sequence. The simplified stresses will be used
in the crack propagation model, where the influence of the stresses in each direction will be analysed.
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Fatigue crack propagation simulation

In this chapter the fatigue crack growth simulation will be described. First, the model properties will be de-
scribed. Next, a comparison between the FE-results and the static test data will be performed in order to verify
the model. Thirdly, a parameter study has been performed towards the effect of the Paris law parameters, el-
ement types and element size on the crack propagation rate. At last, the fatigue crack growth simulation is
described. A crack propagation analysis is performed using XFEM based on LEFM and VCCT. The results of
the analysis will be compared with the experimental data of W. Nagy [25]. The analysis will include the resid-
ual stresses obtained by the weld simulation model in Chapter 3. The model with the residual stresses will
be compared to a model without these stresses, in order to evaluate the effect of the residual stresses on the
crack propagation.

During the fatigue crack propagation analysis a number of assumptions have been made in order to sim-
ulate the conditions of the experiment. These assumptions might influence the results in some extend. All
assumptions are listed below in order to clarify which assumptions could influence the results.

¢ The boundary conditions do not correspond with the experiment exactly. This results in different stress
and strain distribution around the crack region as been shown in section 4.1.3. The friction between
the boundary conditions and the OSD-specimen has also not been modelled. The different stresses
during the fatigue crack propagation analysis could result in different results.

e Jtis assumed that both the parent material and the filler material are the same according to the NEN-
EN 1993-1-2 [26]. This can influence as the filler material might is influenced by the heat. Also the filler
material can have different material properties. At last, the Paris law properties of the weld, could be
different compared to the parent material. Also, this phenomena has been neglected in this analysis

¢ Due to the different boundary conditions between the mechanical model and the crack propagation
model, the inserted residual stresses are not in balance during the fatigue crack propagation simula-
tion. The changes in stress field can be small if the boundary conditions are similar.

4.1. Model properties

4.1.1. Geometry of the model

As mentioned before the specimen used in this research will be identical to the specimen used in the research
of W. Nagy [25]. The geometry of W. Nagy is shown in Figure 3.1. The experiment set-up is shown in Figure
4.1. The specimen has an depth of 400 mm. The specimen is supported by two supports at either side of the
stiffener. At the left-hand side the specimen is supported by a clamped support, shown in Figure 4.3, with
a length of 40 mm (x-direction). At the right-hand side the specimen is supported with a pinned support,
shown in Figure 4.4, placed 50 mm away from the edge of the specimen. The deck has a thickness of 15 mm,
while the stiffener has a thickness of 6 mm. At the deck the stiffener has a width of 300 mm, while at the
bottom the width is 150 mm. The stiffener has a height of 275 mm. The loading of the specimen will be done
using an hydraulic jack. This jack pushes down on a beam that has a round edge, which will result in a line
load on the specimen. The line load is applied at 420 mm from the right edge of the specimen. The load beam
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and the deformation of the specimen due to the loading is shown in Figure 4.2. The initial imperfections of
the OSD-specimen and the uneven loading will not be taken into account in the FEM-model.

220 mm

Figure 4.1: Experiment set-up OSD-specimen [25] Figure 4.2: Loading condition OSD-specimen [25]

Figure 4.3: Clamped support OSD-specimen|[25] Figure 4.4: Pinned support OSD-specimen[25]

4.1.2. Loading model

The loading model is divided into two parts, a static load and a periodic load. Both loads are line loads
positioned 70 mm next to the weld root as shown in Figure 3.1. Within the FEM-model the load is modelled
as a concentrated force at the earlier described reference point (RP-1).

The static load is there to verify the model compared to the experiment in terms of deformations, strains
and stresses. Around the joint area, strain gauges are placed in order to capture the strains and stresses. The
displacement of the OSD-specimen is obtained at the point of loading by the hydraulic cylinder that loads the
specimen. These static experimental tests are done in increments of 10 kN with a maximum load of 40 kN.
The static test in the FEM-model is only done at a load of 40 kN as the material properties within the model
are linear elastic.

During the crack propagation analysis in Abaqus® a direct cyclic analysis will be performed. This quasi-
static analysis simulates cyclic loading based on a varying load. The varying load is modelled using a periodic
function in order to mimic the load cycle used by W. Nagy [25]. There is chosen to load the model with a force
of -31 kN, which corresponds to specimen 10 [25]. The load of -31 kN is multiplied with a periodic function
dependant of time in order to simulate cyclic loading. This periodic function, shown in equation 4.1, is a
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function of time and amplitude. These parameters, shown in equation 4.2, are also used by W. Nagy [25].
The total load on the OSD-specimen is shown in Figure 4.5. The loading ratio R = é;’g—m is therefore zero,
while the frequency is 1 Hz. The load is applied in the negative y-direction, and evenly spread over the line

to represent a line load.
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Figure 4.5: Direct cyclic load

4.1.3. Boundary conditions

The boundary conditions (BC) will influence the stress distribution of the FEM-model greatly. Therefore it is
important to model the boundary conditions as close to the boundary conditions in the experiment, shown
in Figures 4.1,4.2, 4.3 and 4.4. The influence of the boundary conditions are investigated using a small para-
metric study. In the first variant, denoted as BC1, the experimental boundary conditions will not be modelled.
The boundary conditions of the FEM-model will be applied directly to the OSD-model. While in the second
variant, denoted as BC2, the metal beams that define the boundary conditions in the experimental set up are
modelled in the FEM-model. In this way the deformation of the beams that form the boundary conditions
are modelled in the FEM-model. Both FEM models are shown in Figures 4.6 and 4.7.

At the left edge of variant BC1, 40 mm of the OSD-specimen is restricted in its deformation in all six direc-
tions and rotations (U1,U2,U3,UR1,UR2,UR3=0). The line load is applied using a reference point (RP-1). This
reference point is kinematically coupled to a line along the specimen in order to simulate a line load[15]. At
50 mm from the right edge of the OSD-specimen, both the top and bottom are restricted in the y-direction
(U2=0).

At the the left edge of variant BC2, two square steel beams with a dimension of 40 mm are positioned on both
sides of the OSD-specimen. The beams have both a length of 440 mm, so these exceed the OSD-specimen
with 20 mm at both sides. Both end surfaces of the beams are restricted in all six directions and rotations
(U1,U2,U3,UR1,UR2,UR3=0). Within Abaqus® surface-to-surface contact is applied to simulate the interac-
tion between the beams and the OSD-specimen. The friction coefficient between the surfaces is 0.3. At the
right edge the same square beams with a dimension of 40 mm are applied. However a half circle with a radius
of 5 mm is applied where the beam makes contact with the OSD-specimen. This half circle will simulate a
pinned connection of the OSD-specimen. Both end surfaces of the beams are restricted in all three directions
(U1,U2,U3=0). Again both beams have a length of 440 mm. Also the surface-to-surface contact is applied
to simulate the interaction between the half circles of the beams and the OSD-specimen. The friction coef-
ficient between the surfaces is 0.3. The loading is applied using one square beam with a length of 440 mm
under which a triangular shaped part is attached. The edge of the triangle that makes contact with the OSD-
specimen has a radius of 1 mm. The load is applied on centre of the top surface of the beam over a length
of 250 mm. This is done as the hydraulic cylinder is only connected to a part of the loading beam. Both end
surfaces of the beams are restricted in every direction except for the y-direction in which the load is applied
(U1,U3,UR1,UR2,UR3=0). Also the surface-to-surface contact is applied to simulate the interaction between
triangle of the beam and the OSD-specimen. The friction coefficient between the surfaces is 0.3.



40 4. Fatigue crack propagation simulation

Figure 4.6: Boundary condition variant 1 (BC1) Figure 4.7: Boundary condition variant 2 (BC2)

4.1.4. Material Properties

As the used method is Linear Elastic Fracture Mechanics (LEFM), linear material properties are used in the

FEM-model. The E-modulus = 210 GPa and the v = 0.3. It is assumed that both the weld and the parent

material have the same material properties. Also Paris Law parameters are defined in the model as these

are required in the fatigue crack propagation analysis. The Paris law properties C; and C, are based on the

literature data of W. Nagy [25], while the fracture toughness parameters are based on other literature [4] as
Ginr

these were not specified in the data of W. Nagy. Parameters C;, C, and G—C“h are set very low in order to

. . . Gy . .
immediately start the crack propagation phase. The G—’Z is set at 0.85 based on literature data[15], at 0.85
times the fracture toughness unstable crack growth occurs. The Paris law parameters are shown in Table 4.1.

Load C G| G Cs | Gr | Gr1 | Grir | @minio G%rfs" GG—ZI
—-31kN | 0.001 | O 3.00x10° | 1.5 | 6.3 | 6.3 6.3 1 0 0.85

Table 4.1: Load and Paris law parameters [4, 25]

4.2. Comparison FE results with the static test data

A static FE-analysis is performed in order to verify if the stresses and strains of the experimental data[25]
correspond with the FEA model. During this experiment the OSD-specimen is with a varying load ranging
from -40 kN to 40 kN. As the model is linear elastic, the specimen is loaded once with a load of - 40 kN. The
rest of the values will be extrapolated where necessary.

