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SUMMARY

Steel Orthotropic Bridge Decks (OBDs) are deck plates stiffened by open or closed stiff-
eners. Due to the high strength/weight ratio, this type of deck plate is a popular choice
for long-span and movable bridges where dead weight is important. OBDs are subjected
to many traffic load cycles during the service life. The stress ranges are relatively high,
with the highest stress concentrations often at welded connections. Therefore, the de-
sign of welded connections is often governed by fatigue resistance. The discovery of
fatigue cracks worldwide indicates that our knowledge of fatigue resistance design in
OBDs is limited. For example, unexpected cracks were observed only after several years
of use in the Severn Bridge in the United Kingdom (opened in 1966), the Van Brieneno-
ord Bridge in the Netherlands (opened in 1990), and the Humen Pearl River Bridge in
China (opened in 1997). With increasing traffic, higher fatigue resistance is required.
The main challenges for infrastructure worldwide are the design of safe and economical
new OBDs and the accurate assessment of existing ones. The current standards for fa-
tigue design of bridges, EN 1993-1-9: 2005, AASHTO LRFD Bridge Design Specifications:
2020, and JSSC recommendations: 2012, primarily rely on the nominal stress method
or the hot spot stress method. The problems with these methods are that the nominal
stress in OBDs is not well defined and that the resistances (detail categories) for the hot
spot stress method are based on standard plate connections rather than the details in
OBDs.

This dissertation aims to provide a comprehensive explanation of the behaviour of
critical welded connections in OBDs stiffened by continuous trapezoidal stiffeners based
on experimental investigations and Finite Element Analysis (FEA). This investigation fo-
cuses on the most critical welded connections, specifically the welded connections be-
tween the stiffener and the deck plate, as well as the welded connections between the
crossbeam and the stiffener, utilising the author’s experiments and results from the lit-
erature. The studied details in this dissertation are summarised below:

Detail | Description

C2a Stiffener-to-deck plate weld, weld toe crack in stiffener

C2b | Stiffener-to-deck plate weld, weld root crack in weld

Cla | Stiffener-to-deck plate weld, weld toe crack in deck plate

Clc | Stiffener-to-deck plate weld, weld root crack in deck plate at crossbeam
C4d Crossbeam-to-stiffener weld at stiffener bottom, weld root crack

C3a Crossbeam-to-stiffener weld, weld toe crack in stiffener at lower end of the weld

Mlustrations of the cracks are shown on the cover page and in Figure 1.5.
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X SUMMARY

The author carries out experimental investigations on a 5.1 x 9.4 m? full-scale OBD
specimen with a 20 mm thick deck plate and 16 mm thick webs of crossbeams for de-
tails Clc (Chapter 5), C4d (Chapter 6) and C3a (Chapter 7), and on nineteen 350 x 200 x
200 mm? small-scale stiffener-to-deck plate connections for details C2a and C2b (Chap-
ter 3). The 20 mm thick deck plate is used because a thicker deck plate (= 14 mm) is
becoming common in newly designed OBDs as a response to cracks found in thinner
deck plates (10 mm or 12 mm). Either automatic or manual welding is used for the deck
plate welds in small- and full-scale specimens (Chapters 3 and 5).

Six corresponding detail categories are established, covering the deck plate thick-
nesses from 10 mm to 20 mm. Among them are two connection details: Clc (Chapter
5) and C3a (Chapter 7), which were not included in either the first or the second gen-
eration of EN 1993-1-9: Eurocode 3: Design of steel structures - Part 1-9: Fatigue. The
surface extrapolation approach is used to calculate the hot spot stress for the details: C2a
(Chapter 3), Cla (Chapter 4), Clc (Chapter 5), and C3a (Chapter 7). The force equilib-
rium (pair) approach is used to calculate the structural stress for detail C2b (Chapter 3)
and the nominal stress for detail C4d (Chapter 6). Fatigue resistance is evaluated using
multiple failure criteria for full-scale experiments instead of using the first visible crack
as the main failure criterion. The fatigue resistances of the studied welded details are
relatively high compared with the fatigue resistances in the standards. The main reasons
for this are: a steep stress gradient towards the hot spot (Chapters 3, 4, 5, and 7), a pos-
sibility to redistribute loads from a weakened component to adjacent parts (Chapters
5, 6, and 7), connections loaded in cyclic compression or out-of-plane bending or in a
combination of the two instead of cyclic axial tension (Chapters 3 to 7), a relatively thin
plate thickness of stiffener (Chapters 3 and 7), and strict requirements for the geometry
of the weld between stiffener and deck plate (Chapters 3, 4, and 5). Additionally, auto-
matic welding shows a higher and more consistent fatigue performance for details C2a
and C2b (Chapter 3).

Finite element models are built using the commercial software Abaqus. The effective
notch stress, averaged strain energy density factors, notch strain and fracture mechanics
are used to account for the effects of penetration depth, load ratio, initial flaw, residual
stress and weld profile on the fatigue behaviour of the welded connections. The Linear
Elastic Fracture Mechanics (LEFM) gives good predictions for the fatigue resistances of
both the weld toe (detail C2a) and the weld root (detail C2b). A LEFM hand calcula-
tion model is proposed for Cla with three different weld profiles (Chapter 4). The sur-
face crack propagation of Cla calculated by the proposed model, together with the Paris’
equation, is validated against the experiment in the literature. Probabilistic fracture me-
chanics analysis for detail Cla is carried out using the same method. The calculation
predicts the fatigue resistances well compared with the values obtained from the exper-
iments in the literature. The eXtended Finite Element (XFE) method is used to study
the crack propagation of Clc within the LEFM framework (Chapter 5). The crack arrest
and the crack path of Clc for 10 mm, 12 mm, 16 mm, and 20 mm thick deck plates are
correctly predicted (validated against experimental investigations).

The residual stress due to welding is numerically studied using Abaqus for detail
C3a (Chapter 7), which is further used in the fatigue analysis using the Notch StrAin
(NSA) and the Elastic-Plastic Fracture Mechanics (EPFM) for the fatigue initiation and
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the short crack propagation, respectively. An engineering framework is proposed for the
three-dimensional fatigue crack propagation using the LEFM. The crack propagation is
predicted using the XFE algorithm in Abaqus, which successfully predicts the long crack
propagation of C3a. The fatigue initiation stage and the crack propagation stage in the
available 2 stage model are analysed by the NSA and the LEFM, respectively. The author
bridges the gap between the fatigue initiation and the long crack propagation by using
the EPFM. The 2* stage model is therefore proposed by the author, which provides a full
range fatigue analysis of metallic structures with a specific focus on welded connections
(Chapter 7). The proposed model realistically considers the geometric characteristics
and different material properties (e.g. heat affected zone) at the initiation location, and
quantitatively implements the welding-induced residual stress obtained by FEA.

Recommendations are given for the fatigue design of the details based on this study,
which were used as input for the technical specification “TS 1993-1-901 — Fatigue de-
sign of orthotropic bridge decks with the hot spot stress method” as part of the second
generation of Eurocodes.






SAMENVATTING

Stalen orthotrope brugdekken (OBD’s) bestaan uit dekplaten die zijn ondersteund door
open of gesloten verstijvers. Door de hoge sterkte/gewichtsverhouding is dit type brug-
dek een populaire keuze voor bruggen met een grote overspanning en beweegbare brug-
gen waar het eigen gewicht belangrijk is. OBD’s worden tijdens de levensduur blootge-
steld aan vele cycli van verkeersbelasting. De spanningsintervallen zijn relatief hoog,
met de hoogste spanningsconcentraties vaak bij lasverbindingen. Daarom is de ver-
moeiingsweerstand vaak maatgevend van gelaste verbindingen. De ontdekking van ver-
moeiingsscheuren wereldwijd geeft aan dat onze kennis van het ontwerp van vermoei-
ingsbestendigheid in OBD’s beperkt is. Zo werden scheuren na enkele jaren gebruik
waargenomen in de Severn Bridge in het Verenigd Koninkrijk (geopend in 1966), de Van
Brienenoordbrug in Nederland (geopend in 1990), en de Humen Pearl River Bridge in
China (geopend in 1997). Met toenemend verkeer, is een hogere weerstand voor ver-
moeiing vereist. Eén van de belangrijkste uitdagingen voor de infrastructuur wereldwijd
zijn het ontwerp van veilige en economisch optimale, nieuwe OBD’s en de nauwkeu-
rige beoordeling van bestaande OBD’s. De huidige normen voor vermoeiingsontwerp
van bruggen, EN 1993-1-9: 2005, AASHTO LRFD Bridge Design Specifications: 2020 en
JSSC-aanbevelingen: 2012, zijn voornamelijk gebaseerd op de nominale spanningsme-
thode of de hot spot spanningsmethode. De problemen met deze methoden zijn dat de
nominale spanning in OBD’s niet goed gedefinieerd is en dat de weerstanden (detail-
categorieén) voor de hot spot spanningsmethode gebaseerd zijn op andere standaard
plaatverbindingen in plaats van de details in OBD’s.

Dit proefschrift heeft als doel het gedrag van kritische lasverbindingen in OBD’s met
doorlopende trapeziumvormige verstijvers uitgebreid te verklaren op basis van experi-
menteel onderzoek en eindige-elementenanalyses. Dit onderzoek richt zich op de meest
kritische lasverbindingen: de verbindingen tussen verstijver en dekplaat en de verbin-
ding tussen dwarsdrager en verstijver, op basis van experimenten van de auteur en re-
sultaten uit de literatuur. De bestudeerde details in dit proefschrift zijn hieronder sa-
mengevat:

xiii
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Detail | Beschrijving

Coa Lasteenscheur aan de zijde van de
verstijver van de las tussen verstijver en dekplaat

Cob Laswortelscheur in de las tussen verstijver
en dekplaat

Cla Dekplaatscheur vanuit de lasteen van de las met de verstijver
tussen twee dwarsdragers

Cle Dekplaatscheur vanuit de wortel van de las met de
verstijver ter plaatse van de dwarsdrager

cad Laswortelscheur vanuit de dubbelzijdige
hoeklas tussen dwarsdrager en verstijver

C3a Scheur vanuit de onderkant van de las tussen verstijver en
dwarsdrager met uitsparing van de las

Illustraties van de scheuren zijn weergegeven op het voorblad en in Figuur 1.5. De
auteur voerde experimenteel onderzoek uit aan een OBD-proefstuk op ware grootte van
5.1 x 9.4 m? met een dekplaatdikte van 20 mm en een lijfplaatdikte van de dwarsdragers
van 16 mm voor de details Clc (Hoofdstuk 5), C4d (Hoofdstuk 6) en C3a (Hoofdstuk
7), en aan negentien kleinschalige verbindingen tussen verstijver en dekplaat van 350 x
200 x 200 mm? voor de details C2a en C2b (Hoofdstuk 3). De 20 mm dikke dekplaat
wordt gebruikt omdat een dikkere dekplaat (= 14 mm) steeds gebruikelijker wordt in
nieuw ontworpen OBD’s als gevolg van scheuren in dunnere dekplaten (10 mm of 12
mm). Voor de dekplaatlassen in kleine en volledige samples is automatisch of handmatig
lassen gebruikt (Hoofdstukken 3 en 5).

Er zijn zes overeenkomstige detailcategorieén vastgesteld, binnen de dekplaatdiktes
van 10 mm tot 20 mm. Daaronder bevinden zich twee verbindingsdetails: Clc (Hoofd-
stuk 5) en C3a (Hoofdstuk 7), die noch in de eerste noch in de tweede generatie van
EN 1993-1-9 waren opgenomen: Eurocode 3: Design of steel structures - Part 1-9: Fa-
tigue. De oppervlakte-extrapolatiebenadering is gebruikt om de hot spot spanning te
berekenen voor de details: C2a (Hoofdstuk 3), Cla (Hoofdstuk 4), Clc (Hoofdstuk 5) en
C3a (Hoofdstuk 7). De krachtevenwichtsbenadering (paar) is gebruikt om de construc-
tieve spanning voor detail C2b (Hoofdstuk 3) en de nominale spanning voor detail C4d
(Hoofdstuk 6). De vermoeiingsweerstand van alle details is geévalueerd aan de hand van
meerdere faalcriteria in plaats van de eerste zichtbare scheur als het belangrijkste faal-
criterium te gebruiken. De vermoeiingsweerstanden van de bestudeerde gelaste details
zijn relatief hoog in vergelijking met de vermoeiingsweerstanden in de normen. De be-
langrijkste redenen hiervoor zijn: een steile spanningsgradiént naar de hot spot (Hoofd-
stukken 3, 4, 5, en 7), een mogelijkheid om belastingen van een verzwakt onderdeel naar
aangrenzende onderdelen te herverdelen (Hoofdstukken 5, 6, en 7), verbindingen die
worden belast in cyclische druk of buiging uit het vlak of een combinatie van beide in
plaats van cyclische axiale spanning (Hoofdstukken 3 tot 7), een relatief dunne plaat-
dikte van de verstijver (Hoofdstukken 3 en 7), en strikte eisen aan de geometrie van de
las tussen verstijver en dekplaat (Hoofdstukken 3, 4, en 5). Bovendien vertoont automa-
tisch lassen een hogere en consistentere vermoeiingsprestatie voor details C2a en C2b
(Hoofdstuk 3).
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Eindige-elementenmodellen zijn opgesteld met behulp van de commerciéle soft-
ware Abaqus. The effective notch stress, averaged strain energy density factors, notch
strain en breukmechanica zijn gebruikt om rekening te houden met de effecten van in-
brandingsdiepte, belastingsratio, initiele defect, restspanning en lasprofiel op het ver-
moeiingsgedrag van de gelaste verbindingen. De Linear Elastic Fracture Mechanics
(LEFM) geeft goede voorspellingen voor de vermoeiingsweerstanden van zowel de la-
steen (detail C2a) als de laswortel (detail C2b). Voor Cla wordt een LEFM-handrekenmodel
voorgesteld met drie verschillende lasprofielen (Hoofdstuk 4). De voortplanting van op-
pervlaktescheuren van Cla berekend door het voorgestelde model, samen met de verge-
lijking van Paris, is gevalideerd aan de hand van het experiment in de literatuur. Probabi-
listische breukmechanica analyse voor detail Cla is uitgevoerd met behulp van dezelfde
methode. De berekening voorspelt de vermoeiingsweerstanden goed in vergelijking met
de waarden die zijn verkregen uit de experimenten in de literatuur. De eXtended Finite
Element (XFE) methode wordt gebruikt om de scheurgroei van Clc binnen het LEFM-
raamwerk te bestuderen (Hoofdstuk 5). Het stoppen van de scheurgroei en het scheur-
pad van Clc voor 10 mm, 12 mm, 16 mm en 20 mm dikke dekplaten zijn correct voor-
speld (gevalideerd aan de hand van experimenteel onderzoek).

De door het lassen gevormde restspanningen zijn numeriek bestudeerd met behulp
van Abaqus voor detail C3a (Hoofdstuk 7), dat verder is gebruikt in de vermoeiingsana-
lyse met behulp van de Notch StrAin (NSA) en de Elastic-Plastic Fracture Mechanics
(EPFM) voor respectievelijk de vermoeiingsinitiatie en de groei van korte scheuren. Er
is een beoordelingsraamwerk voorgesteld voor de driedimensionale groei van vermoei-
ingsscheuren met behulp van de LEFM. De scheurgroei is voorspeld met behulp van het
XFE-algoritme in Abaqus, dat met succes de lange scheurgroei van C3a voorspelt. De
vermoeiingsinitiatiefase en de scheurgroeifase in het beschikbare 2-fasenmodel is ge-
analyseerd door respectievelijk de NSA en de LEFM. De auteur overbrugt de kloof tus-
sen de vermoeiingsinitiatie en de groei van de lange scheur met behulp van de EPFM.
Het 2* fasenmodel is daarom voorgesteld door de auteur, dat een volledige analyse van
vermoeiing van metalen constructies met een specifieke focus op gelaste verbindingen
(Hoofdstuk 7). Het voorgestelde model houdt op realistische wijze rekening met de ge-
ometrische kenmerken en verschillende materiaaleigenschappen (bijr. warmte bein-
vloede zone) op de initiatielocatie, en implementeert kwantitatief de door de
eindige-elementenmethode verkregen restspanningen van het lassen.

Op basis van deze studie zijn aanbevelingen gedaan voor het vermoeiingsontwerp
van de details, die zijn gebruikt als input voor de technische specificatie “TS 1993-1-
901 — Vermoeiingsontwerp van orthotrope brugdekken met de hot spot spanningsme-
thode” als onderdeel van de tweede generatie Eurocodes.
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INTRODUCTION

1.1. BACKGROUND

The main characteristics of steel Orthotropic Bridge Decks (OBDs) are rapid construc-
tion and low self-weight, which make them popular for superstructures in movable and
long-span bridges [1, 2], see Figure 1.1 for three examples of iconic long-span bridges
with OBDs. It is a popular redecking option because dead weight can be reduced and
erection is efficient [3, 4]. An excellent example of using OBDs to upgrade existing con-
crete bridge decks was the Golden Gate Bridge [4, 5], where the replacement was com-
pleted in 1985. Moreover, the deck plate can be built at any time in cold climates, un-
like concrete, which typically requires construction temperatures above 5 °C [6]. Fig-
ure 1.2 illustrates the commonly used designs: The deck plate is stiffened by either open
or closed stiffeners. The former may contain a bulb at the bottom of the stiffener and the
latter can be trapezoidal or U- or V-shaped. A cut-out (or cut-outs) at the lower part of
a stiffener may be applied for the convenience of fabrication [1, 2]. Fatigue cracking in
OBDs was reported in up to 0.2% of the total welds in France [7], and in approximately
one-fifth of welds in the Severn Bridge in the United Kingdom [8]. However, no major
problems were reported due to cracking or corrosion of OBDs in the United States and
Canada even after 25 years of use [9]. The use of OBDs is governed by fatigue perfor-
mance considerations. The deck plate is exposed to various types of traffic loading dur-
ing the service life. High stress concentrations commonly occur at welded connections
where detrimental effects, e.g. initial flaws, high residual stresses and misalignments,
adversely affect the fatigue performance. Fatigue cracks are most likely to occur at crit-
ical locations in welded connections. With increases in traffic flow and gross vehicle
weight, thicker deck plates have become a popular option for new designs [10-12]. The
OBD is a bridge deck system expected to provide a 100-year life when properly designed,
constructed, and maintained [5, 13]. One specific requirement given in [13] is that the
deck plate thickness should be at least 16 mm. However, the OBDs designed in the 20"
century are commonly made with a thinner deck plate of 10 or 12 mm [1, 14]. This is
the main motivation for improving knowledge and prediction methods for the fatigue
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assessment of “modern” OBDs. The main focus of the experimental study in this disser-
tation is on modern orthotropic bridge decks. One 5.1x9.4 m? full-scale OBD specimen
and nineteen 350 x 200 x 200 mm? small-scale stiffener-to-deck plate connections, both
with a 20 mm thick deck plate, are tested by the author. Figure 1.3 shows the full-scale
specimen and one setup used in the experiments, with the bottom flanges fully sup-
ported.