4.2.1. Deformation

In this section, the deformations of the experiment will be compared with the FEA of this research. This is
shown in Figure 4.8. Both variants of the boundary conditions are compared with the experimental data. The
first variant, denoted as BC1, is much stiffer compared to both the experiment as the second variant, denoted
as BC2. Variant 2, denoted as BC2, has a slightly higher deformation compared to the experimental data,
while variant 1 has a lower deformation. The difference in deformation is caused by the different boundary
conditions. The boundary conditions of BC2 are less stiff due to the surface-to-surface contact, while the
boundary conditions of BC1 are much stiffer due to infinitely stiff boundary conditions. Overall the both FEA
correspond well with the experimental data as the difference is minimal.

4.2.2, Strain comparison

In this section, the strain between the experimental data of W. Nagy [25] and both FEM-models described in
this thesis. The strain is analysed in the longitudinal direction (z-direction) of the OSD-specimen. The strains
are both analysed at a distance of 25 mm from respectively the weld toe and weld root. Also the strains are
measured in the middle of the specimen.

The comparison between the experimental data [25] and the FEM-model are shown in Figures 4.9 and 4.10.
The strains along the deck of FEM-model BC2 are similar compared to the experimental data. While the
strains along the stiffener of FEM-model BC2 are comparable to the experimental data, although not as close
as along the deck. Variant 1, denoted as BC1, has stiffer boundary conditions, which results in lower strains at
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Figure 4.8: Deformation

the measured positions. The stiffer boundary conditions of BC1 result in lower strain levels at both the weld
root and toe, especially the the clamped support is stiffer compared to the experiment. Due to the 'surface-to-
surface’ contact applied in BC2, the clamped support is not completely fixed as the specimen can slip slightly
as the line load is applied. This slippage results in less stiff boundary conditions which increases the strains
at the measured position.
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Figure 4.9: Strain deck
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Figure 4.10: Strain stiffener
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4.2.3. Hot spot stresses

In this section the hot-spot stresses between the experimental data of W. Nagy [25] and both FEM-models
described in this thesis. The stress is analysed in the transversal direction (x-direction) of the OSD-specimen.
Also the stresses are analysed in the middle of the specimen.

The comparison between the experimental data [25] and the FEM-model are shown in Figures 4.11 and 4.12.
The Hot Spot Stresses (HSS) at the weld toe along the deck are comparable between the two FEM-models
and the experimental data. Variant one (BC1) is slightly closer to the experimental data compared to variant
two (BC2). The HSS at the weld root along the stiffener are comparable between the FEM-model and the
experimental data. Especially, the variant two (BC2) follows the trend of the experimental data closely. Variant
one (BC1) deviates more compared to the experimental data. Both FEM-model show a singularity close to
both the weld root and weld toe.
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Figure 4.11: Hot spot stress weld toe deck
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Figure 4.12: Hot spot stress weld toe stiffener

4.3. Parameter study

A parameter study has been performed in order to get a better understanding of the Paris law parameters on
the crack propagation rate of an OSD-specimen. The various parameters, described in section 2.4, will be
changed independently from each other in order to obtain the influence of each parameter. Also effects of
both the element types and element sizes will be analysed in this parameter study.

4.3.1. Base model

The model used for this parameter study is the same as in the whole research and shown in Figure 3.1. Only
the mesh has not been refined in order to reduce computing time. The results do not need to be realistic as
only the influence of the parameters will be analysed. The initial crack size, shown in Figure 4.13, has also
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been increased in order to match the increased mesh size. Element type C3D8, with a size of 1.5 mm, has
been used in the enriched crack region. The initial crack has a width of 5 mm and a height of 1 mm. The crack
is inserted in the middle of the specimen (z = -200 mm) at the weld toe, as shown in Figure 4.14, where the
crack is denoted in red. In terms of the Paris Law parameters there is chosen to use the parameters shown

Y
L. L.

Figure 4.13: Crack geometry parameter study Figure 4.14: Crack location parameter study

in Table 4.2. The load is the same as described in section 4.1.2. This load consist of a dynamic cyclic load of
-31 kN applied at reference point 1 (RP-1). Both parameters C; and C,4 are based on the research of W. Nagy
[25] and derived using the formulas described in section 2.4. The mixed mode model parameters are based
on literature([4] as the parameters are not specified in the report of W. Nagy. The Paris law and mixed mode
model parameters will be varied in the parameter study. The parameters will be varied three times: the base
value, a higher value and a lower value. The difference per value is determined per parameter.

Paris Law parameter study

Load Paris law components | Mixed mode model

Gs Cy Gr | Gir | Grrir | @minio
-31kN [ 500107 | 1.5 63|63 |63 |1

Table 4.2: Paris Law parameters

4.3.2. C3-parameter

First, the Cz-parameter will be analysed. This parameter is primarily related to the toughness of the material.
The parameter will be varied between 2.5 * 107> and 10 % 107°. The results of the three models is shown in
Figure 4.16. The difference between the three different values is substantial. The higher the Cs-parameter,
the faster the crack propagation. However, the trend of each line stays the same.

4.3.3. C4-parameter

Next, the Cs-parameter will be analysed. This parameter is also related to the toughness of the material. In
this analysis four different values have been analysed, ranging from 0.5 to 2. The results of the four models
is shown in Figure 4.16. The difference between the four different values is relatively small. It can be noticed
that the smaller the C;-parameter is, the steeper the slope of the graph is. The crack does not propagate faster
when the parameter is lower, as in the early stage of crack propagation is slower.

4.3.4. G-parameter

Next, the G-parameter will be analysed. This parameter is also related to the toughness of the material. In this
analysis four different values have been analysed, ranging from 3.8 to 11. The results of the three models is
shown in Figure 4.17. The difference between the three different values is negligible. As the crack propagation
analysis primarily falls in the "Paris region", the crack propagation results are primarily influenced by the Cs
and C; parameters. Based on the theory in section 2.4, a change in this parameter will influence the results
when unstable crack growth occurs at failure of the structure.
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4.3.5. Element type

Fourthly, the element types will be analysed. Two different element types will be analysed with the base pa-
rameters. Only the elements in the enriched region are changed. The base element, a C3D8 linear brick
element, will be replaced by a tetrahedron element (C3D10). Both elements are shown in Figure 4.15. The
results of the two models is shown in Figure 4.17. The brick element propagates relative linear, while the
tetrahedron element propagates in two distinct phases. The trend of the graph using the tetrahedron ele-
ment complies more with the results of W. Nagy. It also must be noted that both W.Nagy as R.S. Gupta used
tetrahedron in their enriched region. However these elements have the disadvantage that they require more
computing time compared to linear brick elements.

4.3.6. Element size

In Figure 4.18, the results of the parameter study towards the element size is shown. Both element types
have been analysed using various element sizes. The element size using linear brick elements (C3D8) seems
to have no significant differences in crack propagation rates. While the tetrahedron elements will propagate
faster with smaller element sizes. Only two analyses have been performed with the C3D10 elements as smaller
element size will consume too much CPU time.
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(a) C3D8 element [1]

(b) C3D10 element [1]

Figure 4.15: Elements parameter study
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4.4. Fatigue crack propagation simulation

In this section the crack propagation model will be described. Within this chapter the crack propagation
rate based on fatigue loading will be modelled. The XFEM-model will replicate a fatigue experiment [25] of
W. Nagy. Within this experiment both the fatigue loading as the crack propagation of a OSD-specimen is
monitored.

Both the initial crack size in depth, denoted as a, and the length of the crack, denoted as 2¢, are measured
using beachmark measurements and fractographic analysis. These experimental data are used to compare
the FEM-model. Also an XFEM analysis has been performed by W. Nagy. However this analysis uses another
method based on stress intensity factors (SIF). Therefore this analysis is ignored in the comparison as it uses
another method.

The initial crack, shown in Figure 4.19, will be placed at the same position as in the parameter study, shown
in Figure 4.20. The initial crack shape has a rectangular shape where the crack depth is denoted as a, the half
length of the crack is denoted as c and the total crack length is denoted as 2c. The initial crack size is based
on experimental data of W. Nagy. This data is shown in Figures 4.22 and 4.23. The initial crack size is based
on Figure 4.23 where the crack depth is around 1.5 mm and the total crack length is around 275 mm. This
corresponds to around 170 000 cycles in Figure 4.22. This concludes that the XFEM model will propagate
the initial crack from 1.5 mm until failure. The initial phase of the crack propagation will not be modelled as
there is no experimental data available on the crack length in this phase. Both graphs are based on beachmark
measurements of specimen 10.

4.4.1. BC2-variant

In section 4.1.3, variant BC2 is described, in which the test set-up is modelled. The interface between the
OSD-specimen and the set-up has been modelled using ‘surface-to-surface’-contact. Currently it is difficult
to use this type of interaction with a direct cyclic analysis, as the deformation during this analysis is too large
for the ‘surface-to-surface’-contact. This implies that a crack propagation simulation is not possible using
this type of model. Therefore, there are no results of model variant BC2 available as the model needs to be
improved in future research.