Figure 1.1: Examples of OBDs worldwide: (a) Erasmus Bridge in Rotterdam, the Netherlands (picture adapted
from an online source), (b) Chaotianmen Bridge in Chongging, China (picture adapted from an online source),
(c) Erection of Orthotropic Box Girder Segment for the Alfred Zampa Memorial Bridge, the United States [2].

Pavement Pavement

0

e

Crossbeam "N/ \/

Girder Types of stiffener

Girder Types of stiffener

(a) OBD with open stiffener (b) OBD with closed stiffener

Figure 1.2: Illustration of typical OBD designs [1, 2].
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(a) global view

(b) front view (c) side view

Figure 1.3: Sketch of the full-scale specimen and one setup with the bottom flanges fully supported.

With the advances in computational capability and the availability of Finite Element
(FE) software, FE modelling is expected to be used in structural analysis. Reasonably ac-
curate stress (strain) range predictions of an engineering FE model were found at critical
locations when compared with the results of in situ strain measurements [15]. This pro-
vides an opportunity to use powerful FE models to analyse OBDs. This is of particular
importance for fatigue analysis of welded connections where the fatigue performance is
typically dominated by local stress states at crack initiation locations. Moreover, fatigue
crack propagation speed can be analysed using fracture mechanics in conjunction with
the FE method. Mixed-dimensional modelling, e.g. three-dimensional local models in
conjunction with one-dimensional models, can be used to strike a balance between the
accuracy and the computational cost. An increase from the thin deck plate (10 or 12 mm)
to the thick deck plate (= 14 mm) is demonstrated by the practice necessary for modern
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OBDs. In Germany, the minimum required deck plate thickness has increased from 12
mm to 14 mm since 2003 [10]. A comprehensive experimental study and assessment us-
ing global or local methods in conjunction with the FE method is essential to improve
the design and maintenance accuracy. The following sections of this chapter present
the existing methodology considering two types of methods for high cycle fatigue. This
dissertation presents originally designed (full- or small-scale) experiments and validates
the current methodology for the fatigue assessment of OBDs using the author’s own ex-
periments and results of other researchers. The corresponding gap between the problem
and the current methods, research objectives, and research questions will be discussed.
Finally, the outline of the dissertation, a summary of the studied details, and an overview
of the conducted experiments are presented.

1.2. HIGH CYCLE FATIGUE IN OBDs

1.2.1. S-N CURVE METHOD

The S-N curve method is commonly used for high cycle fatigue design. The Basquin
relationship is applied to the number of cycles to failure Ny as a function of the applied
stress range Ao, see Equation (1.1). The parameters m and a depend on the detail and
failure mode. The characteristic value, Ao used in the European standard (pr)EN 1993-
1-9[16, 17], is linked to a and is defined as the stress range associated with the number of
cycles that has a 95% exceedance level at N¢ = 2 x 108 assuming a fixed slope parameter
m = 3 or 5 (fully informative) when Ac is larger than the fatigue limit. The values of a
and Ao are obtained by the statistical analysis of experimental results.

logNgR=a—-m-logAc 1.1

The Nominal Stress (NS) is calculated using the forces (i.e. axial force or bending mo-
ment) divided by the cross section characteristics (i.e. area or section modulus). Due
to its ease of use, this method is the basis for fatigue design in the widely used bridge
guidelines:

(pr)EN 1993-1-9 [16, 17], JSSC recommendations [18], and AASHTO LRFD Bridge De-
sign Specifications [19]. The stress in the cross section is assumed to be uniformly dis-
tributed, excluding all stress concentrations. Alternatively, the well-known (structural)
Hot Spot Stress (HSS) method includes the bending and membrane stresses in the cross
section while excluding the non-linear stress concentration at the weld toe [16-19]. The
local stress method, Effective Notch Stress (ENS), applies a fictitious notch radius, Ryef =
1 or 0.05 mm, at the crack initiation location. Table 1.1 summarises Ao ¢ for the weld Toe
(T) or the weld Root (R) recommended in the commonly used bridge guidelines.

The Notch StrAin (NSA) method evaluates the local strain behaviour at the crack ini-
tiation location using the elastic-plastic constitutive model. The method is adopted in
the FKM guideline for the fatigue evaluation of metal components [20]. The NSA method
becomes attractive when the stress levels are high and the plastic behaviour cannot be
ignored.

In addition to the stress or strain methods, the averaged Strain Energy Density (SED)
factor is a commonly used energy-based local method. It uses the averaged SED within
aradius Rc = 0.28 mm with m = 1.5 and AW = 0.058 (unit: N-mm/mm?) for steel [21].
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Table 1.1: Ao of welded steel plate connections in the widely used bridge guidelines.

Source Method Application m Aoc [MPa]

[17-19] NS T&R 3ord 36to 125

[17-19] HSS T 3 80 [18] or90 [17,19] or 100 [17, 18]
[17] ENS T&R 3 200 or 225

1.2.2. FRACTURE MECHANICS METHOD

The S-N curve method only gives the fatigue resistance of the detail. Fracture mechanics
becomes attractive as the fatigue crack propagation history can be calculated using the
Paris’ equation [22], see Equation (1.2). It is of special interest for welded connections as
fatigue propagation is a major contributor to the total fatigue life.

ﬂ:C-(AK)m (1.2)

dN
Where AK is the Stress Intensity Factor (SIF) range at the crack tip, calculated by the Lin-
ear Elastic Fracture Mechanics (LEFM). The LEFM evaluates the states at the crack tip
(SIF) using either analytical solutions or numerical methods [23-25]. Material parame-
ters C and m are obtained from experiments. This method was initially developed for
long crack analysis and it has been applied to fatigue resistance by assuming an initial
crack at the studied location [23, 24].

1.3. LIMITATIONS OF THE CURRENT METHODS

The NS method is the dominant fatigue design method [16-19]. However, it is shown
that it may be suitable only for a few fatigue details present in OBDs. The stress states of
OBDs are complicated and the application of NS is challenging. The HSS method, which
contains geometric characteristics, shows larger potential in the fatigue design of the
welded connections in OBDs. However, only the results of standard plate connections
and hollow sections have been analysed in the development of fatigue resistance curves
for HSS in [16-19, 23, 26]. The HSS fatigue resistance curves for OBDs were still missing.

The S-N curves can be used in the prediction of fatigue lifetime based on the HSS.
Currently, the standardised detail category: 80 MPa [18] or 90 MPa [16, 17, 19] or 100 MPa
[16-18] is used for welded plate connections in the as-welded condition with limited in-
formation for the end-of-life. The influence of notch radius, initial flaw, residual stress,
etc. may be evaluated using the local methods or the methods based on fracture me-
chanics. Similar to the HSS, these methods are developed by standard specimens. How-
ever, the requirements in construction, the plate thickness, and the applied load types
affect the fatigue performance of a welded connection. Using the standardised category
cannot accurately predict the fatigue resistance of different types of details. Validation
of the local methods for their application in OBDs is necessary to fully establish this
methodology in fatigue assessment.

Implementation of residual stress and elastic-plastic material properties in FE simu-
lations gives a more realistic material response under cyclic loading. The initiation and
the propagation with large plasticity can be studied using the NSA and the Elastic-Plastic
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Fracture Mechanics (EPFM), respectively. However, applications of NSA or EPFM on
OBDs are limited.

1.4. RESEARCH OBJECTIVES

The main research objective of this dissertation is driven by the need to improve the
knowledge for optimal design and maintenance assessment. Fatigue assessment of welded
connections in OBDs should be carried out using at least two research methods. This is
the main principle applied in this dissertation, which influences the structure of the dis-
sertation.

The knowledge gained is based on six welded details in modern OBDs which are se-
lected to study the following sub-objectives:

O1. Explain the mechanism of fatigue cracking of welded connections in OBDs.

O2. Establish fatigue resistance curves using either the HSS or the NS method based
on the author’s own experiments and results in the literature.

03. Provide principles for economic design and maintenance.
O4. Assess the fatigue performance using the local methods ENS, SED, and LEFM.

O5. Demonstrate the influence of residual stress on fatigue by FE analysis using the
methods NSA, LEFM, and EPFM.

1.5. RESEARCH QUESTIONS

The following research questions are considered in this dissertation:

Q1. What are the fatigue resistance curves of welded connections based on the HSS
in OBDs? Furthermore, what is the reason why they differ from the standardised
fatigue detail category of 100 MPa (weld toe crack that propagates into the base
metal) or 40 MPa (weld root crack that propagates into the weld throat)?

Q2. What could explain the difference in fatigue behaviour between a small-scale spec-
imen and a full-scale bridge deck?

Q3. What is the influence of failure criteria on fatigue resistance curves?

Q4. Can the fatigue resistance of details in OBDs be predicted by the local methods
ENS, SED, and LEFM?

1.6. OUTLINE OF THE DISSERTATION

Figure 1.4 outlines the studied details, research questions, and employed methods in the
dissertation. Detail categories for either the HSS or the NS (for the root crack in fillet-
welded connection that propagates into the weld throat) are proposed for the studied
details. Different criteria are used in the statistical analysis for the studied details. The
designation of the details follows prTS 1993-1-901 [27] (in short TS) with illustrations
summarised in Figure 1.5. Due to the urgency of providing the background of TS to



1.6. OUTLINE OF THE DISSERTATION 7

readers worldwide, journal papers have been published before the finalisation of the
dissertation. A brief summary of the dissertation’s structure is given below:

* Chapter 1 briefly introduces the background, related research and design meth-
ods, knowledge gap between the problem and the current methods, research ob-
jectives, and research questions in this dissertation. The outline of the disserta-
tion, the studied details and the overview of the experiments are presented.

e Chapter 2 introduces the basic terms and the main concepts of fatigue analysis
in welded connections. The material characteristics and stress states at welded
connections are presented. The S-N curve and fracture mechanics methods are
further explained. The NS, HSS, ENS, SED, NSA, LEFM, and EPFM methods are
discussed. The history of OBDs, the fatigue design philosophy, and the state of the
art for the studied details are given.

e Chapters 3 to 5 analyse the fatigue behaviour of stiffener-to-deck plate welded
connection between crossbeams or at crossbeam. Specifically, the weld toe crack
that propagates into the stiffener and the weld root crack that propagates into the
weld throat are studied in Chapter 3, the weld toe crack that propagates into the
deck plate between crossbeams is studied in Chapter 4, and the weld root crack
that propagates into the deck plate at crossbeam is studied in Chapter 5. The main
part of the work has been published in the journal papers as follows:

— J1: Fatigue behaviour of toe and root stiffener cracks in stiffener-to-deck plate
weld of orthotropic bridge decks, Engineering Structures, 305, (2024);

— J2: Fatigue resistance of rib-to-deck welded joint in OSDs, analyzed by fracture
mechanics, Journal of Constructional Steel Research, 162, (2019);

— J3: Fatigue behaviour of root crack in stiffener-to-deck plate weld at crossbeam
of orthotropic bridge decks, Engineering Structures, 306, (2024).

¢ Chapter 6 studies the root crack in crossbeam-to-stiffener welded connection with-
out cut-out. Fatigue cracking process for the detail is classified into four stages.
The nominal weld stress is used to establish the detail category. The structural
weld stress and the ENS are used to evaluate the stress state at the weld root.

e Chapter 7 studies the fatigue crack initiation and propagation at the lower end
of crossbeam-to-stiffener welded connection with cut-out. First, experimental in-
vestigations are carried out using the full-scale specimen. The HSS and the ENS
are used for the fatigue resistance curve development and influence surface anal-
ysis, and the weld profile assessment, respectively. Second, the welding procedure
and the mechanical material response are simulated by the FE method. The NSA
or the EPFM is applied after implementing the FE calculated residual stress. The
first part of the work has been published in the journal paper as follows:

— J4: Fatigue behaviour of toe crack at the lower end of crossbeam-to-stiffener
weld with cut-outs in OBDs, Journal of Constructional Steel Research, 222,
(2024).

* Chapter 8 gives the conclusions and recommendations based on the study.


https://doi.org/10.1016/j.engstruct.2024.117740
https://doi.org/10.1016/j.jcsr.2019.105700
https://doi.org/10.1016/j.engstruct.2024.117710
https://doi.org/10.1016/j.jcsr.2024.108887
https://doi.org/10.1016/j.jcsr.2024.108887
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LITERATURE REVIEW ON FATIGUE
OF WELDED CONNECTIONS (IN
OBDS)

Fatigue is one of the commonly seen phenomena that affect structural safety. A compre-
hensive discussion on the basic mechanism of fatigue in steel is given in this chapter with
a special focus on welded connections. The corresponding nominal stress and local assess-
ment methods for the constant or variable amplitude loading conditions are considered.
Orthotropic bridge decks are briefly introduced. The state of the art for fatigue of the stud-
ied welded connections in orthotropic bridge decks is given.
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2.1. FATIGUE IN STEEL

Fatigue is a phenomenon: The process of progressive localised permanent structural change
occurring in a material subjected to conditions that produce fluctuating stresses and strains
at some point or points and that may culminate in cracks or complete fracture after a suf-
ficient number of fluctuations [28].

Fatigue crack nucleation is localised persistent damage in materials caused by re-
peated deformation under mechanical or environmental loading [28]. It starts with the
dislocation movement of atoms at high strain locations. A crack occurs when the equi-
librium of atoms is broken and causes a persistent change in the localised region [29].
After the nucleation of a crack, crack propagation can be divided into two stages: the
short crack stage (micrometre range) and the long crack stage (millimetre range), see
Figures 2.1 and 2.2 [30, 31]. In the short crack stage, persistent slip bands occur mainly
due to shear stress [32]. With the increase of propagation (normally after the damage of
several grains or interactions between grains), the direction changes and becomes per-
pendicular to normal stress in the long crack stage. Note that the average grain size of the
widely used mild strength structural steel grade S355 is approximately 4 to 10 microme-
tres, whereas weld metals have smaller grain sizes (approximately 1 to 3 micrometres for
ferritic steel weld metals) [33]. The technically or engineering defined crack initiation
period normally consists of the short crack stage and the early status of long crack stage
as they are neither easy to detect nor do they affect the mechanical performance. With
the crack growth, the propagation rate increases and the local stiffness changes. This
is normally designated as the technical (engineering) crack propagation period. Finally,
fracture may happen when cracks propagate rapidly or unstably.

Propaga!iun direction

Extrusions
4

Surface

Figure 2.1: Illustration of the fatigue process in steel [30, 31].
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Figure 2.2: Illustration of the fatigue initiation and propagation periods in steel [31, 34-36].

Fatigue failures may occur with hundreds or thousands of cycles (low cycle), or tens
of thousands up to millions of cycles (high cycle). The elastic stress-based method is
used if the majority of material remains in the elastic region. Plasticity only exists in
small regions at notches or crack tips. The S-N curve or the Paris’ equation is commonly
used in conjunction with the “driving parameter” calculated by the elastic stress-based
method. The S-N curve uses the nominal stress, geometric stress, (effective) notch stress,
and (averaged) notch energy in conjunction with their fatigue resistances obtained by
experiments. The Paris’ equation uses the stress intensity factors in conjunction with the
material properties in the propagation calculation. If plasticity occurs in a large region,
the elastic stress methods are insufficient to describe the mechanical behaviour under
cyclic loading. Alternatively, the strain methods that include plastic characteristics be-
come suitable. The methods can be used in conjunction with the resistance curve. The
crack propagation can be analysed using the elastic-plastic fracture mechanics instead
of the linear elastic fracture mechanics.

This dissertation focuses on the fatigue assessment of welded connections in bridge
engineering. In the following sections of Chapter 2, the general welded connections are
introduced first. Two main methods, the S-N curve and the fracture mechanics are dis-
cussed. Afterwards, fatigue assessment methods at either the global or local level are
presented. The history and the mechanical performance of OBDs under traffic loading
are described. The details sensitive to fatigue are summarised. Finally, the state of the
art for the studied details is given.
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2.2. WELDED CONNECTIONS

Structures in practice consist of elements that are linked by connections or joints. Welded
connections are one of the most commonly used types in civil engineering, mechanical
engineering, aerospace engineering, efc. Elements (normally plates) are joined together
by molten filler material. Arc welding, a widely used welding process, creates high tem-
peratures using the heat of an electric arc. Metal in the weld pool melts, which connects
separate workpieces into one after cooling down. Two welding procedures, automatic
and manual welding, are widely used in practice. Arc welding includes processes such
as Metal Inert Gas (MIG) welding, Flux-Cored Arc Welding (FCAW), Gas Metal Arc Weld-
ing (GMAW), Shielded Metal Arc Welding (SMAW), Submerged Arc Welding (SAW), etc.,
which are commonly used in civil engineering. Other types of welding, such as laser
welding and friction welding, are receiving increasing attention. Figure 2.3 illustrates
the MIG welding process, where an arc forms and a weld pool develops at the end of
an electrode. Shielding gas is supplied to protect the weld pool from the surrounding
atmosphere.