4.4.2. Mesh

The mesh around the weld region is shown in Figure 4.21. The mesh has been refined around the weld area.
In the enriched region around the crack zone, linear hexahedron (C3D8) elements with a size of 0.75mm
are applied. In between the refined and non-refined mesh tetrahedron (C3D10) elements have been applied
to transition in element type and size. For the rest of the non-refined mesh, linear hexahedron (C3D8R)
elements are applied with a global size of 10 mm.

275 mm

L): >'¢1.5mm

Figure 4.19: geometry initial crack
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Figure 4.20: Shape and position initial crack Figure 4.21: Mesh fatigue crack simulation model [25]
[25]
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Figure 4.22: Initial crack depth Specimen 10 [25] Figure 4.23: Initial crack length Specimen 10 [25]

4.4.3. Residual stresses

In order to obtain the influence of the residual stresses on the crack propagation, the stresses due to the
welding are inserted in Abaqus® with the function ‘Predefined Field. This function allows insertion of a
stress at the initial step of the FE-analysis. The simplified residual stresses, described in section 3.2.7, are
inserted into the fracture model. This method has both advantages and disadvantages. The advantage of
using this method, is that the residual stress field can be accurately inserted onto the mesh of the fracture
model. Also the residual stress field will change due to the crack propagation. For example if there is a residual
tensile stress around the crack area and the crack propagates, this tensile stress will be released due to the
propagating crack. Other methods, used for example by W. Nagy, used a separate Stress Intensity Factor, K,
in order to include the influence of the residual stresses [25].

The disadvantage of the applied method is that in most cases the boundary conditions of the mechanical weld
model and the crack propagation model are different. This has the result that after the stresses are inserted
into the crack model, the stresses might not be in equilibrium due to the different boundary conditions. After
the first static analysis the stress field might change due to the different boundary conditions. The changes in
stress field can be small if the boundary conditions are similar. Also due to the inserted stress and difference
in boundary conditions, the OSD-specimen will deform slightly due to the unbalanced stresses.

4.4.4. Results

The XFEM-model will be compared with the experimental results of W. Nagy [25]. First, the results will be
analysed using the graphs which show the trend of the crack propagation simulation compared to the ex-
perimental data. Which is followed by comparing the finite element analysis to the experiment in terms of
statistics. In both comparisons the effects of the residual stresses on the crack propagation will be analysed.
The results of the FEA with and without residual stresses are shown in Figure 4.24, 4.25 and 4.26. Each resid-
ual stress component, S11, S22 and S33,which corresponds to the residual stresses in x-, y- and z-direction, is
introduced into the XFEM-model separately in order to obtain the effects of the residual stress components.
The crack propagation rate of the base model is slightly faster compared to the experiment. However, the
trend of the graph is comparable with the experiment until around 6mm of crack depth. The crack propa-
gates slower compared to the experiment after 6mm of depth in the base model (no residual stresses). It can
be noticed that the base FEA and the FEA including all residual stress components, propagates further com-
pared to the other models. Computation to the failure requires much more CPU-time compared to the S11,
S22 and S33 FEM-models. Therefore, it is chosen to compute only the base model and the model including
all three residual stress components.It can be assumed that the other models will show continuous trend as
the base FEA and the analysis including all three stress components.

The crack length (2C) of the base model is comparable till around 2.35 - 10° cycles. After this amount of cycles
the experiment propagates to around 345 mm in length, while the FEM-model only slightly propagates in this
direction. At last, it can been seen in Figure 4.26 that the crack shape between the experiment and the crack
simulation analysis is similar. The overall crack shape including the residual stresses does not significantly
differ between all the XFEM-models.

The imported residual stress component S11 results in a higher crack propagation rate in terms of crack
depth, which is caused by the tensile stress around the weld toe. In the first phase of the crack propaga-
tion, the rate of propagation is accelerated as the tensile stress component opens the crack. As the crack
propagates towards the region of compressive residual stresses, the crack propagation rate slows down. At
the end of the analysis, the relation between the load cycles and the crack depth is similar compared to the
base model. The residual stress component S11 on the crack length (2C) results in a higher crack propagation
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rate. However, the results are still not fully consistent to the experimental data.

The inserted residual stress component S22 results in a slightly higher crack propagation rate, which is likely
caused by the tensile stress around the initial fracture in the OSD-specimen. Over the whole analysis, the
crack propagation rate is higher compared to the base model. Residual stress component S22 does not have a
significant effect in terms of crack width as the data is comparable with the base XFEM-model without resid-
ual stresses.

The imported S33-stresses result in a slower crack propagation rate, which is likely caused by the tensile stress
around the weld zone. As residual stress component S33 is parallel to the crack length, these tensile stresses
in the z-direction, close the crack and therefore it requires more cycles, to propagate the crack. Residual stress
component S33 results in a lower crack propagation rate in terms, as the specimen hardly propagates in the
length.

The FEA, including all three residual stress components, follows the experimental data rather closely, espe-
cially between 1.5 mm and 3.75 mm of crack depth. After this crack depth, the crack propagation rate is lower
compared to the experimental data. At around 265.000 cycles the FEM-model stopped converging. The mo-
ment of failure is around the same number of cycles. Around 235.000 cycles the crack propagation rate is
lower compared to the experiment until the point of failure. This can be explained by the perfect material
used in FEM-model and therefore the model fails in a few load cycles. In reality, there are small imperfections
which declare the steadier crack propagation trend at failure. The results of the crack length are between
residual stress component S11 and the base FEA and do not correspond well to the experimental data. This
needs further studies. At last, no significant change is visible comparing this model to the beachmarks or
other models.

Crack depth (a)
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Figure 4.24: Results fracture models crack depth
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Figure 4.26: Comparison beachmark measurements and XFEM-results

In Figure 4.27, 4.28 and 4.29, the fracture energy release rate per fracture mode is shown. Overall it can
be seen that fracture mode 1, shown in Figure 4.27, is dominant over fracture modes 2 and 3. Fracture mode
1, crack opening, corresponds to the crack propagation perpendicular to the crack face. Fracture modes 2
and 3 correspond to in-plane shear and out-of-plane shear, respectively. The inserted residual stresses cause
higher fracture release rates compared to the base FEA in all three fracture modes. In the dominant fracture
mode 1, the residual stress component S11 results in the highest energy release rate. This can be explained
by the tensile stress component perpendicular on the crack surface causing the crack to open. The effect
of residual stress components S22 and S33 are minimal as the results of these two FE-analysis are close to
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the base FEA. The model with all the residual stress components is in between the model with the residual
S11-component and the other two residual component models. The residual stress component S11 results
in high energy release rates in fracture mode 2, in-plane shear. I Influence of the residual stress components
S22 and S33 are minimal as the results of these two FE-analysis are close to the base FEA.The model with all
the residual stress components leads to results of the model with the residual S11-component and the other
two residual component models. Fracture mode 2 is influenced by in-plane shear stresses, which correspond
with S12-stresses in Abaqus. From the results, it can be explained that the inserted S11-component influences
the S12-stresses around the crack region, which results in higher energy release rate. At last, residual stress
component S33 results in the highest energy release rate in fracture mode 3. This mode is affected by out-of-
plane shear which corresponds to S13-shear stresses in Abaqus. The tensile residual stress component S33
cause an increase in S13-shear stresses. The effect of residual stress components S11 and S22 are minimal
as the results of these two FE-analysis are close to the base FEA, while the model which includes all three
residual stress components follows the same trend as the residual stress S33 model.
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Figure 4.27: Results fracture models energy release rate mode K1
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Figure 4.29: Results fracture models energy release rate mode K3

The results in Figure 4.24 are used to quantify the influence of the residual stresses. In Tables 4.3 and
4.4, the average percentage differences and squared correlation of each model crack depth is determined and
compared to the experiment [25] and the base model without residual stresses. Both data shown in Tables 4.3
and 4.4 are determined using the formulas in equations 4.3 and 4.4.

R - nX xy)-ECxXy 43)
VInEx? - (Cx02nLy? - (X y)3?
%—difference = ——* - al (4.4)

The experimental data has been interpolated to increments of 0.75 mm, as this corresponds with the results
of the FEA due to the mesh size of 0.75 mm. Next, the percentage difference compared to the experiment
and the base model is computed and averaged. Faster crack propagation results in a negative percentage dif-
ference, while a slower crack propagation results in a positive percentage difference. The average difference
per model is shown in Table 4.3. The squared correlation compared to the experiment and the base model is
calculated and shown in Table 4.4. For equal comparison of the 'FEA Total’ and ‘FEA’ models with the other
models, the crack depth data till 6 mm is used. Influence of the inserted residual stresses compared to the
base model is large, as the average percentage difference is 4% and the square correlation is relatively low at
98%. Residual stress components S11 and S22 both result in a higher crack propagation rate and therefore
result in a lower fatigue life. In both components, the tensile residual stresses around the initial crack result
in faster crack propagation compared to the base model. Residual stress component S33 results in a lower
crack propagation rate and therefore in a higher fatigue life. The tensile residual stresses in the z-direction
close the crack and result in a slower propagation rate.

The base model has a relatively low squared correlation of 95% compared to the experimental data. The crack
propagation rate is higher as the average percentage difference is -3.1%. Compared to the experimental data,
residual stress components S11, S22 and S33 all result in a higher crack propagation rate and therefore result
in a lower fatigue life. In addition, all three models including one residual stress component have a relatively
low square correlation, between 89.2% and 95.4%, compared to the base model and the model including all
three residual stress components. The model including all three residual stress components has the highest
squared correlation of 99% compared to the experimental data. The average percentage difference is 1.1%,
which shows that the crack propagation rate is slightly lower compared to the experimental model. It is con-
cluded that the model, including all three residual stress components, corresponds well with the experimen-
tal data. However, including one of the three components in a XFEM-analysis will not significantly improve
the results compared to the base model.
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N-cycles %-difference | FEAbase | FEAS11 | FEAS22 | FEAS33 | FEA Total

Experiment -3.08% -5.37% -4.47% -1.62% 1.09%

FEA base 0.00% -1.82% -2.62% 0.68% 4.34%

Table 4.3: Average percentage differences between experiments and FEA crack height

R? FEAbase | FEAS11 | FEAS22 | FEAS33 | FEA Total
Experiment | 95.46% 89.23% 95.37% 94.37% 99.11%
FEA base 100.00% 97.85% 99.86% 99.84% 98.22%

Table 4.4: Squared correlation between experiments and FEA crack height



Case study Suurhoftbridge

In this case study the obtained knowledge from the previous chapters is applied to the Suurhoffbridge. The
effects of the residual stresses on the crack propagation rate is analysed in this chapter. In a previous MSc-
thesis of R.S. Gupta [15] a fatigue analysis has been made without taking into account the residual stresses.
That analysis consisted of a crack initiation phase and a crack propagation phase. In this case study the focus
lies on the crack propagation phase, as the residual stresses will influence the crack propagation rate.

First, the suurhoffbridge will be described. Secondly, the FEM-model will be described and verified using
previous FEM-models. Thirdly, the critical load position is determined using influence lines based on SIF’s.
At last, the crack propagation model will be discussed.

5.1. Suurhoffbridge bridge description

The Suurhoffbridge is situated in the port area of Rotterdam over which the A15 highway runs. The bridge
connects the second Maasvlakte (port terminal) to the infrastructure of Rotterdam. Under the bridge flows
the hartelcanal which used by inland shipping from the harbour to other destinations. Next to the traffic
bridge a cable-stayed railway bridge is situated over the Hartelcanal. An overview of the situation is presented
in Figure 5.1. The total length of the bridge is 232.75 meter, of which two steel girder bridges and one movable
bascule bridge. These three segments are denoted as SV01, SV02 and SB01 (bascule bridge). SV01, SV02 and
SBO1 have a length of respectively 150.8 meters, 48.05 meter and 33.9 meter. The lay-out of the bridge is
presented in Figure 5.2. The bridge has been opened for traffic since 1972.

Botlek stores B.V &

®

Figure 5.1: Overview Suurhoffbridge[24]
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Figure 5.2: Lay-out Suurhoffbridge[15]

The bridge has a total width of 24.12 meters. This width is filled with a 2x2 highway and a pedestrian/bike
lane. The two outside lanes are slow lanes while the two inner lanes are fast lanes. The bike lane is situated at
the east side of the bridge. A cross-section of the bridge (SV01 & SV02) is presented in Figure 5.3.
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Figure 5.3: Cross-section (SV01 & SV02) Suurhoffbridge[15]

In this report the focus lies on the largest fixed steel girder bridge(SV01) of the three segments. This bridge
has an orthotropic steel deck with two steel longitudinal girders. The deck has a thickness of 10 mm while
the stiffener has a thickness of 5 mm. The width of the stiffeners at the deck is 300 mm while the width at the
bottom of the stiffener is 200 mm. The radius at the bottom corners of the stiffener is 17 mm. The center-to-
center distance of the stiffener is 600 mm so the distance in between the stiffeners is 300 mm. On top of the
deck an asphalt layer of 50 mm is applied. The geometry of the OSD is presented in Figure 5.4.
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Figure 5.4: Geometry Suurhoffbridge[15]
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5.1.1. Fatigue problems

During an analysis of the bridge in 2016, a fatigue root-to-deck crack with a length of 230 mm was discovered
using Time Of Flight Diffraction (TOFD). The inspection was done between stiffener number 24 and number
27, presented in Figure 5.3. The crack position within the joint is different compared to the toe-to-deck crack
described in Chapter 4. The stress field around the crack will be different due to the difference in load and
geometric position. The root-to-deck crack, presented in Figure 2.3, is impossible to see at an early crack
propagation stage as the crack can only been seen from inside the stiffener. The crack is becoming visible
when the crack propagates completely through the deck and causes damage to the asphalt layer. With TOFD,
the crack can be discovered at an earlier stage. When a crack is discovered, it is interesting how fast this
crack propagates, as this determines when the crack needs to be repaired. The rate at which these cracks
propagate is difficult to determine, as it is dependent on many factors like the magnitude of loading, material
properties and the number of load cycles. Experiments on the crack propagation rate can give a view on the
crack propagation rate, however these experiments are often time consuming and rather expensive.

With fracture mechanics, the crack propagation can be analysed using XFEM. This method will be used in
this thesis in order to predict the crack propagation rate for this case study. A case study towards the crack
propagation of this specific crack has been performed in the MSc-thesis of R.S. Gupta [15]. However, the
FEM-model did not take into account the residual stresses. These stresses might have an effect on the crack
propagation rate and therefore may result in a more accurate prediction of the crack propagation of this
specific fatigue crack.

5.1.2. Fatigue analysis procedure

The fatigue analysis of this case study can be divided into three parts: Verification of the FEM-model, deter-
mination of the critical load position and the fatigue crack propagation simulation. The first two parts are
needed in order to ensure that the FEM-model complies with the reality and that the critical load position
is determined. In the last part, the knowledge obtained from chapters 3 and 4 will be applied on the case
study. However, the whole lifespan of the bridge is not modelled in this case study as only the crack propa-
gation phase is simulated, which is presented in Figure 5.5. A number of load cycles due to traffic will initiate
the crack. This number of cycles to crack initiation has been determined by applying the HSS-method and
a FEM-model in a previous report [15]. In this case study, a similar FEM-model has been modelled and the
HSS have been compared with the present literature in order to verify the model and therefore assuming that
the same amount of cycles is needed for crack initiation. Next, an influence line based on Stress Intensity
Factors (SIFs) in order to obtain the critical load position. The crack propagation phase is modelled using the
fatigue crack propagation simulation analysis using XFEM. In this analysis the effects of the residual stresses
are determined in this XFEM-model using the simplified residual stresses described in section 3.2.7. Also the
fatigue crack propagation simulation will be compared with the TFOD measurements. The whole procedure
of this case study is presented in Figure 5.6.

Fatigue crack simulation analysis
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Start use of the Estimated crack Crack length of 230mm
bridge initiation (TOFD measurements)
Crack initiation period Crack propagation period
(1.91 million cycles) (4.75 million cycles)

Figure 5.5: Fatigue analysis Suurhoffbridge [15]

Hot-Spot-Stress (HSS) | | Verification using | | Influence line based | | Determine critical | | Crack propagation | | Quantify influence
model literature on SIF load position analysis residual stresses

Figure 5.6: Fatigue analysis procedure case study
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5.1.3. Material properties

In this model, both elastic material properties and Paris Law properties are applied, E = 210 GPa and
v = 0.3. It is assumed that S355 steel has been used in the bridge [15]. This is of great importance when
determining the Paris Law parameters. It is difficult to exactly determine the Paris law parameters of the
Suurhoff bridge as these are dependant on a various factors such as manufacturing conditions and tempera-
ture. As described in section 4.3, these parameters can influence the results substantially. Therefore, material
testing on the analysed structure is essential to obtain accurate results. However in this case study an as-
sumption will be made based on various literature. Similar parameters will be used as in the fatigue crack
propagation simulation in chapter 4 although these parameters are changed slightly in order to obtain better
results. These Paris Law parameters are presented in Table 5.1. At last, it is assumed that the properties of the
filler material and the parent material is the same.

G res. G
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0.001 | O 1.10%10° | 15 | 6.3 | 6.3 | 6.3 1 0 0.85

Table 5.1: Load and Paris law parameters case study [4, 25]

5.2. Hot-Spot Stress (HSS) analysis

This analysis is performed in order to verify if the boundary conditions and geometry correspond with litera-
ture data. Only a part of the bridge will be modelled, while the rest of the bridge is modelled using boundary
conditions. A cross-section consisting of 4 U-shaped stiffeners (no. 24 - no. 27) will be modelled while the
total length of the model is the distance between 4 cross beams. The whole model is presented in Figure
5.7. The model consists of a deck under which U-shaped stiffeners are placed, while both the deck and the
stiffeners is supported by crossbeams. All the geometric parameters of the FEM-model are described in Ta-
ble 5.8. The mesh of the model consist primarily of S4R-elements, except for a transition region which uses
S3-elements. The mesh has been refined to a size of 2 mm around the loading area and around the position
at where the HSS are obtained, which is at the weld root of the weld.