Tungsten Electrode

Shielding Gas

Figure 2.3: Illustration of the MIG welding process (adapted from an online source [37]).

2.2.1. GEOMETRIC CHARACTERISTICS

WELD TOE

Schork et al. investigated three commonly used types of welded connections or joints
(butt welded connections, load carrying cruciform joints, and longitudinal stiffened con-
nections) made of the mild strength steel grade S355 [38], see Figure 2.4a for the macro
sections. 3 mm thick steel plates were used to weld S355J2+N and 10 mm thick steel
plates for the rest. Toe geometry 1 represents the “standard” weld profile shapes, whereas
toe geometry 2 has either non-straight (too concave or too convex) or uneven weld pro-
files. Figure 2.4b shows the welded steel plate (Base Metal in short BM), Weld Metal
(WM), and Heat Affected Zone (HAZ) at the welds. The materials are inhomogeneous
and different microstructural properties are observed [39]. Also, different grey gradients
are observed from the macro sections of the welded connections.
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Figure 2.4: Macro sections and metallographic views of commonly used types of welded connections [38, 39].

Figure 2.5 illustrates a more accurate description of the weld profiles at the weld toe.
Local deviations or notches exist at the weld profile, which can be measured by the fitted
arcs. The geometric characteristics at the crack initiation location (weld toe here) are
described by the open flank angle a and the radius p (a relatively small p and a large p
are illustrated for comparison). The global (weld profile) and the local (a and p) charac-
teristics affect the fatigue performance of the weld toe, especially in the crack initiation
and the short crack propagation periods.
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Figure 2.5: Illustration of geometric characteristics at the weld toe [38].

WELD ROOT

Figure 2.6 shows part of a fillet connection with a macro section photo and two illustra-
tions. In addition to weld profile shapes, the throat thickness is important to the weld
root as the stress states at the weld root are directly determined by the throat thickness.
The connection may have a gap between the stiffener end and the plate, and be partially
welded (or even fully penetrated). With a partial penetration, the actual throat thickness
is larger than the theoretical (nominal) throat thickness.

>
Actual Throat
ol
Effective mw\!}"
.
N

Face

Actual throat

A/< Gap Throat Gap
Thedretical Thioat.

No penetration Partial penetration

Theoretical throat

Figure 2.6: Macro section photo (adapted from [40]) and illustrations of (part of) a fillet welded connection.

2.2.2. DEFECTS, MISALIGNMENT, AND DISTORTION
Welded connections may contain undercutting and lack of penetration, have weaker or
problematic material properties, crack due to cooling, see Figure 2.7.
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Figure 2.7: Illustration of weld defects in a weld connection [41, 42].

Figure 2.8 illustrates the misalignment and the distortion that may occur in a welded
connection. The reasons can be the inaccurate placement of welded plates and the
welding-induced deformation. The latter will be further discussed in the following sec-

tion.

Misalignment Distortion

Figure 2.8: Illustration of the misalignment and the distortion in welded connections.

2.2.3. MATERIAL PROPERTIES AND WELDING INDUCED RESIDUAL STRESS
This section explains the material properties and the measured Welding induced Resid-
ual Stress (WRS) in butt welded connections made of the mild strength steel S355NL.
The hardness distribution, stress-strain curves and WRS distributions from [39, 43] will
be presented.

Kucharczyk et al. investigated the Vickers hardness and the cyclic material properties
for 10 mm thick double-sided butt welded (with two cap passes) connections [39], see
Figure 2.9 for one example. The BM and the regions with coarse or fine grains at either
cap pass 1 or cap pass 2 side are studied. The largest hardness, approximately 400 HV1,
occurs at the coarse grain region at the cap pass 2 side. The hardness reduces to the
range of 210 HV1 to 240 HV1 and 180 HV1 to 210 HV1 when away in the WM and the BM
directions, respectively. The maximum hardness of the two grain regions at the cap pass
1 side is below 330 HV1, smaller than the value at the cap pass 2 side. It is logical as the
metal cools down under weaker constraints after the cap pass 1 welding than after the
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cap pass 2 welding. Figure 2.9b shows that the HAZ has significantly higher mechanical
properties than the BM. The coarse grain parts in the HAZ give the highest stress under
the same strain. This trend is in line with the Vickers hardness measurements.

©
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Figure 2.9: The Vickers hardness and the cyclic stress-strain curves of a double-sided welded connection using
S355NL as base metal (adapted from [39]).

Figure 2.10 shows the WRS profiles in the single-sided welded butt connections made
of the steel grade S355J2G3 under either strong constraints (large-scale specimen) or
weak constraints (small-scale specimen) [43]. The 250 x 60 x 6 mm?® welded connec-
tions are single-sided welded in the middle using four passes Tungsten Inert Gas (TIG)
welding. The transverse residual stress (perpendicular to the weld line) and the lon-
gitudinal residual stress (parallel to the weld line) are measured at the weld toe side.
High transverse (approximately 200 MPa to 450 MPa) and longitudinal (approximately
100 MPa to 200 MPa) residual stresses are observed around weld of the large-scale speci-
men, whereas the values at the same locations of the smaller-scale specimen are approx-
imately 200 MPa to 300 MPa smaller.
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Figure 2.10: Residual stress profiles in small- and large-scale welded specimens (transverse stress on the left
and longitudinal stress on the right) [43].
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2.3. HIGH CYCLE FATIGUE ASSESSMENT METHODS

Figure 2.11 gives an overview of the fatigue assessment methods commonly used for

welded connections [44-46]. The methods based on the S-N curve and the (modified)

Paris’ equation are developed for the fatigue resistance and the crack propagation as-

sessment, respectively. The former category includes the nominal stress, structural stress,
and (effective) notch stress (strain) methods. The latter predicts crack growth using

either the cyclic J-integral within the elastic-plastic fracture mechanics or cyclic stress

intensity factor within the linear elastic fracture mechanics framework, in conjunction

with the (modified) Paris’ equation. These methods are introduced and discussed in the

following parts of the section.

Methods based on: S-N curves (modified) Paris' equation
. Structural Elastic Elastic-plastic
‘ Cross section ‘ discontinuity ‘ notch effect ‘ notch effect Short crack Long crack
Cyclicload |« Cyclic Cyclic - Cyclic notch Cyclic notch Cyclic Cyclic
¥y nominal stress structural stress stress strain J-integral stress intensity
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Figure 2.11: Fatigue assessment methods for welded connections [46].

2.3.1. S-N CURVE

The S-N curve is developed from the Wohler curve, which was proposed by Wohler when
he carried out rotating cantilever fatigue bending tests on plain specimens under the
constant amplitude loading [47]. This is further simplified to a linear relationship in
a double-logarithmic curve by Basquin [48]. Figure 2.12 shows the fatigue resistance
curve (one curve as an example) in (pr)EN 1993-1-9 [16, 17]. The stress range (normal
stress, or shear stress, or in combination) and the number of cycles, both in the double-
logarithmic scale, are linked by a linear curve with the slope of m; in the finite life re-
gion. The Constant Amplitude (CA) fatigue has a limit called the Constant Amplitude
Fatigue Limit (CAFL), Aop, at Np. For the Variable Amplitude (VA) fatigue with nor-
mal stress ranges, the fatigue resistance curve is extended to the cut-off limit with Aoy,
at Np.. A different slope, my, is applied to Ao between Aop and Aoy. Aop and Np are
based on notch types in prEN 1993-1-9: 2023 [17] instead of the fixed values given in
EN 1993-1-9: 2005 [16]. The characteristic reference values of fatigue resistance Ao ¢ at
Nc = 2 x 108 cycles are usually calculated using a lower prediction bound of survival for
logarithmic number of cycles with 95% confidence [16, 17]. The partial factors for fa-
tigue, vy, are recommended for two design concepts (safe life or damage tolerant) and
three consequences of failure (low or medium or high) with values in the range of 1.00 to
1.35[16, 17].
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Figure 2.12: Fatigue resistance curve designated in (pr)EN 1993-1-9 [16, 17].

2.3.2. FATIGUE CRACKING IN WELDED CONNECTIONS

Weld toe cracks and weld root cracks are the two most commonly present types of crack
in welded connections, see Figure 2.13 for the illustration of typical cracks in welded
connections. The weld toe crack initiates from the weld toe and propagates into the
main plate, Figure 2.13a to Figure 2.13e. The weld root crack initiates from the weld root
and (normally) propagates into the weld throat, Figure 2.13f to Figure 2.13j.

(a) b) © A (d) (e)
i »HJL@_. F&ET <= 7§

Figure 2.13: Fatigue cracks commonly present in welded connections: (a)-(e) weld toe cracks, (f)-(j) weld root
cracks [23].

2.3.3. NOMINAL STRESS

The Nominal Stress (NS) is the main stress method for fatigue design, for example in
the European standard (pr)EN 1993-1-9 [16, 17], United States AASHTO LRFD Bridge
Design Specifications [19], and Japanese JSSC recommendations [18]. The NS method
uses the stress amplitudes at the critical cross section as the fatigue driving stress ranges
in conjunction with the S-N curve. Figure 2.14 gives an illustration where the NS can be
calculated using the force F and the bending moment M divided by the cross section
characteristics based on the plate thickness ¢ and plate length I. The corresponding S-
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N curve includes the influence of material, notch, size effect, surface, residual stress,
etc. [34]. Note that the shear force may occur, which is not illustrated in Figure 2.14.

Figure 2.14: Illustration of the force and the bending moment in a welded connection.

The stresses in weld throat are used for the root crack assessment in fillet (partial
penetration) welded load carrying connections. Figure 2.15 illustrates the normal weld
stress g+ and the shear weld stress 7, in which a is the nominal weld thickness and I,
is the nominal weld length.

(a) (b)

Figure 2.15: Relevant stresses in a (a) fillet or (b) partial penetration welded load carrying connection [17].

2.3.4. HOT SPOT STRESS

Despite the ease of use of the NS method, structural (geometric) stress, also called Hot
Spot Stress (HSS), has been developed initially for the weld toe (hot spot) to make the
design method as general as possible to predict the fatigue resistance distribution at the
weld toe. The HSS (o}1s) comprises the bending stress and the membrane stress in the
vicinity of a weld while excluding the non-linear stress raised by local notch effects [23].
The surface extrapolation approach empirically selects the locations at certain distances
at the weld toe side and extrapolates the stresses (o; and o2) to the weld toe. Figure 2.16
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illustrates the stress states and the extrapolation of HSS for the “type a” hot spot (weld
toe on plate surface) [23]. The other type of hot spot (“type b”) is the weld toe at plate
edge [23], which is outside the scope of the current study. The method is also adopted
in [16-19] with the characteristic strength curve determined by o¢, equal to 80 MPa or
90 MPa or 100 MPa for welded connections with standard shapes. The number of fatigue
resistance curves is reduced compared with the NS method as the HSS is insensitive to
geometry. However, the stress states, plate thickness, welding procedures, etc., of con-
struction detail affect the fatigue performance. The development of detail categories
based on the fatigue behaviour of realistic details provides a suitable (accurate) fatigue
assessment using the HSS.

i
Y

+ ]
o
Bending stress Membrane stress  Non-linear stress

Figure 2.16: Illustration of the stress path in a component close to the weld.

Serensen et al. further extended the HSS to the weld root assessment by extrapolating
the stress in the weld throat to the weld root with distances 0.25a and 0.75a from the
weld root [49].

The force equivalent method, developed by Dong [50], uses the nodal stress from
the crack initiation cross section. The membrane and shear stresses, and the bending
stress are calculated from the nodal normal and shear forces, and the bending moment,
respectively. The force equivalent method can be applied to either the weld toe or the
weld root assessment.

2.3.5. EFFECTIVE NOTCH STRESS

The Effective Notch Stress (ENS), oen, is a local stress that includes non-linear stress
as shown in Figure 2.16. The concept initiates from the stress state assessment at the
notch (weld toe or weld root). A fictitious notch with a specified radius, ret, is created at
the notch, see Figure 2.17. Two generally used radii are 1.00 mm and 0.05 mm [23, 51].
The former is determined from the worst case of a real radius, resulting in the aver-
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aged notch stress obtained by the integration of the stress distribution in a real notch,
Figure 2.18 [51]. The latter is a compromise value for the FE calculation following the
relationship between the stress intensity factor and the notch stress, and the crack tip
blunting [51]. Note that r..f = 0.30 mm was proposed by researchers as described in [52].
No further discussion on rf = 0.30 mm is given as it is outside the scope of the current
study.

Reference radius ¢

\ /
. L
OO0
Figure 2.17: ENS at the weld toes and roots [51].
(a) Actual notch with stress (b) Substitute notch with fictitious
averaging over p* notch radius resulting in o,

20

' Pr=P+SP*|

Figure 2.18: Neuber’s micro-support concept [51].

Two types of criteria, the maximum principal stress and the von Mises stress, can be
used for the ENS. The former suits the proportional loading better [53]. Unlike the NS
and the HSS, only one fatigue resistance curve is needed for each combination (¢t and
the criterion).
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2.3.6. AVERAGED STRAIN ENERGY DENSITY FACTORS

The ENS assumes a rf at the notch to avoid singularity. The Notch Stress Intensity Fac-
tors (N-SIFs) study the stress and strain states at the notch without using a fictitious
notch [54, 55]. The N-SIF is initially developed to predict the fatigue resistance of crack
initiation, whereas it can also be used to predict the total fatigue life of welded connec-
tions [55]. However, analytical solutions for N-SIFs are only available for specific open
angles (2a), e.g. 135°. The averaged Strain Energy Density (SED) factor over the critical
area is thus used, see Figure 2.19. The SED can be used with various 2a and is insen-
sitive to mesh size [56]. Livieri and Lazzarin [21] studied about 650 fatigue data with
either the weld toe or weld root failure and recommended a characteristic value of 0.058
N mm/mm? at 2 million cycles associated with a radius Rc = 0.28 mm for steel welded
connections.
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Figure 2.19: Geometrical parameters and the critical area for the weld toe and the weld root in the SED
method [21].

2.3.7. NOTCH STRAIN

The linear elastic material assumption is adopted in the NS, HSS, ENS methods. How-
ever, inelastic material behaviour at the notch may occur at high load levels. Figure 2.20
illustrates the force level that causes stresses beyond the elastic limit. Cyclic elastic-
plastic material behaviour (red curve) occurs close to the notch. Other parts keep in
elastic (blue curve). Other characteristics (residual stress, secondary notch, etc.) further
increase stress concentrations, resulting in higher stress at the notch. The strain-based
method was therefore developed first for low cycle fatigue by Manson and Coffin in the
1950s [57, 58]. Afterwards, it was extended to high cycle fatigue by Morrow in 1965 [59].
It was further modified to include the mean stress effect by Smith et al. in 1970 [60].
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The strain-lifetime curve (e-N) instead of the S-N curve, should be used for the strain-
based method fatigue assessments. Figure 2.21 shows one example where the horizontal
and the vertical axes are the doubled number of cycles 2N in logarithmic and the strain
amplitude Ae/2 in logarithmic, respectively. The total e-N consists of the elastic strain
range (Ae®/2) and the plastic strain range (Ae®/2). 2N covers both low cycle and high
cycle situations. Implementation of cyclic elastic-plastic material properties allows a
more realistic mechanical analysis (hardening or softening, plastic shakedown, efc.) at
the notch. It is especially useful for the cases with large preloading (preloaded bolts) or
high residual stress (welds). Note that the notch strain method is practically suitable for
fatigue initiation prediction as it evaluates the strain at the initiation stage.

38 S

Figure 2.20: Strain-stress behaviour at the weld toe of a welded connection.
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Figure 2.21: Illustration of a e-N curve.

2.3.8. FRACTURE MECHANICS
Although the S-N or the e-N curve is widely used in fatigue design, the behaviour of
cracks cannot be described by these methods. Fracture mechanics, which was devel-
oped to describe the crack behaviour, is a powerful method when the crack propagation
behaviour needs to be analysed.

Fracture can be classified into three modes: Mode I (open), Mode II (in plane shear-
ing), and Mode III (out of plane tearing) [61], see Figure 2.22. The Mode I type crack is
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the most common and dangerous one for long cracks.

Mode I Mode II Mode III
(opening) (shearing) (tearing)

- .
;

Figure 2.22: Illustration of fracture modes [61].
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Figure 2.23: Illustration of the stress states at the crack tip of a Mode I type crack according to Irwin [62].
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Figure 2.23 illustrates the stress states at the crack tip of a Mode I type crack (crack
length is 2a). A plastic zone exists at the crack tip due to the high stress raised by the
sharp notch. A circle with the diameter 2ry is assumed. The origin of the circle is as-
sumed as the notional crack tip. The linear elastic mechanics results in the stress singu-
larity at the notional crack tip.

The Small Scale Yield (SSY) with ry << a is required for the application of the Linear
Elastic Fracture Mechanics (LEFM). The (effective) Stress Intensity Factor (SIF) is used
as the crack propagation driving stress, expressed as K; = fov/2ma, where f is the cor-
rection factor for parameters, e.g. geometries and load types. With the increase of ry, the
SSY assumption is no longer valid and the plasticity cannot be ignored. Alternatively, the
Elastic-Plastic Fracture Mechanics (EPFM), which takes the material inelasticity or plas-
ticity into consideration, can be used. The J-integral [63] is a widely used crack propa-
gation driving stress in the EPFM. The application has been extended from monotonic
loading to cyclic loading for fatigue analysis using the two types of driving stresses, SIF
range [23, 24, 64] and cyclic J-integral [42].