Ux=URy=URz=0

Uz=URy=URx=0

Y p
A Width:
z X 2400 mm f

Figure 5.7: Hot Spot Stress (HSS) FEM-model

Total length:
13620 mm
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Figure 5.8: Geometry HSS FEM-model Suurhoffbridge Figure 5.9: Cross-section results HSS-analysis (deformation scale 25x)

5.2.1. Load parameters

In this HSS-analysis the same load will be applied compared to the reports of Rijkswaterstaat [5] and R.S.
Gupta [15]. The load will consist of a single Type C axle load of 105 kN placed in the middle of the specimen
in between the the pair of stiffeners as can been seen in Figure 5.7. Contrary to the analysis in the report of
Rijkswaterstaat, the whole axle does not fit on the relative small model, therefore only one wheel load (270
mm x 320 mm) of 52.5 kN is applied.

5.2.2. Boundary conditions

As only a small section of the bridge is modelled the boundary conditions are important, as these simulate the
stiffness of the rest of the bridge. In this model, there are boundary conditions in all three directions. At both
edges of the deck, symmetry boundary conditions have been applied in the x-direction. This implies that
the edge of the deck is restricted for rotations around the z- and y-axis and it is restricted for deformation in
the x-direction. This boundary condition simulates the continuation of the deck on either side of the model.
At both ends of the deck and stiffeners symmetry boundary conditions have been applied in the y-direction.
This implies that the edge of the deck is restricted for rotations around the x- and z-axis and it is restricted for
deformation in the y-direction. At last, the bottom edge of the cross beams are restricted for deformations in
the y-directions. As the crossbeams are very stiff in relation to the deck in combination with the stiffeners,
the crossbeams will act as supports for the deck and stiffeners, which is simulated by the y-support.

5.2.3. Results

Within Abaqus® a static analysis is performed. The HSS are obtained from 10 and 4 mm away from the weld
root. The maximal principal stresses are obtained from the FEM-model after the static analysis. In Figure
5.9, a cross-section of the static analysis is presented. In Figure 5.10, the Hot-spot stresses are presented from
the static analysis. It can been seen that the results are close to the results of the report of RWS, which uses a
mesh size of approximately 2.5 mm. The difference of the HSS at the weld root is 1 MPa, which corresponds to
percentage difference of 1 %, although further from the root it can be seen that the trend of the RWS analysis
is flatter while the trend of R.S. Gupta’s analysis is slightly steeper. However the differences are so small that
these are considered acceptable.
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Figure 5.10: Hot spot stress weld root

5.3. Analysis critical load position

Next, the critical load position has to be determined. This will be done by using influences lines based on
Stress Intensity factors (SIF’s). Over the Suurhoffbridge runs a highway, therefore the most critical lorry has to
be investigated. According to the NEN 8701 [27] lorry number T1103 (type 4) is most common on highways
as 50 percent of the trucks are this type, therefore only this lorry type is analysed. The influence lines are
analysed in both the transversal as longitudinal direction. At last, another model has been developed in
which a crack is inserted and contains solid elements instead of only shell elements. The combination of
both shell and solid elements is to keep the computation time relative low.

5.3.1. XFEM-model

In order to obtain the SIF’s caused by the moving load the FEM-model has to be adapted compared to the
HSS-model in section 5.2. In order to introduce an initial static crack in the weld root of the joint, a solid part
has to be introduced into the model, which is presented in Figure 5.11. The solid part is connected to the shell
part using 'shell-to-solid couplings’ within Abaqus®. The crack is inserted over the whole length (500 mm),
ensuring that Abaqus® correctly recognizes the crack front and crack direction. The height of the crack is
2 mm. Assumed is that there is a gap at the weld root of 1 mm due to lack of penetration. At the right top
corner of this gap, the initial crack is inserted, as denoted in red in Figure 5.12. The mesh of the solid part
is constructed of linear brick C3D8R, while the rest of the model is using shell elements. Only using solid
elements would result in long CPU-time (> 1 day) in order to obtain the influence line.

Y

box

Figure 5.11: Overview solid part XFEM-model Figure 5.12: Mesh solid part XFEM-model

5.3.2. Load model

There is assumed that lorry number T1103 (type 4) is governing as this type of truck has the most passes over
the structure. A schematic overview of the load caused by the truck according to the NEN 8701 is presented in
Figure 5.13. This lorry load will move over the deck of the bridge in both transversal and longitudinal direction
in order to obtain the influence line. Within Abaqus®, the moving load will be introduced using the DLOAD-
subroutine. Thisis a piece of Fortran-code in which the a pressure load can be assigned to certain coordinates
within the model. The transversal DLOAD-subroutine is added to Annex C. The transversal influence lines
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are produced with steps of 50 mm while the longitudinal influence line has steps of 100 mm. According to a
previous case study [37], the governing position of a similar NEN 1991-2 lorry type 3 is under at the middle
Type C axle. Therefore, a transversal influence line is produced where the middle Type C axle moves over the
middle of the analysed crack section. Assuming, this is the critical load position in longitudinal direction, the
most critical load can be determined by using only one pass. However, in order to verify this assumption a
longitudinal influence line will be performed.

40 kN 62.5 kN A 45 kN 45 kN 45 kN
Type A Type B 2000 mm Type C Type C Type C
40 kN 62.5kN v 45 kN 45 kN 45 kN
) 3800 mm A 5600 mm 8 1300 mm 8 1300 mm ”
Figure 5.13: Loading scheme lorry number T1103 (type 4) NEN 8701
5.3.3. Results

In Figures 5.14 and 5.15, the influence lines in both transversal and longitudinal direction are presented.
As can been seen in Figure 5.14, the transversal influence line results in a near symmetrical influence line,
where either wheel load runs over the crack. The bigger peaks correspond with the position at which the
wheel load is in between the stiffeners, presented in Figure 5.9, while the two smaller peaks correspond with
the position at which the wheel load is in between the webs of the stiffener, so on the left-hand side of the
position presented in Figure 5.9.

Next, an longitudinal influence line is obtained in the longitudinal direction in order to verify the assumption
made in section 5.3.2. The x-position is the same as the peak in the transversal influence line, denoted in red.
In Figure 5.15, it can been seen that the assumption in section 5.3.2 is right, as the middle Type C axle is most
critical.
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Figure 5.14: Transversal influence line fatigue crack mode 1 Figure 5.15: Longitudinal influence line fatigue crack mode 1

Next, an influence line is obtained by introducing residual stress components into the solid part of the
model. Residual stress component S22 has been excluded, as these stresses do not stay in the solid part,
but flow directly into the stiffener. This is caused by the shell elements in the deck as these cannot form
equilibrium with stresses in the y-direction. Therefore only residual stress components S11 and S33 are taken
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into account. Also the combination of these stress components has been analysed and is denoted as 'Total’.
All the maximum values along the crack surface are presented in Figure 5.16. Residual stress component S11
has the largest effect on the SIE while residual stress component S33 has hardly any influence on the SIF’s.
However the combination of residual stress component S11 and S33 resulted in the highest SIF’s.
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Figure 5.16: Maximum SIF transversal influence lines fatigue crack mode 1

However in the fatigue crack propagation simulation the initial crack will be relatively small and not span
the whole length of the solid part. Therefore to obtain the critical load position the middle SIF from the
middle element has been analysed and presented in Figure 5.17. The critical load position is at time step
18, which corresponds with the position at which the wheel load is in between the webs of the stiffener. The
surrounding elements show the same, however these elements have been excluded from the graph as the
graph would became crowded with lines. The effects of the residual stresses are still present, however in the
middle these effects are much smaller. Concluding, the critical load position will be when the center of the
wheel is located at x = —900 mm and z = —6810 mm, which corresponds with the position at which the
wheel load is in between the webs of the stiffener in the middle of the bridge.
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Figure 5.17: SIF middle element transversal influence lines fatigue crack mode 1
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Figure 5.18: SIF along crack surface FEA S11 crack mode 1



5.4. Fatigue crack propagation simulation 61

At last, the SIF along the crack face is presented in Figure 5.18. It can been seen that the SIF is higher in
the middle where the average lies around 300 and most of the peaks between a SIF of 50 and 600. Every 1.5
mm, a SIF is calculated as the mesh size in the z-direction is 1.5 mm. Only FEA S11 is presented as otherwise
the graph would become unreadable. However the other models show a similar pattern.

5.4. Fatigue crack propagation simulation

In this section the HSS-analysis and the critical load analysis will be used in order to perform a fatigue crack
propagation simulation. The fatigue crack propagation simulation will start after crack initiation has oc-
curred. During the crack propagation simulation an initial crack will propagate due to a cyclic load.

5.4.1. XFEM-model

The model will be very similar compared to the critical load analysis including the same solid part in combi-
nation with the ’shell-to-solid couplings. However the dimensions of the initial crack will be different. The
initial rectangular crack has a crack length of 2.5 mm and a crack height of 1.25 mm. There is not chosen for a
semi-ellipsoid shape as brick elements are used in the crack region. As the FEA-software can only crack whole
elements and as the mesh is relative coarse due to the computing time the semi-ellipsoid shape will result in
arectangular shape in the analysis.

The mesh is similar as presented in Figure 5.12, consisting of linear brick C3D8R, while the rest of the model
is using shell elements. Relative large elements with a height of approximately 1 mm and a width of 2 mm.
There is chosen for large brick elements in order to reduce the computing time of the crack propagation
analysis based on XFEM.
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Figure 5.19: Wheel load position Figure 5.20: Direct cyclic wheel load

5.4.2. Load parameters

During the crack propagation analysis in Abaqus® a direct cyclic analysis will be performed. This quasi-static
analysis simulates cyclic loading based on a varying load. This varying load causes a stress range that will be
used to calculate the crack propagation using VCCT and LEFM. There is chosen to load one wheel with a force
of 45 kN, this load corresponds to the NEN8701 [27]. The load is applied on one wheel surface on the left-
hand side of the solid part as presented in Figure 5.19. The wheel load of -45 kN is multiplied with a periodic
function dependant of time in order to simulate cyclic loading. The total amount of cycles will be divided by
three as three type C wheels passes the bridge per truck pass. The wheel loads of axles A and B are ignored
as the SIFs of these loads are substantially lower as shown in Figure 5.15. These lower stresses will reduce the
fatigue damage substantially as a doubling in stress range will result in 8 times(22) the fatigue damage. The
total load on the OSD-specimen is shown in Figure 4.5. The wheel load is applied in the negative y-direction
where the total load is evenly spread over the load surface.
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5.4.3. Results

The fatigue crack propagation simulation will be compared with the measurements from the TOFD [7]. In
this thesis it is verified that there was a crack with a length of 230 mm and a height of 10 mm at the weld root
of the rib-to-deck joint. After crack initiation in 1992, approximately 4.75 million heavy trucks have passed
over the bridge before the TOFD measurements have taken place, as described in section 5.1.2. As three Type
C wheels pass the bridge with every pass, the total number of load cycles of Type C wheels is 14.25 million
cycles. The results will be focused on the crack length, denoted as 2C. The crack height is not that interesting
as during crack propagation, full penetration of the deck occurs relatively quickly. Also the effects of residual
stress components S11 and S33 will be evaluated.
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Figure 5.21: Base FEA transversal stresses S11 (X-direction)

First, the base fatigue crack propagation simulation has no residual stress components inserted. As the
wheel load is activated onto the deck of the bridge as a cyclic load a compressive transversal stress occurs due
to the wheel load and subsequently closes the crack. A contour plot in the middle of the solid part is presented
in Figure 5.21. The result is that even at very high cycles no crack propagation occurs as the minimal threshold
for crack propagation is not met due to compressive force.
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Figure 5.22: Simplified residual stress component S11 Figure 5.23: Simplified residual stress component S33

Next, the fatigue crack propagation simulation including residual stress components is analysed. The
simplified residual stresses, described in section 3.2.7, are used in this case study as a separate weld simula-
tion for this geometry would be too time consuming. Also, the exact weld parameters of the Suurhoffbridge
are not available. It is likely that the manual welding is applied on the rib-to-deck joint as the structure is pro-
duced in the seventies, this could lead to a different residual stress field. The simplified stresses of residual
stress component S11 and S33 are presented in Figures 5.22 and 5.23.

The fatigue crack propagation simulation including residual stress component S11 is presented in Figure 5.28
in which the specimen is not loaded. The shell elements are also pre-loaded with a tensile transversal stress
of 60 MPa in order to keep the tensile stress at the bottom of the deck, otherwise the crack will not propagate
due to the compressive force. If this is not done the inserted residual stresses will find equilibrium with the
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shell elements surrounding the solid part, resulting in a reduced residual stress field. This phenomena can be
reduced to insert the full simplified stresses over the whole cross-section or using solid elements in the whole
model. This phenomena is less of an issue in Chapter 4 as there only solid elements are used.
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Figure 5.24: Results FEA S11 transverse stress field

Full-depth crack propagation

o EEE. .k, m

N=0 N =2.89E+6 N=6.41E+6 N =1.19E+7

N=1.6E+7

Figure 5.25: Results FEA S11 crack phases

In Figures 5.24, 5.25 and 5.26, the results of the fatigue crack propagation simulation including residual
stress component S11 are presented. As presented in Figure 5.26, the crack propagates in the propagation
phase in a linear trend, but at around 1.35- 107 cycles the crack propagation rate increase till around 1.62-10"
cycles at which the crack becomes unstable. That is also the point at which the 230 mm crack length is
reached. In Figure 5.25, it can bee seen that until 6.41 - 10° cycles the crack propagates both upwards and
to both sides, where the crack has pyramid-shape. At 1.19-107 cycles, the crack reaches the deck surface,
which causes the crack to primarily propagate to both sides. At 1.6- 107 cycles the crack propagates primarily
at the top surface of the crack. Also, the crack shape changes from a pyramid shape towards an inverted
pyramid shape. This phenomena can be explained as at the top surface of the deck a transverse tensile stress
is present due to the wheel load, which accelerates the crack propagation in the z-direction. In Figure 5.24
the difference in transverse (x-direction) stress field between a partial depth crack and a fully penetrated
crack. In the left picture, the crack has not fully penetrated the deck yet although there can be seen a slight
change in the middle of the solid part where the crack has an effect on the transversal stress field. On the
right picture, the crack is penetrated through the full thickness of the deck over a certain length. The fully
penetrated crack obstructs the load transfer of the wheel load in transverse direction, which causes traversal
stress peaks at both crack tips as the transversal stresses flow around the crack. This phenomena increases
as the fully penetrated crack becomes larger till a point at which the crack becomes unstable and fails. These
increasing transverse stresses at either end of the crack explain also the steep increase in crack propagation
rate presented in Figure 5.26. In comparison to the TOFD measurements the crack propagation simulation
has a difference of approximately 14 percent. This is a good result as both Type A and B wheels are ignored
and would slightly reduce the fatigue life which would result in more accurate results.
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Figure 5.26: Results fatigue crack simulation FEA S11 crack length 2C
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Figure 5.27: FEA crack propagation residual
stress components S11 & S33 Figure 5.28: FEA residual stresses (X-direction)

Next, the fatigue crack propagation simulation including residual stress component S33, but without

residual stress component S33, will result in no crack propagation due to the same reasons as the base model.
The inserted residual stresses in the z-direction do not effect the compressive stresses in the transversal di-
rection, which cause crack closure and prevent crack propagation.
At last, the fatigue crack propagation simulation including residual stress components S11 and S33. In this
model both transverse and longitudinal residual stresses are introduced. The longitudinal tensile residual
stress component S33 is around the yield stress, while the transverse stresses are much lower at maximal 1/3
of the yield stress. This difference in stresses will effect the crack propagation direction in which the relative
small initial crack grows. The crack grows due to the relative high longitudinal stresses in transverse direction,
which results in unrealistic crack growth. When the direction of the crack changes slightly, the high longitu-
dinal stresses cause rapid fracture mode 1 crack propagation, and cause the crack to propagate unrealistic in
transverse direction. The result of this phenomena is presented in Figure 5.27. To avoid this phenomena it is
advised to only introduce the residual stresses in the transverse direction. It can also been concluded that the
effect of residual stresses is large regarding the fatigue crack propagation of a fatigue crack at the weld root.
Especially the residual stress component in transverse direction as natively transversal compressive stresses
are present at the weld root.

5.5. Discussion

The method described in Chapter 4 shows good results when comparing to experimental data. However when
applying the method on a large scale case study many assumptions have been made in order to obtain good
results. Furthermore, there are many factors where small changes will affect the results to large extend. The
large number of factors that can have effect on the results can prevent applying this methods on large scale
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structures as the accuracy and CPU-time of the method should be improved. The following assumptions that
have been made are described below with the possible improvements that can be made in future research.

¢ The material properties applied in this case study are based on literature [4, 25] and knowledge ob-
tained in Chapter 4. However to obtain accurate results the material parameters should arise from
material testing from the analysed structure as these parameters have a large effect on the results. It
is likely that the manual welding is applied on the rib-to-deck joint as the structure is produced in the
seventies. This could have a significant influence on the results as the residual stress field could be
completely different for both the welding method as geometry.

¢ The magnitude and amount of cycles is not exactly measured but assumed based on the NEN8701 [27].
Especially the magnitude of the load is important as a doubling in load would results in 8 times (23) the
fatigue damage as this relation is cubic. In an ideal situation both parameters should be monitored in
order to obtain accurate results.

¢ The combination of solid- and shell-elements using 'shell-to-solid couplings’ results in difficulties when
introducing and retain the residual stresses in the XFEM-model. In the fatigue crack simulation de-
scribed in Chapter 4 using only solid elements it was possible to retain most of the residual stresses.
A model with only solid elements would result in a substantially large CPU-time, resulting in multiple
days of calculating a XFEM-model on a workstation. As described in the results the residual stresses
have large effects on the crack propagation. Especially the residual stress component in transverse
direction as natively transversal compressive stresses are present at the weld root.