Fracture mechanics becomes an attractive option for the fatigue analysis of welded
connections as the crack propagation occupies a large proportion of the fatigue life [42].
Figure 2.24a illustrates the fatigue crack propagation as a function of the SIF ranges, AK,
which consists of three regimes [42, 65]:
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Figure 2.24: Illustration of fatigue crack propagation as a function of AK (reproduced from [42, 65]).

e Regime I: Micro cracks initiate and coalesce in the regime. The Micro Fracture Me-
chanics (MFM) can be used when the crack size is smaller than the critical value,
kd, normally at the grain size level. The microstructural characteristics of steel,
e.g. grain sizes and orientations, dominate the crack propagation behaviour in this
stage. With the crack growth, plasticity becomes more extensive and can engulf
several grains. The influence of microstructural barriers is reduced and steel can
be treated as a homogeneous material. In this stage, the crack is small and the SSY
assumption is not satisfied. The EPFM needs to be used instead of the LEFM. Note
that considerable scatter still exists in the stage and the crack propagation rate is
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sensitive to the stress level. A crack arrest may occur before growing into a long
crack if the stress range level is not larger than the threshold value (AK < AKy,).

e Regime II: A straight line represents the double-logarithmic da/d N-AK, described
by the Paris’ equation for Mode I type crack [22] when AK > AKy,. The line de-
pends on the material properties and environmental effects. Other parameters,
e.g. the stress ratio and the load frequency, may also affect the propagation rate.
Note that a bilinear line can be used to improve the prediction accuracy.

* Regime III: The crack propagation rate accelerates and stops with a final fracture
in the monotonic crack growth. The crack propagation can be described by the
EPFM or damage mechanics instead of the LEFM due to existence of large plas-
ticity. Microstructural characteristics and stress states have strong effects on the
crack propagation behaviour at this regime.

2.3.9. DISCUSSION OF THE EXISTING ADVANCED FATIGUE ANALYSIS MOD-

ELS
Advanced fatigue analysis models (or methods) besides the commonly used nominal
stress, hot spot stress, and effect notch stress methods were developed to improve the
accuracy of the fatigue life prediction of metallic structures.

The 4R method was proposed by Ahola et al. [66] to implement four parameters:
notch stress range Aoy (r), applied stress ratio R, ultimate material strength Ry, and
residual stress o g in the fatigue assessment. The 4R method adds the measured notch
radius to the reference radius at the crack initiation in the Finite Element Analysis (FEA).
The local cyclic elastic-plastic behaviour at the notch is considered and the correction of
the mean stress is carried out using the Smith-Watson-Topper parameter. Effects of ores
and R are accounted by using a master S-N curve.

The LEFM is used to analyse the fatigue crack propagation behaviour of structures in
which initial flaws are caused in the fabrication or manufacture process [23, 24, 64]. An
initial crack with a depth ranging from 0.1 mm to 0.5 mm [23, 24, 64, 67] is commonly
assumed as the starting point for the fatigue propagation calculation. Either linear or
bilinear propagation model may be used and the applied stress ratio R < 0.5 or R > 0.5
can be taken into consideration by the material constant C [24, 64].

The UniGrow fatigue crack growth model was proposed by Noroozi et al. [68] and
Mikheevskiy et al. [69]. The UniGrow model uses a unified two-parameter driving force
to account the mean stress in the fatigue crack propagation. The overloading and crack
closure are studied by considering the elastic-plastic material behaviour at a finite notch/
crack tip radius and the applied SIFs are obtained by the LEFM. The UniGrow model was
improved by Pedrosa et al. [70], who included the strain-based crack initiation in the
prediction.

The 2 stage model was proposed by Roscher and Knobloch [71] to cover both crack
initiation and propagation stages using the strain-based method and the LEFM, respec-
tively. The distinction between initiation and propagation is given by the phenomenon-
based value, which is an initial crack depth of 0.5 mm in the proof of concept calculation
where butt welded connections were studied. It was found that the initiation life dom-
inates the fatigue life with small stress ranges, whereas the propagation phase gains a
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larger portion when the stress ranges are large. The crack initiation and propagation life
of either high quality welds or welds with large imperfections can be assessed using the
2 stage model.

However, the welding induced residual stress and its redistribution caused by the
post-weld treatment or the development of crack propagation are not computationally
simulated by the 4R method, the UniGrow model, and the 2 stage model.

Since the notch in practice may be larger than the conservatively assumed value of
1 mm or 0.05 mm [23] and the initial flaws may be smaller than the assumed length rang-
ing from 0.1 mm to 0.5 mm [23, 24, 64, 67], the SSY assumption at the crack tip may not
be reached, especially when the welding-induced residual stress is taken into consider-
ation. This limits the use of LEFM when the crack is short. Alternatively, the EPFM can
be used for the short crack propagation with the modified Paris’ equation [72]. The plas-
ticity caused crack closure can be studied by the cohesive extended FE model [73, 74] or
the EPFM [75].

The LEFM based model is a practical option to analyse the long crack propagation.
The effect of stress ratio can be corrected by the improved Paris’ equation, e.g. the Walker’s
correction [76] and the overloading (plasticity caused crack closure) can be considered
by the improved models, e.g. the Wheeler’s model [77, 78].
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2.4. FATIGUE IN OBDs

2.4.1. INTRODUCTION OF OBDS

An OBD is an integrated superstructure in a bridge that consists of a top deck plate, stiff-
ened by longitudinal stiffeners and further by crossbeams as shown in Figure 1.2. Either
open or closed stiffeners with various shapes have been used in history. Cut-outs at the
lower region of stiffeners are made as a practical fabrication option because a good fit
between crossbeam and stiffener is challenging to meet at corners. Figure 2.25 shows
the commonly used longitudinal stiffeners in Germany, designated as:

Open stiffener
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a) (a) (b) (b) () (c)
Crossbeam /% %/ %

Closed stiffener

(d (e) (f () (h)

Figure 2.25: Representative designs of longitudinal stiffeners (open stiffeners at the top and closed stiffeners at
the bottom) in Germany, reproduced from [10].
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bulb flat-shaped continuous stiffener

L-shape continuous stiffener

flat continuous stiffener

V-shape discontinuous stiffener

U-shape discontinuous stiffener

Y-shape (champagne glass shape) discontinuous stiffener
trapezoidal continuous stiffener without cut-out

trapezoidal continuous stiffener with cut-out

Among them, trapezoidal continuous stiffeners, (g) and (h), have been the main types
used since the 1980s with a span between crossbeams in the range of 1.88 to 5.00 me-
tres [10], which will be further discussed in the following sections of this chapter.
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MECHANICAL BEHAVIOUR UNDER TRAFFIC LOADING

Sub-elements in OBDs are mainly connected by welds or bolts. The mechanical be-
haviour of one sub-element depends on the interactions with others. This means the
design method that separately analyses each sub-element assuming it behaves inde-
pendently without considering the interactions is not suitable for OBDs [2]. Seven levels
of deformation are designated for an OBD under traffic loading by the Federal High-
way Administration manual: Manual for Design, Construction, and Maintenance of Or-
thotropic Steel Deck Bridges [2], as shown in Figure 2.26. Note that similar specifications
are given in EN 1993-2 [79]. Levels 1 and 2 are the local deck plate deformation and the
panel deformation, respectively. Level 3 is the longitudinal flexure. Levels 4 and 5 are the
in-plane flexure and the distortion of a crossbeam. Level 6 is the distortion of stiffeners

due to cut-out. Level 7 is the global deformation of an OBD.

System Action Figure Result
| Local deck plate ! Transverse stress in
i Deck plate - Wheel load Wheel load .
deformation A L . deck plate, stiffener, and
(V¢ s ( it ) / \7 stiffener-to-deck plate
Stiffener » 7/—" welded connection
2 Deck plate w;;lw““‘ load Transverse stress in
deformation g deck plate
3 Longitudinal I* Longitudinal bending
deformation of : X . and shear in stiffener
stiffener L Deflection line | acting as a continuous
BT e -;1’ beam on flexible
ok kT crossbeam supports
4 In-plane et load Bending and shear in
deformation of m crossbeam acting as
crossbeam beam spanning between
rigid girders
5 Distortion of — Out-of-plane bending of
crossbeam — crossbeam web at
stiffener due to the
Atthe bottom rotation of stiffener
of stiffener Between
stiffeners
6 Distortion of = 7 v | Local bending of
stiffener web = = = stiffener web due to
crossbeam cut-out
7 Global deformation > Axial, bending, and shear
7 stresses from supporting
vauuu— S girder deformation

Figure 2.26: Deformation mechanism of an OBD under traffic loading, modified based on [2].
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ACTIONS ON OBDs
Actions of traffic on OBDs are simplified using uniformly distributed load patches. Five
Fatigue Load Models (FLMs) are defined in EN 1991-2 for fatigue assessment [80]:

e FLMI1 has the configuration of characteristic Load Model 1 (for ultimate limit state
verification) with reduced values. The maximum and minimum stresses should be
determined from the possible load arrangements of the model on the bridge.

e FLM2 consists of a set of idealised lorries, called “frequent” lorries. Each lorry is
defined by the number of axles and the axle spacing, the frequent load of each axle,
the wheel contact areas and the transverse distance between wheels. The maxi-
mum and minimum stresses should be determined from the most severe effects
of different lorries, separately considered, travelling alone along the appropriate
lane.

¢ FLM3 consists of four axles, each of them having two identical wheels. The max-
imum and minimum stresses and the stress ranges for each cycle of stress fluctu-
ation, i.e. their algebraic difference, resulting from the transit of the model along
the bridge should be calculated.

* FLM4 consists of sets of standard lorries which together produce effects equivalent
to those of typical traffic on European roads. A set of lorries appropriate to the
traffic mixes predicted for the route should be taken into account. The stress range
spectrum and the corresponding number of cycles from each fluctuation in stress
during the passage of individual lorries on the bridge should be the Rainflow or
the Reservoir counting method.

e FLMS5 consists of the direct application of recorded traffic data, supplemented, if
relevant, by appropriate statistical and projected extrapolations.

Among them, FLM3 to FLM5 are intended to be used for fatigue life assessment using the
fatigue resistance curves defined in EN 1993-1-9 [16] and should not be used to check if
fatigue life can be considered as unlimited [80].

The pavement stiffness may be temperature dependent [15, 81, 82]. The conserva-
tive method may exclude the effect of pavement in fatigue assessment [2]. However, the
monitoring of two long-span bridges in China with OBDs shows that the fatigue dam-
age accumulation is sensitive to temperature [83]. It is therefore important to consider
the pavement with its proper characteristics [15, 81, 84, 85]. Recent developed TS [27]
provides three levels of assessment methods (from most realistic to most simplified):

¢ Level 1: temperature-dependent pavement stiffness,
¢ Level 2: temperature-independent pavement stiffness,

¢ Level 3: dispersal of load without pavement implemented in the model.
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2.4.2. EXAMPLES OF THE FATIGUE ASSESSMENT FOR OBDS

Fatigue assessment of the critical locations of bridges was carried out using the mea-
sured strain ranges in the structural health monitoring, e.g. the van Brienenoord bridge
in the Netherlands [15], the Great Belt Bridge in Denmark [86], and the M0 Héros Danube
highway Bridge in Germany [87], several long span bridges in China [83, 88]. Among
them, the HSS was used for fatigue assessment using measured strain ranges close to the
welds in [88]. The LEFM was used to predict the crack locations and their propagation
behaviours for Bronx-Whitestone Bridge using measured strain ranges [89]. Although
the structural health monitoring provides realistic strain ranges at the critical locations,
it is still expensive to be largely used [90]. Alternatively, the stochastic traffic flow model
calibrated against the weigh-in-motion system was used in the fatigue reliability analysis
in [12].

2.4.3. DETAILS AND CRACKS
Figure 2.27 summarises the details of an OBD supported by continuous closed stiffeners.
Cracks covered by prEN 1993-1-9 [17] (in blue) or by TS [27] (in yellow) or by both (in red)
are illustrated. The designation follows TS if the detail is covered by TS because TS covers
more details than prEN 1993-1-9. Details with underscore (C2a, C2b, Cla, Clc, C3a, and
C4d) are further studied in the following chapters.

Detail 11 in Table 10.9 of [17]: deck plate to stiffener crack subject to normal stress;
Detail Cla: stiffener-to-deck plate weld, weld toe crack in deck plate; Detail C1b: stiffener-

to-deck plate weld, weld root crack in deck plate between crossbeams; Detail Clc: stiffener-

to-deck plate weld, weld root crack in deck plate at crossbeam; Detail C2a: stiffener-
to-deck plate weld, weld toe crack in stiffener; Detail C2b: stiffener-to-deck plate weld,
weld root crack in weld; Detail C3a: crossbeam-to-stiffener weld, weld toe crack in stiff-
ener at lower end of the weld; Detail C3b: crossbeam-to-stiffener weld at stiffener web,
weld toe crack in stiffener; Detail C3c: crossbeam-to-stiffener weld at stiffener bottom,
weld toe crack in stiffener; Detail C4a: crossbeam-to-stiffener weld at stiffener web, weld
toe crack in crossbeam; Detail C4b: crossbeam-to-stiffener weld at stiffener web, weld
root crack; Detail C4c: crossbeam-to-stiffener weld at stiffener bottom, weld toe crack
in crossbeam; Detail C4d: crossbeam-to-stiffener weld at stiffener bottom, weld root
crack; Detail C5: crossbeam-to-deck plate weld, weld toe crack in deck plate; Detail C6a:
crossbeam-to-deck plate weld, weld toe crack in crossbeam; Detail C6b: crossbeam-to-
deck plate weld, weld root crack; Detail C7a: deck plate splice joint in longitudinal direc-
tion welded from both sides, weld toe crack; Detail C7b: deck plate splice joint in trans-
verse direction welded from both sides, weld toe crack; Detail C8a: stiffener splice joint
welded from one side on permanent root backing, weld toe crack; Detail C8b: stiffener
splice joint automatically welded from both sides, weld toe crack; Detail C9: crossbeam
web at free end of the extended cut-out.
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2.5. STATE OF THE ART FOR THE STUDIED WELDED CONNEC-
TIONS

Fatigue of steel bridges significantly affects the performance of ageing transportation
worldwide [13]. Fatigue damages in steel bridges are mainly caused by: welding defects
in fabrication, inappropriate structural details that result in low fatigue resistance, un-
foreseen stress and deformation in design at joints of members, and unexpected struc-
tural behaviour such as vibration [91]. Fatigue cracks were reported in OBDs, which of-
ten govern the service life [1, 7, 8, 14, 92]. One recent study in Japan reported inspections
of 276 spans (32% of the total 856 spans) of OBDs in the Tokyo Metropolitan Express-
ways until March 31% 2004, in which fatigue cracks were found at 1391 locations of the
106 spans [92]. Most of the cracks were inspected at four locations (proportion in per-
centage):

* Location 1: Vertical stiffener-to-deck plate connection at main girder junction (40%)
e Location 2: Crossbeam-to-deck plate welded connection (rare in closed stiffeners)
¢ Location 3: Stiffener-to-deck plate welded connection (14%)

» Location 4: Stiffener-to-crossbeam welded connection with cut-out (20%)

Location 1 depends on the design and may not be common in European OBDs. Loca-
tion 2 is rare in closed stiffeners. Locations 3 and 4 are, therefore, further studied in the
dissertation.

The stiffener-to-deck plate welded connection experiences high stress ranges as it is
directly under the wheel loading. The crossbeam-to-stiffener welded connection expe-
riences multi-axial stress states. The following sections of this chapter give a state of the
art discussion on the two types of connections.

2.5.1. STIFFENER-TO-DECK PLATE WELDED CONNECTION

The stiffener-to-deck plate welded connection is located below the overlay (or pave-
ment). Wheel loads are applied on the overlay and stresses arise accordingly. Accu-
rate calculations of stress ranges at the connections depend on the position and load of
wheels, the tyre contact areas and the used calculation models [93]. Both the membrane
and the bending stresses were analysed in [81, 93-96]. A LEFM based crack propaga-
tion model was developed for stiffener web cracking in [93]. The bending stress was
found as the dominant component of the stress ranges in the deck plate and the stiff-
ener web. Only the calculation for local bending in the stiffener web is given in EN 1993-
2: 2006 [79] for the fatigue design of stiffener-to-deck plate welded connection between
crossbeams. However, improvements in the accuracy may be reached when both mem-
brane and bending stresses are considered [93].

Fatigue performance of connections was affected by the fabrication process and weld
requirements [97]. Fillet welds were commonly used in the early designed OBDs. How-
ever, type C2b cracks were inspected in the existing bridge decks even after several years
of use [1, 8, 14]. Requirements were afterwards given for the penetration ratios in bridge
guidelines or codes, aiming to prevent type C2b crack and improve the fatigue resistance
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of stiffener-to-deck plate welded connection. The required minimum Partial Joint Pen-
etrations (PJPs) are 75% and 80% in the JSSC recommendations [18] and the AASHTO
LRFD Bridge Design Specifications [19], respectively. (pr)EN 1993-1-9 [16, 17] recom-
mends a lack of penetration < 2 mm for partial penetration welded stiffener-to-deck
plate connections. Melt-through welding is not allowed as cold lap may occur [98].
Moreover, the gap between the stiffener and the bottom of deck plate is required as
< 2 mm [16, 17, 19]. Double-sided welding (adding the welding at the inner side of
stiffener web) was developed to prevent type Clb cracks in new OBDs [99, 100] or to
repair them in existing bridges [101]. Stress ranges in the deck plate of the connection
are higher at crossbeam than the values between crossbeams [1, 14, 88]. The connec-
tion at the location between crossbeams or at crossbeam is discussed separately in the
following sections of this chapter.

BETWEEN CROSSBEAMS

Between crossbeams, the closed stiffener-to-deck plate welded connection consists of
four details: Cla, C1b, C2a, and C2b. Fatigue crack initiates from the weld toe (Cla and
C2a) or weld root (C1b and C2b), and propagates into the deck plate (Cla and C1b) or
stiffener web (C2a and C2b). The HSS was adopted to evaluate the weld toes in OBDs
by researchers [102-104] and the ENS was used to evaluate details Cla and C1b [95, 105,
106].

Detail Cla was experimentally studied in [105, 107-110]. Probabilistic fracture me-
chanics simulations with the plane strain assumption were used to predict the propaga-
tion of type Cla crack until the half thickness of deck plate in [111]. Type C1b crack was
experimentally investigated in [112, 113]. Full-scale experiments with PJPs of 0%, 75%,
and 100% were carried out with C1b type cracks observed in the 0% and 100% cases, and
Cla and C1b types of cracks in the 75% case [114]. The crack path of C1b was tracked
and the stress states close to the weld were calculated by FEA [115]. A decrease in fatigue
resistance was observed with the increase of deck plate thickness [115]. Tensile residual
stress exists at the weld root at the deck plate side, the initiation location of type Clb
crack, which may be released with the crack propagation [114, 116]. Oppositely, com-
pressive normal stresses (normal to the direction of deck plate thickness) were reported
at the location in [117]. The welding procedure and the boundary conditions may affect
the distribution of residual stress. Relaxation of residual stress may occur in the cyclic
loading [99, 118].

Details Cla, Clb, C2a, and C2b were studied using component-level (small-scale)
specimens in [119-121]. Higher fatigue resistance was found for either detail Cla or C1b
when the PJP was 80% compared with the specimens with a PJP of 100% [95, 97, 120, 122].
Moreover, it was found that type C2b crack was more likely to occur when the PJP was
small [110].

AT CROSSBEAM

Detail Clc was found to have a short crack initiation, followed by a relatively long crack
propagation in [123, 124]. Probabilistic models based on the LEFM can predict the crack
propagation and be updated using inspected results [125]. The crack propagation be-
haviour of detail Clc in the existing OBDs (10 or 12 mm thick deck plate), was pre-
dicted by the probabilistic crack propagation models to support the maintenance de-
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cision [11, 90, 125, 126]. The validation or development of these propagation models
using laboratory investigations becomes important to improve the accuracy of predic-
tion [126, 127]. In the case of the 16 mm thick deck plate, curved fracture surfaces were
observed (through-thickness cracks inspected at the high load level only) in [123, 124].
Reducing tensile residual stress at the crack initiation location, i.e. the weld root at detail
Clc, may improve the fatigue performance [12, 124].

INNOVATION AND STRENGTHENING METHODS
Innovations in design or fabrication were made to improve the fatigue resistance of new
OBDs and strengthening methods were developed for existing ones.

The hot-rolling technique was proposed to manufacture local thickened stiffeners
with optimised shapes [84, 105, 112]. The application of concrete as an overlay was used
in new OBDs. The reinforced Ultra-High Performance Concrete (UHPC) and the stiff-
ened deck plate together worked as a composite component in which short headed studs
were used to guarantee the interaction and the closed shape of stiffeners were larger than
the conventional design [128-132].

A strengthening overlay was applied to reduce the stresses in the stiffener-to-deck
plate connection and improve the fatigue lifetime for existing OBDs [133]. (High perfor-
mance) concrete or steel plate was used as the strengthening overlay [14, 93, 134, 135].
Either thick or thin adhesive layer was used in the steel plate strengthening [133, 135,
136].

2.5.2. CROSSBEAM-TO-STIFFENER WELDED CONNECTION

Increasing the thickness of deck plate effectively reduces the stress ranges in the deck
plate [95, 137]. However, the stresses in the crossbeam-to-stiffener welded connection
are less affected. The critical locations of this connection are in the vicinity of cut-out or
at the bottom region of the stiffener (in the design without cut-out) [138, 139]. Type C9
crack was also commonly seen [140-142] due to high tensile residual stresses (maximum
value exceeding 200 MPa) and the high stress ranges induced by the traffic flow at the
edge of cut-out [1, 119, 138, 142]. Fatigue behaviour of detail C3a, and the innovation
and strengthening methods for the detail are further discussed in the following sections
of this chapter. Detail C4d is of interest, whereas studies are lacking at the time of writing.
Further discussions are therefore not given for detail C4d in this chapter.

WELD TOE CRACK IN STIFFENER AT LOWER END OF THE WELD (DETAIL C3A)

Detail C3a experiences multi-axial stress states due to the local distortion of stiffener
web [143]. Various stiffener and cut-out shapes are used in design [1, 119, 138]. The
combination of the two makes it challenging to use the NS for detail C3a. The detail
was not covered in (pr)EN 1993-1-9 [16, 17]. Alternatively, a detail category based on the
HSS was provided in the AASHTO LRFD Bridge Design Specifications [19], whereas the
lowest fatigue resistance proposed for the standard welded connections was adopted.
The fatigue resistance was developed using standard plate welded connections, mainly
tested in tension-tension with a high load ratio (> 0.5) as a conservative option [144].
Moreover, the commonly seen stiffener thickness is 6 or 8 mm, significantly thinner
than the reference thickness of 16 mm [26] or 25 mm [23]. It is known that the fa-
tigue resistance of welded connection is affected by the plate thickness and the load
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type. A thin plate or a bending load results in a higher fatigue resistance [145-147]. Rela-
tively slow crack propagation rates were experimentally investigated for type C3a cracks
in [1, 100, 119, 148-151]. Fracture mechanics calculations were carried out for detail C3a
using a high proportion of bending stress (75%) in [152]. The authors stated that the
crack growth slowed down when the crack tips reached the lower stress region (away
from the crossbeam) [152]. As the failure criteria or inspection plans depend on the es-
timation of the probability of global collapse [144], a comprehensive study of the stress
states of detail C3a and the crack propagation behaviour will be meaningful. At the time
of writing, the HSS category for detail C3a based on a suitable failure criterion and a well
collected database is lacking.

INNOVATION AND STRENGTHENING METHODS

Innovations, e.g. inserting inner bulkhead plates [13, 153-157], using high-performance
steel [156, 157], optimisation of stiffener shape [119, 158, 159], optimisation of cut-out
shape [13, 119, 153-155, 159, 160], and creating smooth transition at the weld toe [13,
154, 155], were made to improve the fatigue performance of crossbeam-to-stiffener welded
connection. For instance, a large cut-out height with a smooth weld toe transition, and
the inner bulkhead (attached at each stiffener web separately) were proposed by Con-
nor [153] to replace the suggested cut-out in the second version of AASHTO LRFD Bridge
Design Specifications based on parametric FEA.

Attaching Carbon Fibre Reinforced Polymer (CFRP) sheets or plates effectively strength-
ened the fatigue performance of crossbeam-to-stiffener welded connection either with
or without cracks [161, 162]. Further improvement was achieved by using Fe-based
shape memory alloys (Fe-SMA) plates to introduce pre-compression stress in the re-
paired regions [163, 164].



WELD TOE CRACK AND WELD ROOT
CRACK IN STIFFENER OF
STIFFENER-TO-DECK PLATE
WELDED CONNECTION BETWEEN
CROSSBEAMS (C2A & C2B)

Fatigue crack that initiates from the weld toe then propagates into the stiffener web or
from the weld root then propagates through the weld throat is studied in Chapter 3. Nine-
teen stiffener-to-deck plate welded connections with a size of 350 x 200 x 200 mm?> are
examined in fatigue. Among them, nine specimens are connected by two-pass automatic
weld and ten are connected by one-pass manual weld. The structural (hot spot) stress is
calculated using the surface extrapolation approach and the force equilibrium approach
for the weld toe and the weld root, respectively. Two detail categories are established using
the author’s experiments and the results in the literature. Plane strain finite element mod-
els are built to predict the crack initiation locations and the fatigue resistances with the
partial joint penetration ranging from 25% to 100% using multiple local methods: the ef-
fective notch stress, the averaged strain energy density factor, and the linear elastic fracture
mechanics.

This chapter is based on the journal paper: Fatigue behaviour of toe and root stiffener cracks in stiffener-to-deck
plate weld of orthotropic bridge decks, Engineering Structures, 305, (2024).
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3.1. INTRODUCTION

An OBD consists of a deck plate supported by longitudinal (traffic flow direction) stiff-
eners (open or closed shapes) and transverse crossbeams. Directly loaded by wheels in
traffic, OBDs experience millions of load cycles during their service lives. A large number
of welded connections (joints) cause significant stress concentrations. The combina-
tion makes OBDs sensitive to fatigue cracking, mainly initiating from one of the welded
connections. The fatigue performance now dominates the design and life-cycle mainte-
nance. Fatigue cracks may initiate from the weld toe or root, and propagate into the base
metal or weld metal. The stiffener-to-deck plate welded connection is of special interest
because alarge fraction of fatigue cracks were detected in this type of connection in prac-
tice [14, 122]. Figure 3.1 shows four types of cracks observed in this connection between
crossbeams, named according to TS [27]. The fatigue cracks of details Cla, C1lb, and C2a
propagate into the base metal (main plate). The fatigue crack of detail C2b propagates
into the weld metal (weld throat). Weld root cracks usually have lower fatigue resistances
as compared with the cracks initiating from the weld toe because of the high notch ef-
fect, the lack of control of weld root quality, and the higher crack propagation rate in
the weld metal compared with the base metal [165]. However, the local stress ranges
relevant to the four types of cracks in Figure 3.1 are not (or not necessarily) equal. The
geometry of weld, with the Partial Joint of Penetration (PJP) in percentage, is identified
as an important parameter affecting the appearance of crack. A smooth weld profile and
sufficient PJP (minimum 75% to 80% of stiffener thickness but not melt-through) appear
beneficial for fatigue resistance.

Deck plate
Crack
location

Bottom flange

Closed stiffener
Crossbeam

. F

Wheel loads: |, |, \Ll Wiy

Figure 3.1: Sketch of a representative OBD and stiffener-to-deck plate cracks in details (source construction
site photo [2]).

In the stiffener-to-deck plate welded connection, the structural stress method was
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used for the evaluation of deck plate using the surface extrapolation approach in [105,
127, 166] or the force equilibrium approach in [143, 167]. The local stress state was eval-
uated by the ENS in [98, 105, 121]. Fatigue resistance calculation was conducted using
the LEFM in [89, 126, 168]. However, most of these studies considered the cracks in the
deck plate (types Cla and C1b). A systematic study of the cracks in the stiffener (types
C2a and C2b) in modern OBDs using the methods of NS, HSS, ENS, SED and LEFM is
lacking. It is unknown if (one of) these methods is suitable for these types of cracks.

Few former studies into details C2a and C2b found in the literature [119-121] were
carried out with automatic weld. In actual applications, however, manual overhead
welds are also applied to connect OBD panels on site. A series of experiments is, there-
fore, carried out by the author to study the fatigue behaviour of details C2a and C2b.
Automatically welded specimens (Series 1) and manually welded specimens (Series 2)
are used to study the effect of welding procedure on the fatigue resistances of the de-
tails. Plane strain FE models are built in which the ENS, SED, and LEFM methods are ap-
plied to evaluate the effect of different levels of PJP as presented in Section 3.4. The weld
crack propagation is analysed by the LEFM using the eXtended Finite Element Method
(XFEM). A fatigue assessment is determined from the stress state results using the local
methods and the reference values for the associated fatigue resistances in [23, 165, 169].
Using the author’s experiments and the results in the literature, the fatigue resistances of
details C2a and C2b are quantified by statistical analysis using the surface extrapolation
obtained and the force equilibrium obtained structural stress, respectively. The former
is also designated as the hot spot stress in (pr)EN 1993-1-9 [16, 17] and TS [27].

3.2. EXPERIMENTAL STUDY

3.2.1. SPECIMEN

Two large welded stiffener-to-deck plate specimens are fabricated using the steel grade
S355]J2, with a nominal yield stress of 355 MPa [170]. Figure 3.2 provides the dimen-
sions of the large specimens. A 6 mm thick trapezoidal closed stiffener is welded to a
700 x 1000 x 20 mm? deck plate each. In practice, the deck plate thickness varies signifi-
cantly (between 10 mm and more than 20 mm), whereas the stiffener is more uniform (6
or 8 mm). Fatigue behaviour of OBDs with 10 mm to 12 mm thick deck plates, commonly
used in the past, has been studied [1]. In modern OBDs, thicker deck plates are becom-
ing popular due to the increase in traffic flow and the fatigue problems of existing OBDs.
Deck plates ranging from 16 mm to 19 mm can be seen in modern OBDs [2, 171, 172].
In the Netherlands, the Schiphol bridge, the Suurhoff bridge and the intended replace-
ment of the Van Brienenoord bridge use the deck plate with a minimum thickness of
20 mm. The plate thickness affects the cooling rates and thereby the welding-induced
residual stress. A 20 mm thick deck plate with a 6 mm thick stiffener is selected to study
the fatigue behaviour of stiffener cracks (types C2a and C2b). The effect of deck plate
thickness can then be studied by comparing the results of the current study with those
of [120]. Figure 3.3 shows the details of the welding procedures. The stiffener edge is
chamfered to an angle of 50°. The lack of weld penetration is specified to be 1.5 mm
maximum (equal to the PJP of 75% minimum) following [17, 27], whereas melt-through
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isnot allowed. The actual PJP is hence between 75% and 100%, but probably closer to the
lower bound to reduce the risk of melt-through. The difference between the two is the
welding procedure applied. Series 1 (S1) is automatically welded by two passes using the
Flux-Cored Arc Welding (FCAW) and the Submerged Arc Welding (SAW), whereas Series
2 (S2) is manually welded in one pass using the Shielded Metal Arc Welding (SMAW).
Table 3.1 gives the applied welding parameters, with the illustration in Figure 3.4. S1
shows a smoother weld surface than S2. Welds of both series comply with the required
quality level, namely, quality level B of ISO 5817 [173]. Nine and ten small specimens are
cut, shown in orange in Figure 3.2. Each specimen contains a deck plate with a size of
350%200x20 mm? and a stiffener of 200x200x6 mm3.

6 1S
o
Width: 200

Figure 3.2: Preparation of specimens: left, uncut specimen; right in orange, specimen used in the experiments,
(unit: mm).

& e
| o
5 \ R |
n Ny - 5
/ \ \
Pass 2 | \ Pass 1 | Pass 1

Figure 3.3: Welding procedure for: (a) S1; (b) S2, with representative weld surface photos (unit: mm).
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Table 3.1: Welding parameters used in the fabrication of the specimens.

Series 1 1 2
Pass 1 2 1
Process FCAW SAW SMAW
Wire diameter [mm] 1.2 3 4
Current [A] 230-240 400-420 | 160-170
Voltage [V] 25-27 27-28 23-24
Current type DC+ DC+ DC+
Welding speed [cm/min] 42-48 50-55 8-10
Heat input [kKJ/mm] 0.7-1.0 1.2-14 | 23-2.8

( a) SMAW (b) FCAW

Feed from spool

. \
Consumable electrode Tubular electrode wire—={l} [ Shielding gas

/Electrode coating
fsmg o ) | Guide tube
Shielding gas (optional) ™ { .
c: i |

Solidified
weld metal
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Figure 3.4: Illustration of the applied welding processes: (a) Shielded Metal Arc Welding (SMAW), (b) Flux-
Cored Arc Welding (FCAW), and (c) Submerged Arc Welding (SAW) [174].

3.2.2. EXPERIMENTAL PROGRAMME

Aload frame is built for cyclic loading, as shown in Figure 3.5. The deck plate is clamped
onto an inclined steel plate by bolt heads so that the stiffener is positioned horizontally.
Two steel rollers are placed at the edge of the stiffener where the load is applied. Cyclic
loading with the load ratio R = —1 is applied through a hydraulic jack. The load ratio
is relatively high compared with the actual stress condition in OBDs, where the com-
pressive stress of a cycle is usually large compared with the tensile stress. Therefore, a
conservative estimate of fatigue performance that covers a wide range of applications
can be obtained from the experiments. The applied load ranges are between 2 to 3 kN
and differ between specimens. The loading jack position varies slightly between speci-
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mens. Note that the roller plate clamping may induce an unknown level of constraint.
The boundary conditions of the deck plate, i.e. fully supported or clamping at the upper
and lower edges, do not affect the stress distribution in the region of interest for details
C2a and C2b. The load application in the experiments — a force applied to the stiffener
web — deviates from the load applied to the deck plate in a real OBD. However, the crack
driving force for this detail is the local distortion of stiffener web [16, 17, 89]. Distortion
is induced in both real situations and experiments, Figure 3.6, and the local crack driving
forces can be determined for both cases, as explained in Section 3.2.3.

Cycles

AF stiffener Weld

Width: 200 mm

Figure 3.5: Stiffener-to-deck plate welded connection and the setup for cyclic loading (unit: mm).
W% |

Figure 3.6: Crack driving force for details C2a and C2b due to the local distortion of stiffener web.

Electric resistance strain gauges are attached to the stiffener and the deck plate in
the middle of specimen’s width, see Figure 3.7. Two types of strain gauges are attached,
namely, a single gauge (Type 1) and a five-in-a-row gauge with a distance of 2 mm in
between (Type 2). Type 1 strain gauges with label numbers 8, 9, 12, and 13 are placed at
the bottom and the top of the stiffener web with distances of 20 mm and 40 mm from
the weld root. Type 1 strain gauges with label numbers 1, 2, 10 and 11 are placed at the
bottom of the deck plate with distances of 8 mm and 20 mm from the weld toe or the
weld root. Type 2 strain gauges are attached at the root side of the stiffener web, with the
first strain gauge positioned 4 mm away from the weld root. All gauges are positioned to
measure the strains perpendicular to the weld direction.
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Figure 3.7: Arrangement of the strain gauges in the middle of specimen’s width (unit: mm).