» The residual stresses applied in the case study are based on an automatic weld sequence while it is
likely that the manual welding is applied on the rib-to-deck joint as the structure is produced in the
seventies. The residual stress field caused by the manual welding process will be different, which could
lead to different results.

¢ The boundary conditions of the XFEM-model are largely based on assumptions described in literature
[5, 15]. Although the HSS-model verifies that the stresses at the weld root are similar with large scale
FEM-models it would be better if there where experimental data to obtain the stresses at the weld root.

¢ It can be noted that the position at which the crack occurs has influence on the effect of the residual
stress components. As described in Chapter 4, the transverse residual stress component S11 has limited
influence on the crack propagation, while in the case study the influence of this component is essential
as a transversal compressive stress field is present. In the crack simulation in Chapter 4, the crack is
introduced at the weld toe, while in the case study the crack is introduced at the weld root. However
more accurate research is required in order support this as this can also be related to other factors.






Conclusions & Recommendations

In this final chapter, both the conclusions and recommendations of this research project are described. After
the conclusions, a number of recommendations are given for future research.

6.1. Conclusions
From both the weld simulation as fatigue crack simulation analysis, the following conclusions are made:

¢ The thermomechanical FEA resulted in a residual stress field of the OSD-specimen. Simplified residual
stress field for each component of the global stress direction is successfully accomplished and these
results are used as input for modelling of the fatigue crack propagation.

» The fatigue crack propagation analysis without residual stresses resulted in a squared correlation factor
of 95.4% compared to the experimental data considering the crack depth. The analysis is improved
compared to previous models [15], by using the same material properties as the experimental data
[25]. The FEA resulted in a higher crack propagation rate as the average percentage difference is —3%
compared to the experimental data.

» The fatigue crack propagation simulation including the simplified residual stress field resulted in a

squared correlation of 99% compared to the experimental data considering the crack depth. The FEA
resulted in a slightly slower crack propagation rate as the average percentage difference in terms of
fatigue cycles is 1.1%. It is concluded that the residual stresses influence the crack propagation rate
leading to improve the FE results significantly. Compared to the experimental data, residual stress
components S11, S22 and S33 all result in a higher crack propagation rate and therefore result in a
lower fatigue life. In addition, all three models including one residual stress component have a rela-
tively low square correlation, between 89.2% and 95.4%, compared to the base model and the model
including all three residual stress components.
It is concluded that the model, including all three residual stress components, corresponds well with
the experimental data. FEA that includes one of the three residual stress components in a fatigue crack
propagation analysis will not significantly improve the results compared to the crack propagation anal-
ysis without residual stresses.

From the case study regarding the Suurhoffbridge, the following conclusions are made based on the re-
sults of the fatigue crack growth simulation:

¢ The results of the hot-spot stresses based on the static FE-analysis correspond well with the other FEM-
models in literature, as the difference in HSS is only 1%. This shows that the boundary conditions and
geometry are verified, as the results are compared to an analysis in which the whole bridge is modelled.

¢ The obtained influence lines based on SIF factors determined the critical load position on the structure.
These lines showed that critical position was when the wheel load was positioned between the webs of
the stiffener.

67
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¢ Also, from the influence lines can be concluded that the residual stresses in the transverse direction
increase the stress intensity factors, while the influence of the residual stresses in longitudinal direction
is much smaller.

¢ From the fatigue crack growth simulation it can be concluded that the transverse residual stress com-
ponent S11 is essential for crack propagation, as these tensile stresses initiate the crack propagation
phase. The XFEM-model without any transverse tensile residual stresses will not propagate as a com-
pressive transverse stress field prevents crack propagation. The longitudinal residual stress component
S33 also does not initiate crack propagation as the compressive transverse stress field is present and
prevents crack propagation. Including both longitudinal and transversal residual stresses does result
in crack propagation. However, the longitudinal tensile residual stresses do result in unrealistic crack
propagation.

¢ Overall, the fatigue crack simulation including the transverse residual stresses corresponds relatively
well compared to the measured data as the difference is only approximately 14%, also considering that
two wheel load that have limited effect have been ignored in the analysis. If these two wheel loads
would be included the results will improve.

6.2. Recommendations
The following recommendations can be made regarding the fatigue crack propagation simulation.

¢ During a study of the boundary conditions in the crack propagation FE model, a second model is de-
veloped. The interface between the OSD-specimen and the set-up has been modelled using ‘surface-
to-surface’-contact. Currently, it is difficult to use this type of boundary conditions with a direct cyclic
analysis, as the deformation during this analysis is too large for the ‘surface-to-surface’-contact. There
is potential for improvement of FEA by improving the boundary conditions in the future study.

¢ The crack length propagation does not correspond satisfactory to the experimental data, while the
crack depth does. This part could be improved by using other types of element types as the stress dis-
tribution at either edge of the crack will change. This can be done with triangular elements (C3D4/10),
however, this requires a significant increase of the CPU-time.

The following recommendations can be made regarding the case study of the Suurhoffbridge.

* The boundary condition, material properties and loading by heavy traffic should be determined more
accurately with measurements in order to verify the model properties. In this case study a lot of as-
sumptions are made in the model properties, which could lead to inaccurate results.

¢ An XFEM model with only solid elements will make it possible to retain the residual stresses field better
during the direct cyclic analysis. This would also make it possible to introduce the vertical (y-direction)
residual stress component into the XFEM-model.
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Appendix A - Subroutine DFlux

SUBROUTINE DFLUX(FLUX, SOL, KSTEP, KINC, TIME, NOEL, NPT, COORDS,
1 JLTYP,TEMP, PRESS, SNAME)

INCLUDE ’ABA_PARAM.INC’
DIMENSION FLUX(2), TIME(2), COORDS(3)
CHARACTER*80 SNAME
PARAMETER (ZERO=0.D0,0ONE=1.D0,TWO=2.D0,FOUR=4.D0, P1=3.1415926D0,
1 THREE=3.D0)
IF (TIME(2) .LE. 40.001 .AND. TIME(2) .GE. 0.001) THEN
Rv = 10
RU = 26
RI = 600
REta = 0.95
RQ = 1000«REta*RUxRI
Ra = 6.9
Rb = 9.1
RFb = 1.4
RFf = 0.6
Rcl = 6.9
Rc2 = 16
RK = 3.0
RL = 3.0
RM = 3.0
x0 =0
yo =0
z0 = 0 — Rvx+(TIME(2)-0.001)
Rbeta = -38+«PI/180
XX = COORDS(1)
YY = COORDS(2)
77, = COORDS(3)
RX = abs ((XX-x0)+cos (Rbeta)+(YY-y0)+sin (Rbeta))
RY = abs(-(XX-x0)+*sin (Rbeta)+(YY-y0)*cos(Rbeta))
RZ = abs(ZZ-z0)
IF (ZZ-z0 .GE. ZERO) THEN
'back
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74 A. Appendix A - Subroutine DFlux
RQXY1 = -RK+#RX#%2.0/Ra*+2.0-RL*RY**2.0/Rb*+2.0 -RM*RZ*+2.0/Rc2+*%2.0
FLUX(1) =6.0*sqrt (3.0)*RFb*RQ=Exp (RQXY1)/Ra/Rb/Rc2/PI1/Sqrt (PI)
ENDIF
IF (ZZ-z0 .LT. ZERO) THEN

!front
RQXY2 = —-RK«RX#*%2.0/Rax*%2.0 —RL*RY*%2.0/Rb*%2.0-RM*RZ*%2.0/Rcl*x2.0
FLUX(1) = 6.0xsqrt(3.0)=RFf*RQ+Exp (RQXY2)/Ra/Rb/Rcl/PI/Sqrt(PI)
ENDIF
ELSEIF (TIME(2) .LE. 180.001 .AND. TIME(2) .GT. 140.001) THEN
Rv = 10
RU = 26
RI = 600
REta = 0.95
RQ = 1000xREta*RU=*RI
Ra = 6.9
Rb = 9.1
RFb = 1.4
RFf = 0.6
Rcl = 6.9
Rc2 = 16
RK = 3.0
RL = 3.0
RM = 3.0
x0 = -306.166779
yo =0
z0 = -400 + Rv=*(TIME(2)-140.001)

Rbeta = -38+«PI/180

XX = COORDS(1)

YY = COORDS(2)

77 = COORDS(3)

RX = abs ((XX-x0)*cos (Rbeta)+(YY-y0)+*sin (Rbeta))
RY = abs(—(XX-x0)+*sin (Rbeta)+(YY-y0)*cos(Rbeta))
RZ = abs(ZZ-z0)

IF (ZZ-z0 .GE. ZERO) THEN

!'back
RQXY1 = -RK#RX#*%2.0/Rax*+2.0-RL*RY**2.0/Rb*+2.0 -RM*RZ*%2.0/Rc2#%2.0
FLUX(1) = 6.0xsqrt(3.0)+RFb+RQ+Exp (RQXY1)/Ra/Rb/Rc2/PI/Sqrt (PI)
ENDIF
IF (ZZ-z0 .LT. ZERO) THEN