3.2.3. STRESS CALCULATION
Equation (3.1) calculates the hot spot stress at the weld toe (detail C2a) using the surface
extrapolation approach as applied in the current study where £; is the thickness of stiff-
ener. The stress ranges are calculated assuming a uniaxial stress state as a conservative
reference.

A0hs =1.5-A0g 51, — 0.5 A0y 5, (3.1)

The structural stress, consisting of the membrane and bending components, provides a
global stress measure for either the weld toe or the weld root [50]. Equation (3.2) gives
the calculation of the structural stress in single-sided partial penetration welded con-
nection following the methodology of TS [27], as shown in Figure 3.8. The stress value
is a function of the axial force range AF and the bending moment range AM. The ad-
ditional bending moment caused by the eccentric axial force is also accounted for. The
validation of Equation (3.2) is presented in [175].

F 6
+——(AM+AF-e) 3.2)

Aoyt =
wi b-aw b-as,
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Figure 3.8: Illustration in TS [27] for defining the structural stress in single-sided partial penetration welded
connection.

The stress ranges at the weld root (detail C2b), Ag g, of the specimens in the current
study can be calculated using Equations (3.3) to (3.5).

6
Aowi=AM b aev (3.3)
where:
AM =2AM, - AM>, (3.4)
b-t?
AMI(Z) = T E Afl(g) (3.5)

The bending moment range at the weld root, AM, is calculated by extrapolating the
bending moment ranges at locations of 20 mm (AM;) and 40 mm (AM>) away from
the weld root. These bending moment ranges are calculated from the measured strain
ranges A¢j(z) from Type 1 strain gauges 8 and 9. Note that the strain ranges obtained
from strain gauges 12 and 13 are the same as the values from strain gauges 8 and 9 un-
der the applied loading condition. E is the elastic modulus of steel, for which a value of
210 GPa is assumed. The variables a,, and b are the thickness of weld and the specimen’s
width, respectively. The eccentricity, e, can be calculated using a,y and t; as shown in
Figure 3.8. The weld throat thickness, ay, is taken as the average value of twenty mea-
sured fracture surfaces at an equal intermediate distance, determined after the complete
failure of each loaded specimen as summarised in Table 3.2.

3.2.4. EXPERIMENTAL RESULTS AND FATIGUE RESISTANCES

Two definitions of fatigue life are commonly used in the literature to evaluate the re-
sults of details in OBDs. The first approach defines the number of cycles to failure using
a change of the strain range measured by the strain gauge closest to the fatigue crack
initiation location [1, 98, 123, 176]. However, this definition is sensitive to the distance
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between the crack initiation location and the closest strain gauge, and to the stress gra-
dient. The second approach defines the number of cycles to failure by the specimen
rupture. This definition is often used in experiments using small-scale specimens and
can only be used if crack arrest does not occur. For the loaded specimens presented
in this chapter, strain gauges are only placed in the middle of the specimens, whereas
the crack initiation may occur at other locations. The experiments are terminated when
the specimens are ruptured, except for run-outs if rupture does not take place after ap-
proximately 10 million cycles of loading. The second approach is therefore used for the
definition of fatigue life in the current study:.

Table 3.2 summarises the experimental results. Various load ranges are applied as
required for statistical analysis. The structural stress ranges at the weld throat Aoy
range between 146 MPa and 359 MPa. The hot spot stress ranges Acdy, calculated by
Equation (3.1) with the detailed description in Section 3.3, range between 242 MPa and
381 MPa. Because the specimen of S1IEXP3 is a run-out, the fracture surface cannot
be measured and Ao is therefore not available. The strain gauges malfunctioned in
S1EXP3 and S2EXP3 (with Aonw) marked by “*”). The average stress Ao hg(wf) NOI-
malised to one kilonewton of the other specimens in the corresponding detail group are
linearly scaled with the applied forces for these two specimens. Figure 3.9 shows a typical
example of observed failure modes. Cracks initiating from the weld toe of the stiffener
and propagating into the stiffener (type C2a) are observed near the middle of specimen.
Cracks initiating from the weld root and growing through the weld throat (type C2b) are
observed near the middle and edges of the specimen. Table 3.2 lists the cracks observed
in the fractured specimens.

: - Z\b. Deck plate
T -
root crack'sv_ —

"':'). Weld toe cracks

_______ 23 S - S ——
liios g on p
small cracks

Stiffener

Stiffener

D8 1

Figure 3.9: Fracture surface of the specimen in S2EXP3.

The number of cycles to failure, N, ranges between 0.34 million and 5.31 million. An
experimental result is classified as “failure A” if Nf does not exceed 5 million for weld toe
cracks or 10 million for weld root cracks. These threshold values for N correspond to
the assumed constant amplitude fatigue limits in prEN 1993-1-9: 2023 [17]. Fractured
specimens with Ny beyond the above mentioned limits are classified as “failure B”. Only
results of “failure A” are used in the statistical analysis of fatigue resistance with a fixed
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slope, in line with [177, 178]. Specimens showing signs of both weld toe and weld root
failures are incorporated in the statistical evaluation of both locations. Specimens with
only weld toe failure are considered as run-outs for the weld root failure and vice versa.
Similar to the treatment of “failure B”, run-outs are disregarded in the statistical evalua-
tion.

Table 3.2: Summary of experimental results for details C2a and C2b in the current study.

D AF Ay Aowt  AOps Ne Final crack
[kN] | [mm] | [MPa] [MPa] surface observation

S1EXP1 2.00 8.00 156 266 5311008 Root+Toe
S1EXP2 1.99 6.10 282 269 4462209 Root+Toe
S1EXP3 1.99 - 203* 242 9577675 Run-out
S1EXP4 2.26 | 6.25 315 321 1505820 Toe
S1EXP5 244 | 6.10 306 306 2204211 Root+Toe
S1EXP6 241 | 7.56 209 311 2836078 Root
S1EXP7 2.93 6.75 296 349 1278523 Toe
S1EXP8 2.93 7.48 207 321 2100102 Root+Toe
S1EXP9 2.94 7.01 276 346 1377320 Root+Toe
Avg. 6.91
S2EXP1 2.04 6.93 215 278 1592180 Root+Toe
S2EXP2 2.04 7.61 181 261 1140391 Root+Toe
S2EXP3 1.99 | 6.99 199* 254* | 1610468 Root+Toe
S2EXP4 1.99 | 8.01 146 251 1037337 Root
S2EXP5 2.64 | 6.10 359 356 345712 Toe
S2EXP6 2.51 6.10 332 315 490183 Toe
S2EXP7 2.52 6.84 253 317 358240 Root+Toe
S2EXP8 2.94 | 6.76 293 363 370673 Root+Toe
S2EXP9 293 | 7.32 242 349 400696 Root+Toe
S2EXP10 | 2.94 | 7.33 271 381 341855 Root+Toe
Avg. 7.00

Note:

SXEXPY: represents the Series EXP, EXPeriment Y.
“*”: Value calculated using the average Ao from the corresponding detail group.

Figures 3.10 to 3.11 show the results of statistical analysis, using the Basquin relation
log(Ny) = a—m x log(Aonswh)) and assuming a fixed slope m = 3.00. The fatigue resis-
tance is expressed as the stress range at which two million cycles to failure is obtained,
with exceedance probabilities Ps = 95%, 50%, 5%. The 95% value is further referred to as
the characteristic fatigue resistance Aoc, defined in (pr)EN 1993-1-9 [16, 17] and TS [27],
following the statistical analysis described in [177, 178]. A relatively high fatigue resis-
tance with a narrow scatter band (Ao ¢ = 272 MPa with the standard deviation s = 0.09)
is observed for detail C2a of S1 in Figure 3.10a, as compared with S2 (Aoc = 159 MPa
with s = 0.14), Figure 3.10b. Figure 3.11 shows the results of detail C2b. S2 gives a sig-
nificantly lower fatigue resistance (Aoc = 106 MPa with s = 0.22) as compared with S1
(Aoc =158 MPa with s = 0.29), indicating a better fatigue performance of automatically
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welded connections for detail C2b. Note that both weld toe and weld root failures occur;

the fact that the fatigue resistance values are different is caused by the different stress
definitions of the two details.
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Figure 3.10: Statistical analysis for detail C2a.
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Figure 3.11: Statistical analysis for detail C2b.
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3.2.5. ADDITIONAL EXPERIMENTAL RESULTS IN THE LITERATURE

YA (2009)

A similar experimental setup and specimen geometries were used at Nagoya University
by Ya [120], but using thinner deck plates with automatic weld only. The specimens were
500 mm wide with a 200 mm long stiffener and a 315 mm long deck plate. The specimens
were sorted into six groups with deck plate thicknesses of 12 mm, 14 mm, and 16 mm,
stiffener thicknesses of 6 mm and 8 mm, and PJPs of 30%, 75%, 80% and melt-through.
Only the results with PJPs from 75% to 80% from [120] are used in the current study.
The experiments were carried out with the load ratio R = —1. Copper wires 0.04 mm
in diameter were placed at the weld surface and the weld toe. The experiments were
stopped when the wires were cut due to the cracking of the specimens.

A statistical evaluation of automatically welded connections is carried out on the
joint database, consisting of experimental results of Ya (2009) [120] and the ones of Sec-
tion 3.2.4, assuming a fixed slope parameter m = 3.00. Figure 3.12 shows that the char-
acteristic values of fatigue resistance are 276 MPa and 142 MPa for details C2a and C2b,
respectively. The joint database’s fatigue resistances are almost equal to that of the sep-
arate database of detail C2a, see Figure 3.10a. On the other hand, the joint database
gives lower values (with Py = 95% or 50%) for detail C2b. The corresponding standard
deviation increases from 0.29 (Figure 3.11a) to 0.33 (Figure 3.12b).
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Figure 3.12: Statistical analysis for automatically welded connections, including S1 and Ya (2009) [120].

YUAN (2011) AND BRULS (1991)

Figure 3.13 shows the analysis adding the results from Yuan [121] and Bruls [119]. The
stress in [121] was calculated by the FE method. Yuan [121] carried out experiments with
a single stiffener-to-deck plate type connection. The stiffener was centrally loaded with
R =0 or—1 (only the results with R = —1 are used in the current study) and the deck
plate was supported at its edges (at the semi-distance between closed stiffeners). The
specimens failed from the weld toe (type C2a). Bruls [119] carried out similar experi-
ments. But the stiffener was positioned eccentrically and the load was exerted on the
deck plate, with —1 < R < 0. The specimens failed from the weld root (type C2b). The
specimens with 75% < PJP < 100% are used in the current study. Both series used auto-
matic welding.
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Figure 3.13 shows the statistical evaluation results of the joint database. Ao ¢ is 158 MPa
with s = 0.32 for detail C2a. A higher Ao = 158 MPa with a slightly smaller s = 0.30 is
obtained compared with the values in Figure 3.12b for detail C2b. Combining the data,
the resulting characteristic values for details C2a and C2b are shown in Table 3.3.
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Figure 3.13: Statistical analysis for details C2a and C2b, including the results in the literature [119-121].

Table 3.3: Fatigue resistances derived from all experiments for details C2a and C2b.

Detail Stress Welding procedure | Characteristic value Ao
C2a Equation (3.1) | Automatic&manual 158 MPa (Figure 3.13a)
. Automatic 158 MPa (Figure 3.13b)
C2b | Equation (3.2) Manual 106 MPa (Figure 3.11D)

3.3. FINITE ELEMENT MODELLING

Section 3.2 experimentally evaluates the fatigue behaviour of details C2a and C2b. Sec-

tion 3.3 describes the FE study of details C2a and C2b. Plane strain FE models of the
specimens used in the current study are built using the commercial software Abaqus
2019 [179]. Displacement and rotation constraints, UX = UY = URZ = 0, are used to the
top of the deck plate over its entire surface, see Figure 3.14. 8-node plane strain ele-
ments with reduced integration, type CPE8R [179], are used with element sizes of ap-
proximately 0.5 x 0.5 mm?. The PJP equals 75%, i.e. the specified (minimum) ratio of
the specimens. A possible contact between the stiffener edge and the deck plate is not
modelled, as expressed by a 0.01 mm gap as shown in Figure 3.14. Further, the elastic
modulus E = 210 GPa and the Poisson’s ratio v = 0.3.

The stiffener edge is free to rotate in the FE model, and by a calibration procedure the
loading position is determined such, that the computed normal strains are equal to the
measured ones. The calibration results in a load position 37.5 mm away from the free
edge of the stiffener. The shear strains are verified to be negligibly small in the studied
case. opg = —131 MPa and o+ = 100 MPa are obtained accordingly, normalised to a unit
load of 1 kN (equivalent to 5 N/mm).
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Figure 3.15 shows a comparison of the strains between the FE computed (FEA) and
the experimentally measured (EXP) in which a scatter of the strain between the measure-
ments is evident. Almost all measured strains are within the bounds set by +20% offset
from the FEA. In both the EXP and the FEA, the strain ranges increase at the bottom side
of the stiffener when approaching the welded connection, followed by a significant de-
crease very close to the weld. This decrease starts from the location of approximately
10 mm from the weld root. It is caused by the lack of penetration and increase in the
cross section thickness. The weld toe is, therefore, assumed at a distance of 10 mm from
the weld root in calculating Aoy by Equation (3.1).

Figure 3.14: Sketch of the FE model for the author’s experiments (unit: mm).
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Figure 3.15: Comparison of experimentally measured and the FE calculated strain ranges at the bottom (inner)
side of stiffener, normalised to the load range of 5 N/mm.

3.4. PARAMETRIC ANALYSIS USING LOCAL APPROACHES

3.4.1. EFFECTIVE NOTCH STRESS METHOD

The ENS method is developed to evaluate the fatigue behaviour of the weld toe and the
weld root by the FE method using the linear elastic material [165]. A fictitious notch
with a radius Ryt is adopted at the weld toe and the weld root to avoid numerical stress
singularities. Either the maximum principal stress or the von Mises stress on the curve
of notch radius is referred to as the effective notch stress. The maximum principal stress
criterion is better than the von Mises stress criterion for the proportional loading [53].
The effective notch radius R.f and the characteristic fatigue resistance Aoc depend on
plate thickness ¢ [165]:

e for t >5mm, R =1.00 mm and Ao ¢ =225 MPa;
e for t <5 mm, R =0.05 mm and Ao = 630 MPa;

where the values of Ao ¢ are valid for the principal stress criterion, and they are defined
with a survival probability of 97.7%. This method was applied to analyse the fatigue
behaviour of large-scale welded joints and under multi-axial stress states in [180, 181].
The ENS method enables estimating the effect of local geometric characteristics on the
fatigue resistance. In the current study, the ENS method is used mainly to study the effect
of PJPs of 25%, 50%, 75%, 87.5%, and 100% on the fatigue resistances of details C2a and
C2b.

Figure 3.16a gives a close-up of the welded connection in the FE model with PJP =
50% and Ryer = 1.00 mm as an example. The predefined PJP is calculated as #,/ s where
Ip and s are the thicknesses of penetration part and stiffener, respectively. The element
type, entire (global) geometry, load and boundary conditions are the same as in Sec-
tion 3.3. Effective notch radii are applied at all four possible crack initiation locations.




3. WELD TOE CRACK AND WELD ROOT CRACK IN STIFFENER OF STIFFENER-TO-DECK PLATE
54 WELDED CONNECTION BETWEEN CROSSBEAMS (C2A & C2B)

The notches for crack locations C2b and C1b coincide in the case PJP = 75%, 87.5%, or
100%. They are then merged, and in addition, simulations are performed using the mod-
els with an effective notch radius Ryef = 0.05 mm, as shown in Figure 3.16b, even though
the plate thickness is larger than 5 mm.

Gap:0.01

L.

(@) Ryef =1.00 mm (b) Ryef = 0.05 mm

Figure 3.16: Details of the FE models for the ENS calculation with a PJP of 50% (unit: mm).

Figures 3.17 and 3.18 show the contour plots of the maximum principal stresses in
absolute values in the vicinity of the welded connections with 1.00 mm and 0.05 mm
radii notches under the load of 5 N/mm in the positive Y-axis direction, respectively.
Either detail C2a or C2b is critical according to the FEA, depending on the PJP. These
findings agree well with the observed fracture locations in the experiments, where both
C2a- and C2b-type cracks are observed. The PJP appears to have a significant effect on
the principal stress for both details C2a and C2b. Figure 3.17 shows that the maximum
principal stress at detail C2b with the PJP of 25% is approximately 2.8 times that of the
50% PJP and approximately 5.5 times that of the 75% PJP. With PJPs of 87.5% and 100%,
the values are 0.82 and 0.64 times that of the 75% PJP, respectively.

A similar trend between the minimum principal stress (corresponding to the max-
imum absolute values in cyclic loading) and the PJP (from 25% to 75%) is found for
detail C2a. The value then keeps constant until the 100% PJP. When the notch radius
Rref = 0.05 mm is used as shown in Figure 3.18, the maximum principal stresses are 2.0
to 2.4 and 2.5 to 3.4 times larger compared with Ry = 1.00 mm for details C2a and C2b,
respectively. Note that the ratio in the fatigue resistance in [165] is 2.8.
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Figure 3.17: Principal stress contour plots of the welded connections with the notch radii R = 1.00 mm,
under the load of 5 N/mm in the positive Y-axis direction (unit: MPa).
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Figure 3.18: Principal stress contour plots of the welded connections with the notch radii R = 0.05 mm under
the load of 5 N/mm in the positive Y-axis direction (unit: MPa).

Figures 3.19 and 3.20 give the maximum principal stress (in absolute value) distri-
butions along the notch holes. The angles at which the maximum principal stresses are
located depend slightly on the PJP. The results are summarised in Table 3.4 where the
absolute maximum values are shown in bold. Detail C2b is critical for PJPs between 25%
and 50%, and detail C2a for PJPs between 87.5% and 100%. For the case with a 75% PJP,
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the maximum ENS for a radius of 0.05 mm is at C2b, whereas it is at C2a for a radius of
1.00 mm.
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Figure 3.19: Principal stress distributions along the notch holes with R;¢f = 1.00 mm under the load of 5 N/mm
in the positive Y-axis direction.
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3.4.2. AVERAGED STRAIN ENERGY DENSITY FACTOR METHOD
Plane strain FE models similar to Figure 3.16 are built assuming a notch is replaced by
a locally refined mesh region with element sizes of approximately 0.02 x 0.02 mm? ([56]
illustrates that the SED method is insensitive to element size). The SED averaged over
the region enclosed by the circle with R;f = 0.28 mm is calculated as the summed SED
over that region divided by its area. The characteristic value of 0.058 N- mm/mm? at 2
million cycles and the fixed slope parameter of 1.5 are assumed as recommended in [21].
Table 3.4 gives the SED of the aforementioned PJPs. The averaged SED for the weld
root cracks (types Clb and C2b) reduces significantly with PJP increasing from 25% to
75%, and it reduces slightly with PJP increasing from 75% to 100%. For the weld toe crack
(type C2a), the SED reduces significantly with PJP increasing from 25% to 50%, and then
it reduces slightly with further increase of PJP. The critical location shifts from detail C2b
to detail C2a with PJP exceeding 75%. The predicted critical locations are the same as
the ENS with Ry = 1.00 mm.

3.4.3. FRACTURE MECHANICS METHOD
Fracture mechanics is an attractive method to analyse fatigue crack propagation be-
haviour [23, 165, 182]. In a welded component, flaws caused by manufacturing and/or

fabrication can be treated as initial cracks, especially in incomplete penetration welds [183].

In that case, the crack initiation life can be ignored, and the crack propagation life is a
reasonable estimate of the total life.

In the current study, the crack propagation is simulated using the XFEM, assuming
the plane strain condition for the sake of numerical convenience. The XFEM module
in Abaqus is used with the Virtual Crack Closure Technique (VCCT) [179], with phan-
tom nodes to simulate discontinuities in the enriched element. The enriched element is
released with zero constraints and zero stiffness after cracking.

MESH AND INITIAL CRACK

Initial cracks with a depth a; = 0.1 mm are inserted at the locations as shown in Fig-
ure 3.21 to study detail C2a or C2b. The location and the angle of initial crack follow the
maximum principal stress location. The initial angle is obtained in the ENS calculation
with Rief = 0.05 mm as shown in Figure 3.20. An exception is the model for simulat-
ing the C2b type crack with 100% PJP. The initial crack is applied parallel to the edge of
the deck plate (corresponding to the angle of 77° in Figure 3.20a). Different types of el-
ements and mesh sizes are applied to the region of interest (grey colour sub model in
Figure 3.21) and the part further away from the welded connection (red colour). These
two parts are connected by tie constraints, which implies that the edges have the same
displacements [179]. The element size in the sub model is, on average, 0.1 x 0.1 mm?
with a denser mesh close to the initial crack location. The element size in the global part
is approximately 0.5 x 0.5 mm?. Enriched 4-node plane strain elements with reduced
integration (type CPE4R) are applied in the sub model, and regular 8-node plane strain
elements with reduced integration (type CPE8R) are applied in the remaining part of the
model [179].
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Crack (in red)

—: “Tie” constraint

Figure 3.21: Details of the initial cracks a; = 0.1 mm inserted in the XFEM (cracks presented as red wires).

CRACK PROPAGATION

In the calculation, stress intensity factor ranges are above the assumed threshold value,
AKy, =63 N/mm! [23], due to the high load ranges applied in the FEA according to the
experiments. The Paris’ equation is used to relate the stress intensity factor range to the
crack extension per cycle:

da m
Tn=C (AKeq) (3.6)
where the equivalent stress intensity factor range AKeq is calculated by:

AKeq = \/AK? + AKS 3.7

in which the AK; of fracture modes I and II are calculated by:
AK; = Kimax = Kimin, i =1, II (3.8)
The following material parameters are used based on the IIW recommendations [23]:
e C=5.21x10"!3 (units: N and mm) for a probability of survival of 97.7%.
* mis3.00.

The subroutine “UMIXMODEFATIGUE” is used to define the crack propagation model
in Abaqus [179]. It uses the strain energy release rate G instead of the stress intensity
factor:

da
=Gy (AGeg)” 9

Gi=K?/E' (3.10)
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where:

E
E = T plane strain (3.11)
—v

AGeq =AGr+ AGq (3.12)

The load ratio R = —1 is applied, the same as in the experiments. Two simulations are
carried out, which may imply an upper- and a lower bound of reality:

e Fracture Mechanics 1 (FM 1): The cracked part is assumed to be closed and does
not propagate in the compressive semi-cycle.

* Fracture Mechanics 2 (FM 2): The cracked part remains open during loading. The
complete cycle is effective in crack propagation.

A more detailed analysis including crack closure or the effective stress intensity factor
ranges [184] is not carried out because of the large uncertainties of welding-induced
residual stress. The Paris’ equation constant C for high stress ratio situations is used. The
crack increment applied in the simulation is controlled up to 0.03 mm at maximum. The
Maximum Tangential Stress criterion is used for the crack propagation direction [179].

RESULTS OF THE XFEM SIMULATION

Figure 3.22 shows the predicted crack paths of the XFEM simulations with PJPs of 75%,
87,5% and 100%. The crack propagates to the bottom (inner) side of the stiffener (Fig-
ure 3.22a) and the weld throat (Figure 3.22b) for the weld toe and the weld root cracks,
respectively. The predicted fatigue lives under the applied load Fy = 5 N/mm are shown
in Figure 3.23. The fatigue lives are defined with the number of cycles corresponding to
half of plate thickness and half of throat thickness for detail C2a and detail C2b, respec-
tively. The predicted fatigue lives of detail C2a are independent of the PJPs considered,
whereas those of detail C2b depend on PJP. These findings are qualitatively in agreement
with the results of the ENS analysis. The predicted fatigue lives of the two cracks are
approximately equal for the case with a PJP of 75%, which are also observed in the ENS
analysis with Rief = 1.00 mm. Shorter lives are predicted for detail C2a than for detail
C2b in case of higher PJPs, again in line with the ENS analysis.
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PJP: 75%

PJP: 87.5% y

PJP: 100%

(a) detail C2a

PJP: 75%

N

PJP: 87.5%

PJP: 100%

(b) detail C2b

Figure 3.22: Typical crack propagation paths according to the XFEM simulations with PJPs of 75%, 87.5%, and

100%.
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Figure 3.23: Crack propagation simulations of FM 1, with C =5.21 x 10713, m = 3.00.

3.5. COMPARISON OF THE FATIGUE ASSESSMENT METHODS

A comparison between the experimentally obtained fatigue resistances of the specimens
in Section 3.2 and the predicted resistances according to the local methods in Section 3.4
is presented in this section. The weld throat thicknesses of detail C2b in the FE models
are obtained by measuring the distance between the crack initiation location and the
fracture surface in the models. The corresponding Ao in the numerical simulation is
calculated under the plane strain condition.

Figure 3.24 shows the values for Ao, calculated by the local methods, with a 97.7%
prediction bound, and the values determined by the experiments in Section 3.2, with
a 95% prediction bound, all at 2 million cycles. In addition to the commonly recom-
mended C = 5.21 x 10713, the value C = 3.00 x 10713 is also used for the weld toe crack
that propagates into the base metal [23] and therefore included here.

FM 1 (assuming crack closure at the external compressive stress) with C = 3.00x 10713
gives excellent predictions for detail C2a. The differences between the predicted resis-
tances and the experimentally obtained values in Section 3.2 are within 5% with PJPs of
75%, 87.5%, and 100%. The results with the 100% PJP are added for reasons of compari-
son; the experiments have a PJP between 75% and 100%, but probably closer to the lower
bound because melt-through is not allowed (see Section 3.2). For detail C2b and a PJP of
75%, the FM 1 predictions are 13% conservative and 29% unconservative for automatic
weld and manual weld, respectively. The imperfection in the manually welded connec-
tions may be larger than ag; = 0.1 mm, resulting in a lower fatigue resistance experimen-
tally obtained in Section 3.2 compared with the predictions. The results of PJPs of 87.5%
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and 100% are added for comparison only, because the weld toe cracks are predicted for
such high PJPs. The assumption that the cracked part keeps open under compressive
stress appears to underestimate the fatigue resistance predictions of small-scale speci-
mens under high load ranges. The ENS method gives conservative predictions for detail
C2a, with Ryer = 1.00 mm giving lower predictions than Ryef = 0.05 mm. The SED method
predicts lower characteristic fatigue resistances in the range of 151 MPa to 165 MPa. The
differences are within 5% of the experimental results. The resistance predictions for de-
tail C2b show a significant increase with increasing PJP. The SED, with a predicted char-
acteristic fatigue resistance of up to 284 MPa, overestimates the resistances with factors
of 1.2 and 1.8 for automatic weld and manual weld, respectively, assuming an experi-
mental PJP of 75%. The overestimation is even larger for the PJP of 87.5% or 100%, how-
ever, the methods predict type C2a weld toe cracks for these PJPs, so these values are
added for comparison only. Nonetheless, the large over-prediction of the experimental
fatigue resistances indicates that the SED is not suitable for this type of crack.

200
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[JSED. R =028 mm
ref
Il 1, c=3.00x10
Eem 1, c=5.21x10"
[ fm 2, c=3.00x10™
By 2, c=521x10™"

Aoc [MPa]

87.5 100
PJP [%)]
(a) detail C2a
350 1 343
300 284
250 ¢ S R _~1.00mm
_ ref
© 198 ENS,R _=0.05 mm
< . [ | ref
-U - || 165 |:|SED, R =028 mm
<°1 Erv 1, c=5.21x107"3
- - v 2, c=521x10"3
82
75 87.5 100

PJP [%]
(b) detail C2b

Figure 3.24: Comparison between the characteristic fatigue resistances calculated by the local methods
(columns) and based on the experiments (lines) for details C2a and C2b (Ps = 95% in the experiments, and
Ps =97.7% in the predictions).
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3.6. SUMMARY OF THE CHAPTER

Two series of experiments on stiffener-to-deck plate welded connections are conducted
to investigate cracks that initiate from the stiffener weld toe and then propagate into the
stiffener web (type C2a), and ones that initiate from the weld root and then propagate
through the weld throat (type C2b). One series comprises automatically welded spec-
imens, and the other series comprises manually welded specimens. All experiments
are carried out in bending with fully reversed load cycles. The Partial Joint Penetra-
tions (PJPs) of the specimens are between 75% and 100%. The following conclusions
are drawn from the experimental investigations:

1. Both C2a- and C2b-type cracks are observed in the experiments. Hence, for the
load condition and the PJPs applied, their fatigue performance is approximately
equal, despite the different local geometries. Type C2b is more dominant in case
of small PJPs and vice versa.

2. In the author’s own experiments: The automatically or manually welded connec-
tions have a characteristic fatigue resistance of 272 MPa (s = 0.09) or 159 MPa (s =
0.14), respectively, for detail C2a using the (structural) hot spot stress method. The
characteristic fatigue resistance of detail C2b is 158 MPa (s = 0.29) or 106 MPa (s =
0.22) for automatic weld or manual weld, respectively, using the force equilibrium-
based structural stress over the throat of weld. Especially, the automatic weld gives
significantly higher characteristic fatigue resistances than the recommended val-
ues in [16-19] (ranging from 80 MPa to 100 MPa).

3. Using the author’s own experiments and the results in the literature, the recom-
mended characteristic fatigue resistances are:

¢ 160 MPa for detail C2a with automatic or manual weld
¢ 140 MPa for detail C2b with automatic weld
¢ 100 MPa for detail C2b with manual weld

4. No influence of the thickness of deck plate (12 mm < f4 <20 mm) on the charac-
teristic fatigue resistances of details C2a and C2b is observed.

FE simulations based on the plane strain condition are carried out using the Effective
Notch Stress (ENS), the averaged Strain Energy Density (SED) factor, and the Linear Elas-
tic Fracture Mechanics (LEFM) methods, the latter assuming an initial crack depth of
0.1 mm. The effect of PJP is assessed by these methods, bridging the existing knowledge
of standard welded connections and the fatigue performance of welded connections in
OBDs. An increase in PJP from 25% to 75% significantly reduces the ENS and the SED for
both details C2a and C2b. For PJP exceeding 75%, detail C2a is predicted as critical and
no obvious change of the ENS and the SED is observed.

When adopting the assumption that the crack is closed under external compressive
stress, the LEFM simulation with an initial crack size of 0.1 mm gives excellent predic-
tions for the fatigue resistance of detail C2a (automatic or manual welding) with an over-
estimation of less than 5% using C = 3.00 x 1013 (units in millimetre and Newton) and
m = 3.00. The LEFM method considered in the current study using C = 5.21x 1073 (units
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in millimetre and Newton) and m = 3.00 is useful for automatically welded C2b with PJPs
from 75% to 100%. An initial crack size assumption of 0.1 mm may lead to a 29% over-
prediction of the fatigue resistance for manually welded C2b. The SED method also gives
good predictions for detail C2a, whereas the ENS method gives conservative predictions
by up to 18% or 30% using the notch with radius of 0.05 mm or 1.00 mm, respectively.
For detail C2b, assuming a PJP of 75%, the resistance prediction with the ENS method
is suitable for the manual welding procedure. The weld toe crack (type C2a) is satisfac-
torily predicted as critical for larger PJPs. The SED method is considered unsuitable for
this type of weld root crack (type C2b) because of the large over-predictions compared
with the experimental results.



WELD TOE CRACK IN DECK PLATE
OF STIFFENER-TO-DECK PLATE
WELDED CONNECTION BETWEEN
CROSSBEAMS (C1A)

Fatigue resistance of the crack that initiates from the weld toe and propagates into the deck
plate between crossbeams (type Cla) is studied in Chapter 4. Statistical analysis is carried
out for detail Cla using the experiments selected from the literature. One specimen in
the literature is used to study the crack propagation behaviour, for which a finite element
model is built and the crack propagation is successfully predicted by fracture mechan-
ics in conjunction with the crack propagation model. Geometric correction factors are
further developed for the fracture mechanics based hand calculation model with a sim-
plified shape (semi-ellipse) crack considering the straight, convex, or concave weld pro-
file. The hand calculation model with the developed geometric correction factors for the
straight weld profile implemented successfully predicts the crack depth propagation and
the corresponding load cycles, whereas the predicted crack length growth is slower than
the experimental results. Monte Carlo simulations are conducted using the hand calcu-
lation model with the geometric correction factors implemented. The generated samples
are grouped into the statistical analysis, which gives excellent agreement with the values
obtained based on the experiments. The effects of weld profile and deck plate thickness are
studied using Monte Carlo simulations. Two standardised fatigue resistances are estab-
lished for detail Cla with deck plate thicknesses < 14 mm and > 14 mm, respectively.

Section 4.3 is based on the journal paper: Fatigue resistance of rib-to-deck welded joint in OSDs, analyzed by
fracture mechanics, Journal of Constructional Steel Research, 162, (2019).
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4.1. INTRODUCTION

Figure 4.1 illustrates the deformation of stiffener-to-deck plate welded connection under
the tyre loading. Four types of cracks (types Cla, Clb, C2a, and C2b) may occur between
crossbeams and one type of crack (type Clc) at crossbeam. Fatigue resistance of type
Cla crack is studied in this chapter. This type of crack initiates from the weld toe and
propagates into the deck plate between crossbeams. Either compressive or tensile stress
arises at detail Cla, see Figures 4.1a and 4.1b for the driving bending moments. As intro-
duced in Chapter 3, the compressive stress of a cycle is usually large compared with the
tensile stress in a real OBD under traffic loading, and the behaviour of types Cla, C1b,
C2a, and C2b cracks are driven mainly by bending moments [81, 93-96].

(a) Tyre position
gl

C J

C2b

\B)

(b)

Tyre position

CqJD

Figure 4.1: Fatigue cracks and the driving bending moments in a stiffener-to-deck plate welded connection
under the tyre loading.

Small-scale specimens are widely used to study detail Cla as full-scale experiments
are costly and have high requirements for laboratory conditions. Although the stress
ratios between the stiffener and the deck plate in small-scale specimens differ from full-
scale ones, it is less critical when both the cracks at the stiffener side (details C2a and
C2b) and at the deck plate side (details Cla and C1b) are analysed using the TS method-
ology [27]. The Finite Element (FE) method is adopted in TS [27] that provides realistic
stress states for both deck plate and stiffener sides. Thus, it is suitable to study each type
of detail separately as long as the stress states of the studied detail are the same as (or
close to) the realistic values.
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Welded connections inevitably contain initial flaws. The propagation phase occupies
a large proportion of total fatigue life. Therefore, fracture mechanics which is developed
for crack propagation becomes attractive to the fatigue resistance analysis of welded
connections. Moreover, suitable repair and inspection plans can be made based on the
assessment of inspected cracks and the prediction of their growth. Aygul et al. [67, 185]
studied the three dimensional fatigue crack propagation at the weld toe of a bridge de-
tail caused by distortion. Nagy [127] carried out case studies of an existing OBD bridge
in Belgium using the extended finite element method. Sanches et al. [186] and Correia et
al. [187] carried out a probabilistic analysis for the crack initiation and propagation of
riveted and notched connections, respectively. Lukic and Cremona [188], and Maljaars et
al. [126] applied probabilistic fracture mechanics to predict the fatigue resistances of
welded connections.