!front

RQXY2 = —-RK+RX+*#2.0/Ra*+2.0-RL+RY#*%2.0/Rb*+2.0 -RM*RZ+#+2.0/Rcl*%2.0
FLUX(1) = 6.0xsqrt(3.0)=RFf+RQ+Exp (RQXY2)/Ra/Rb/Rcl/PI/Sqrt (PI)
ENDIF

ELSE

FLUX(1) = 0

ENDIF

RETURN

END
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Appendix B - Sequence birth and death
principle
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N. van den Berg

Thermal analysis

Mechanical analysis

Thermal analysis

Mechanical analysis

Predefined field (Mechanical

Weld Weld Begin End
element Step Time Step Time element Step Time Step Time |Step increment| increment
Model Model Model Model Model
Weld_total |Change 0.001(Change 0.001)Weld_total [Change 0.001|Change 0.001|Change |- -
Weld1 Step2 1|Step2 1|Weld1 Step2 1|Step2 1|Step3 0 0
Weld2 Step3 1|Step3 1|Weld2 Step3 1|Step3 1|Step4 0 0
Weld3 Step4d 1|Step4d 1|Weld3 Step4d 1|Step4d 1|Step5 0 0
Weld37 Step38 1|Step38 1|Weld37 Step38 1|Step38 1|Step39 0 0
Weld38 Step39 1|Step39 1|Weld38 Step39 1|Step39 1|Step40 0 0
Weld39 Step40 1|Step40 1|Weld39 Step40 1|Step40 1|Step4l 0 0
First
Weld40 Step41 1|Step4l 1|Weld40 Step41 1|Step4dl 100|cooling 0 0
First First First First First First
cooling cooling 100|cooling 100]cooling cooling 100|cooling 1|Step 42 0 0
Weld41 Step 42 1|Step 42 1|Weld41 Step 42 1|Step 42 1|Step 43 0 0
Weld42 Step 43 1|Step 43 1|Weld42 Step 43 1|Step 43 1|Step 44 0 0
Weld43 Step 44 1|Step 44 1|Weld43 Step 44 1|Step 44 1|Step 45 0 0
Weld77 Step 78 1|Step 78 1|Weld77 Step 78 1|Step 78 1|Step 79 0 0
Weld78 Step 79 1|Step 79 1|Weld78 Step 79 1|Step 79 1|Step 80 0 0
Weld79 Step 80 1|Step 80 1|Weld79 Step 80 1|Step 80 1|Step 81 0 0
Second 37(Last

Weld80 Step 81 1|Step 81 1|Weld80 Step 81 1|Step 81 4000|cooling Olincrement)
Second Second Second Second Second
cooling Cooling 4000|Cooling 4000]cooling Cooling 4000




Appendix C - transversal
DLOAD-subroutine

SUBROUTINE DLOAD(F, KSTEP, KINC, TIME, NOEL, NPT, LAYER, KSPT,
1COORDS, JLYP ,SNAME)

INCLUDE ’ABA PARAM.INC’

DIMENSION TIME (2) ,GOORDS(3)
CHARACTER+80 SNAME

define the load values
unit: m, N
rP0=0
rLoadA=80000/2!N
rLoadB=125000/2!N
rLoadC=90000/2!N
C
C the shape of local wheel
rwidthA=220m
rwidthB=540m
rwidthC=270hm
rlength=320hm

C

C initial position of the local wheel
rx0=-1000hm
ry0=0
rz0=3890hm

C

raxlel=2000hm
raxle2=3800hm
raxle3=5600hm
raxle4=1300mm
rPwheelA=rLoadA/(rwidthA*rlength)
rPwheelB=rLoadB/(rwidthB+rlength)
rPwheelC=rLoadC/ (rwidthC+rlength)

77



78 C. Appendix C - transversal DLOAD-subroutine

C

C define the moving speed
rspeedx=50hm/s
!rspeedy=0
rspeedz=0hmy s
rPositionx0=rx0-rspeedx
!rPositiony0=ry0-rspeedy
rPositionz0=rz0-rspeedz

C

C define the moving speed
rDispx=TIME (1) *rspeedx
'1Dispy=TIME(1) *rspeedy
rDispz=TIME(1)*rspeedz

rxMinA=rDispx -0.5*rwidthA+rPositionx0
rxMaxA=rDispx+0.5*rwidthA+rPositionx0

rxMinB=rDispx -0.5*rwidthB+rPositionx0
rxMaxB=rDispx+0.5*rwidthB+rPositionx0

rxMinC=rDispx -0.5*rwidthC+rPositionx0
rxMaxC=rDispx+0.5+rwidthC+rPositionx0

rzMinl=rDispz-0.5+rlength+rPositionz0
rzMax1l=rDispz+0.5*rlength+rPositionz0

define the moving load region, one local wheel loading

[oNeNe!

axle 1 wheel 1 (Axle type A)
IF ((COORDS(1)+0.5+raxlel) .ge. rxMinA .and.
1((COORDS(1)+0.5«raxlel)
1.1t. rxMaxA) .and.
2 (COORDS(3).ge.rzMinl) .and. (COORDS(3).l1t.rzMaxl)) THEN
F=rP0+rPwheelA
C axle 1 wheel 2
ELSE IF ((COORDS(1) -0.5xraxlel .ge.rxMinA) .and. (COORDS(1)
1-0.5«raxlel
1.1t .rxMaxA) .and.
2 (COORDS(3).ge.rzMinl) .and. (COORDS(3).l1t.rzMaxl)) THEN
F=rP0+rPwheelA

oNoNeNe

axle 2 wheel 1 (Axle type B)
ELSE IF ((COORDS(1)+0.5+raxlel .ge.rxMinB) .and. (COORDS(1)
1+0.5*raxlel
1.1t .rxMaxB) .and.
2 (COORDS(3)+raxle2.ge.rzMinl) .and. (COORDS(3)+raxle2.l1t.rzMaxl))
3THEN
F=rP0+rPwheelB
C axle 2 wheel 2
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OO0

oNoNONONe!

C

ELSE IF ((COORDS(1)-0.5+raxlel .ge.rxMinB) .and. (COORDS(1)
1-0.5«raxlel
1.1t .rxMaxB) .and.
2 (COORDS(3)+raxle2 .ge.rzMinl).and. (COORDS(3)+raxle2.l1t.rzMaxl))
3THEN

F=rP0+rPwheelB

axle 3 wheel 1 (Axle type C)
ELSE IF ((COORDS(1)+0.5+raxlel .ge.rxMinC) .and. (COORDS(1)
1+0.5xraxlel
1.1t .rxMaxC) .and.
2 (COORDS(3)+raxle2+raxle3 .ge.rzMinl) .and. (COORDS(3)+raxle2+raxle3 .It. rzMaxl))
3THEN
F=rP0+rPwheelC
axle 3 wheel 2
ELSE IF ((COORDS(1)-0.5+raxlel .ge.rxMinC) .and.
1(COORDS(1) -0.5«raxlel
1.1t .rxMaxC) .and.
2 (COORDS(3)+raxle2+raxle3.ge.rzMinl) .and. (COORDS(3)+raxle2+raxle3 .l1t. rzMaxl))
3THEN
F=rP0+rPwheelC

axle 4 wheel 1 (Axle type C)
ELSE IF ((COORDS(1)+0.5*raxlel .ge.rxMinC) .and.
1(COORDS(1)+0.5*raxlel
1.1t .rxMaxC) .and.
2 (COORDS(3)+raxle2+raxle3+raxle4.ge.rzMinl) .and. (COORDS(3)+raxle2+
3raxle3+raxle4 .It. rzMaxl))
4THEN
F=rP0+rPwheelC
axle 4 wheel 2
ELSE IF ((COORDS(1)-0.5*raxlel .ge.rxMinC) .and.
1(COORDS(1) -0.5+raxlel
1.1t .rxMaxC) .and.
2 (COORDS(3)+raxle2+raxle3+raxle4.ge.rzMinl) .and. (COORDS(3)+raxle2+
3raxle3+raxle4 .1t. rzMaxl))
4THEN
F=rP0+rPwheelC

axle 5 wheel 1 (Axle type C)
ELSE IF ((COORDS(1)+0.5*raxlel .ge.rxMinC) .and.
1(COORDS(1)+0.5*raxlel
1.1t .rxMaxC) .and.
2 (COORDS(3)+raxle2+raxle3+raxled4+raxle4.ge.rzMinl) .and. (COORDS(3)+raxle2+
3raxle3+raxle4+raxle4 .l1t. rzMaxl))
4THEN
F=rP0+rPwheelC
axle 5 wheel 2
ELSE IF ((COORDS(1)-0.5+raxlel .ge.rxMinC) .and.
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1(COORDS(1) -0.5«raxlel

1.1t .rxMaxC) .and.

2 (COORDS(3)+raxle2+raxle3+2+raxle4.ge.rzMinl) .and.
3raxle3+2+raxle4 .It. rzMaxl))

4ATHEN
F=rP0+rPwheelC

(COORDS(3) +raxle2+

ELSE
F=0
END IF
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