The state of a crack tip can be described by stress intensity factors in fracture me-
chanics [61]. The crack propagation rate (da/d N) can be calculated in conjunction with
the Paris’ equation as the fatigue propagation model [22]. Either analytical solutions or
numerical (e.g. FE) methods can be used in the calculation of stress intensity factors.
The numerical methods are more suitable for complex geometric and (or) stress situa-
tions. The J-integral [63] and M-integral [189] are two main contour integrals [190, 191]
used in the numerical methods. Within the LEFM framework, stress intensity factors can
be easily obtained by the two integrals. The simplified hand calculation equations have
been proposed in guidelines, e.g. BS 7910 [24] for typical cases. The equations are de-
veloped by fitting the numerical calculated results. Moreover, it is well known that weld
profile has an effect on fatigue resistance [17]. However, stiffener-to-deck plate welded
connection with various weld profiles is currently not pre-qualified in the guidelines.

In this chapter, the fatigue resistance of detail Cla is statistically analysed based on
small-scale experiments selected from the literature. Advanced FE models are created
for one specimen in [127]. Using the multi-point extrapolation approach, the crack prop-
agation in the specimen is successfully predicted by fracture mechanics based on the FE
calculations. Afterwards, parametric analysis is carried out for detail Cla using simpli-
fied semi-elliptical cracks with the straight, convex, or concave weld profile. Geometric
correction factors are developed for detail Cla based on the empirical equations pro-
posed by Newman and Raju [192]. The empirical equations were developed for surface
cracks in finite-width plates under tension, bending, or a combination thereof. After-
wards, the hand calculation model, in which the geometric correction factors are imple-
mented to empirical equations and the fatigue propagation is calculated in conjunction
with the propagation model, is used to predict the crack propagation. Probabilistic frac-
ture mechanics, in which samples are generated by the hand calculation model using
Monte Carlo sampling technique, is used to predict the fatigue performance of detail
Cla. The generated samples are evaluated by comparing the statistical results with the
values based on the experiments. The effects of weld profile and deck plate thickness on
fatigue resistance are studied by the validated probabilistic fracture mechanics. Based
on this study, two fatigue resistances are standardised for detail Cla with deck plate
thicknesses < 14 mm and > 14 mm, respectively.
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4.2. FATIGUE RESISTANCE ANALYSIS

Figure 4.2 shows the experimental setup and one specimen used in [127]. The joint-level
specimen was fabricated from the structural steel grade S355 with a nominal yield stress
of 355 MPa [170]. The 15 mm thick deck plate is stiffened by a 6 mm thick longitudinal
closed stiffener. The trapezoidal stiffener has an upper width of 300 mm, a lower width
of 150 mm, a height of 275 mm, and a chamfer radius of 24 mm. At the left and right hand
sides, the extended widths of the deck plate are 150 mm and 300 mm, respectively. The
specimen is 400 mm in the longitudinal weld direction. The gap between the deck plate
and the stiffener web, and the lack of penetration are both controlled within 2 mm. Con-
straints are applied at the left hand side using bolted connections and at the right hand
side using rolled plates, respectively. Cyclic loads are applied from the hydraulic actu-
ator, which is connected to the deck plate by steel plates, with a load ratio R = —1 or 0.
The experiments are aimed to study the fatigue propagation behaviour of the weld toe
crack at the stiffener-to-deck plate connection. The beach mark technique, which alter-
natively applies high and low amplitude load ranges both with the predefined number of
cycles, is adopted in the loading programme. This technique controls the fatigue crack
propagation rate by the load range in the experiment, which results in visible marks, so
called beach marks. After the experiment, the beach marks are measured and linked with
the corresponding load cycles, the loading history of the crack is therefore obtained.

Load

150 s 300 I—l £ 300
N v L
¥

275

Figure 4.2: The photo and sketch of the setup and one specimen used in [127] (unit: mm).

Figure 4.3 summarises other similar experiments in the literature [105, 107, 108, 110,
121, 166] that study the fatigue behaviour of detail Cla. The deck plate is either simply
supported or clamped by rollers at sides, and cyclic load is applied within the longitu-
dinal stiffener. One exception is the setup used in Yuan (2011) [121] in which the load
is applied from the bottom of the stiffener. It should be noted that narrow specimens
are used in Yuan (2011) [121] and Li (2018) [110] with widths of 150 mm and 108 mm
in the longitudinal weld direction, respectively. For others, the widths of the specimens
range from 400 mm to 600 mm. The mild strength steel is used in all the experiments.
Table 4.1 lists the available material properties provided in [105, 108, 110]. Aoy is lin-
early extrapolated using the measured strain ranges multiplying the elastic modulus of
steel at the predefined locations, an exception is Yuan (2011) [121], in which the stress
ranges are calculated by the FE models. The penetration ratio affects the fatigue perfor-
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mance of the detail. The Partial Joint of Penetration (PJP) in the range between 75% and
95% is required in prEN 1993-1-9 [17] for partial welded stiffener-to-deck plate connec-
tion. This criterion is used in the current study. Only the experimental results with PJP
approximately larger than 70% (PJP = 67% in [127]) and load ratio R < 0 are selected for
statistical analysis.
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Figure 4.3: Summary of the setups and specimens used in the small-scale experiments for detail Cla

(unit: mm) (105, 107, 108, 110,

121, 166].

Table 4.1: Material properties of the specimens in the literature [105, 108, 110].

Source

Oyield [MPa]

O ultimate [MPa]

[105], 6 mm thick stiffener 400 495
[105], 16 mm thick deck plate 353 508
[108] 345 510

[110] 281 424
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Figure 4.4a summarises the results from Bignonnet (1990) [107], Dijkstra (2000) [166],
Yuan (2011) [121], Nagy (2017) [127], and Li (2018) [110]. R = —1 was used for all the
experiments except in Dijkstra (2000) [166], where R = —0.66. The fixed slope m = 3.00
(fully informative prior), in line with (pr)EN 1993-1-9 [16, 17], is used in the statistical
evaluation with the procedure described in [177, 178]. This results in a hot spot stress
range Aops = 196 MPa at 2 million cycles with a 50% exceedance fraction (Ps = 50%). The
characteristic (Ps = 95%) and upper bound (P = 5%) values are 141 MPa and 273 MPa,
respectively. Thin deck plates (z3 = 10 or 12 mm) have slightly higher values: 149 MPa,
196 MPa, and 258 MPa for P; =95%, 50%, and 5%, respectively. The standard deviation s
is 0.25 for the 10, 12, 15, or 19 mm thick deck plates, which decreases to 0.20 for the 10 or
12 mm thick deck plates.

103,

T
o
=)
2
)
/]
B Bignonnet(1990)
ol | <« Dikstra(2000) - - 2l
10 Yuan(2011) 10°T[ '@ Bignonnet(1990)
Nagy(2017) Dijkstra(2000)
Li(2018) Li(2018)
— 7)=3.00 w— =300
10 10° 108 107 10 10° 10° 107
N[ NT]
(a) tg =10, 12, 15, or 19 mm, s =0.25 (b) tg =100r 12 mm, s =0.20

Figure 4.4: Statistical analysis for detail Cla using the experiments selected from the literature with load ratio
R<01[107,110, 121, 127, 166].

4.3. DEVELOPMENT OF GEOMETRIC CORRECTION FACTORS

4.3.1. NUMERICAL MODEL

LOADING AND BOUNDARY CONDITIONS

Figure 4.5 shows a three-dimensional FE model created by the commercial software
package Abaqus 6.14-1 [190] with the dimensions, loading, and boundary conditions in-
troduced in Figure 4.2. The detail is simplified with PJP = 100% in the current study. This
simplification is suitable as the crack initiates from the weld toe at the deck plate side.
The stress state at the weld toe keeps approximately constant when PJP = 75%. The load
range of 31 kN (minimum 0 kN and maximum 31 kN) is applied on the FE model follow-
ing specimen 10 (S10) in Nagy’s study [127]. Contact of the loading plates and the deck
plate is simulated in Abaqus [190] using the “hard contact” in the normal direction and
the “penalty function” with a friction coefficient of 0.3 in the tangential direction. The
initial clearance between the loading plates and the specimen is assumed as 0.25 mm.
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Simply supported

Loading plates

Figure 4.5: FE model without crack for the setup and specimen in [127].

MESHING AND ELEMENT TYPES
Linear elastic material with the elastic modulus E = 210 GPa and the Poisson’s ratio v =
0.3 is used in the FE model. 20-node quadratic brick elements (type C3D20) are used for
the specimen which are suitable to model the local stress concentration of linear elastic
material [190]. 8-node linear brick elements (type C3D8) are used for the loading system
to reduce computational cost [190]. Figure 4.6 shows the sketches of the element types
used in the FE model.

Figure 4.7a shows a half of the inserted crack with the depth a and the semi-length
c at the weld toe location, perpendicular to the bottom surface of the deck plate. When
the crack is inserted into the model, a sub model is created by software FRANC3D [191],
which is connected to the rest part by merging the nodes at intersections. The sub
model is meshed by 10-node quadratic tetrahedron elements (type C3D10) and will be
remeshed during the crack propagation. Around the crack front, “one ring” of 15-node
quadratic triangular prism elements (type C3D15) and two “adjacent rings” of type C3D20
elements are created [190], see Figure 4.7b. The three rings of elements are used to cal-
culate stress intensity factors in FRANC3D [191], which will be described in Section 4.3.2.
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face 1

C3D20

Figure 4.6: Sketch of the elements used in the FE model [190].

Crack tip

Crack surface

(a) crack location (half view) (b) elements around the crack tip in a cross section

Figure 4.7: FE model with an inserted crack in the specimen in [127].
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4.3.2. CRACK PROPAGATION CALCULATION USING FRANC3D

STRESS INTENSITY FACTOR CALCULATION

The M-integral is used to calculate stress intensity factors for a mixed-mode problem. A
relationship between the J-integral and the M-integral is shown by Equations (4.1) and
(4.2). When considering two independent equilibrium states with superscripts “1” and
“2” representing two independent equilibrium states, superposition of the two states
leads to a new equilibrium state “0” [189]:

JO = 0 4 7@ 4 g2 @1

where: (2) "
ou Ou;
M2 = f wPay— iV — a +T? — 5 —ds) 4.2)

in which W% is the mutual potential energy density of an elastic body, T and T\*)
are surface tractions, ugl) and uE.Z) are displacement vectors [189]. T is an arbitrary path
close to the crack tip. The origin of the coordinate system is located at the crack tip. ds
and 0x represent the differential of arc length along path I" and the component in the
X-axis direction, respectively.

The M-integral is numerically calculated by Equation (4.3) in the FE method.

M = Z Z [Fp HnlAS, (4.3)
n

in which Fj, is the integral function, H,, is the weight coefficient of Gaussian quadrature
formula (mis the number of circles), and As,, is a segment of the integration path within
nth element (7 is the number of elements in one ring) [189, 193].

According to Yau et al. [189] and Wawrzynek et al. [193], stress intensity factors Kj,
K, and Kiy1, can be calculated by the M-integral using Equation (4.4). Parameter Aq is
the area of virtual extension along the crack front and superscripts 2a, 2b, 2c represent
fracture modes I, II, and III, respectively. Note that when the crack front is at (or close to)
surface, (1 —v?)/E needs to be replaced by E due to the change from the plane strain to
the plane stress condition.

20-vH/E 0 0 Ki Mr2a] Ag
0 20-v)/E 0 Ky p={ Mi»/Aq 4.4)
0 0 2(1+v)/E K M2 Aq

CRACK PROPAGATION CALCULATION

When applying fracture mechanics to fatigue life prediction, an initial crack needs to be
inserted as a starting point. The relationship between the crack propagation rate da/d N
and the stress intensity factor range AK, is empirically described by the Paris’ equation
(the most basic fatigue propagation model) [22], see Equation (4.5), where C and m are
empirical material parameters obtained from experiments [61]. In this section, AK is
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assumed to be larger than the threshold value AKjy, due to relatively high load levels
applied in the studied experiment [127].

ﬂ—C(AK)m AK > AK; (4.5)

dN ’ th '
Figure 4.8 shows the multi-point extrapolation approach used in FRANC3D [191] for
crack propagation analysis. In every increment, the crack propagation at the deepest
point, Aa,, is predefined. Afterwards, the propagation at other points is obtained by
Equation (4.6), which is derived from Equation (4.5). In the current study, the mate-
rial parameters are set as C = 2.47 x 10™!3 (units in millimetre and Newton) and m = 3.00
based on the values provided in [127], and the effective stress intensity factor range(A Kefr)
is equal to the stress intensity factor range in mode I (AKj).

AKett i
AG; = A - (—2Lym ;1 n. (4.6)
AKeff,m
New crack front <—— ay Aay Ag; .
—~ ~
~ ~

< e,

\

Figure 4.8: Sketch of the crack propagation approach used in FRANC3D [191].

Old crack front

Figure 4.9 compares of the predicted marks (solid green lines) and the measured
beach marks (dash black lines) of S10 in Nagy’s experiments [127]. Good agreement is
found between the predictions and the measurements, in both crack shapes and fatigue
lives. This indicates that it is suitable to apply the multi-point extrapolation in conjunc-
tion with the Paris’ equation to predict the fatigue crack propagation of type Cla crack.
Note that the intersection angle of the crack front and the surface, 6, is small. A properly
assumed crack shape from the beginning is important to the simulation of crack length.

Figure 4.9: Comparison of the predicted cracks (solid green lines) and the measured beach marks (dash black
lines) of S10in [127].
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STRESS INTENSITY FACTOR RANGES ALONG THE CRACK FRONT

Figure 4.10 shows the distribution of AK; along the crack fronts at the calculated seven
increments. In the beginning, the maximum values locate at the deepest points (¢ =
/2 = 1.57) of the crack fronts. When the crack depth a grows close to the half thick-
ness of the deck plate (a = 7.06 mm), AKj increases faster at ¢ = 0.67/2 = 0.94. It in-
dicates a change of crack shape. At ¢ = /2 = 1.57, AK; grows from 689 N/mm?>'? to
748 N/mm3/2 (increment of 59 N/mm3/2) when a increases from 4.88 mm to 7.06 mm
and then grows at a slower rate until a = 8.88 mm (increment of 13 N/ mm3/2). Incre-
ments of 77 N/mm?®? and 84 N/mm?/? are found at ¢ = 0.677/2 = 0.94 in the first four
and last three increments, respectively.

900
a=28.88mm
850 a=829mm
a=7.74mm
800 a=7.06 mm
a=648 mm A > 761 (8.88)
d 750 F a=540mm . %748(7.06)
mE a=>5.16mm
g 700 | a=4.88mm 689 (4.88)
=
Z
— 650
X7
< 600
550
500
450
400 : ‘ |
0 05 1 15

Figure 4.10: AKj at the calculated crack fronts.

4.3.3. HAND CALCULATION OF FATIGUE CRACK PROPAGATION

Although the crack extrapolated by multi-points in conjunction with the Paris’ equa-
tion gives good predictions for both crack shapes and fatigue lives, a crack following
the shape observed in the experiment needs to be introduced. In current design guide-
lines, e.g. according to the IIW recommendations [23] and BS 7910 [24], the surface crack
shape is described by the depth a and the semi-length ¢ of a semi-ellipse, see Figure 4.11.
In order to be consistent with engineering practice, the simplified shape (semi-elliptical)
cracks are used in the following sections of this chapter. Only two points, the deepest
point and the surface point, are used to identify the crack shape. Similar to the afore-
mentioned approach, the increment in depth Aa is pre-defined and the corresponding
load cycles are calculated by the Paris’ equation. The propagation of semi-length Ac can
be calculated by Equation (4.6) accordingly. One major advantage of this simplification
is that stress intensity factors can be calculated by empirical equations [23, 24, 192]. This
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approach gives a good prediction of semi-elliptical crack shape propagation under ten-
sion and bending [194].

: 2c

- =
< >

T ~ Semi-ellipse

-l -

Figure 4.11: Typical crack shape simplification in BS 7910 [24].

Equations (4.7) and (4.8) are developed to calculate the stress intensity factor range
of a semi-elliptical surface crack in a plate [24, 192]. When analysing different shapes
of connections that consist of complex details, it is necessary to correct the basic Equa-
tion (4.7) with the geometric correction factor My, see Equation (4.9). Under tension and
bending, the membrane correction factor (My,) and the bending correction factor (M)
need to be used, respectively.

AK; = (M Adm + MyAdp) - /”—Q“ 4.7)

where Aoy, and Aoy, are the membrane and the bending stress ranges, respectively. Q is
the flaw shape parameter according to [192]:

Q=10+ 1.464? 4.8)

AK; = My (M (1 = Q) + My Q) A0 /”—Q“ 4.9)

in which Aoy is the hot spot stress range and Q equals Aoy, / (Ao +Ao ), the proportion
of bending stress in Aopg (Adhs = Aoy + Aop).

Note that the deck plate is strengthened by longitudinal stiffeners, which causes local
stress concentrations at detail Cla. Bending stress is the dominant component at the
crack initiation cross section. Q is therefore set to 1 in the current study.

4.3.4. GEOMETRIC CORRECTION FACTORS FOR HAND CALCULATION

Figure 4.12 shows three types of weld profiles, Type 1, Type 2, and Type 3, studied in
this section. Type 1 profile represents the most commonly assumed weld profile. Type
2 and Type 3 profiles replace the straight line by a concave and convex arc as the most
favourable and unfavourable cases, respectively. The effect of weld profile deviation on
the fatigue resistance is studied. Geometric correction factors My for the three types of
weld profiles are obtained based on the FE calculations. o4 calculated from the Type 1
model is therefore applied to curve fitting for all three types of weld profiles. It is known
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that the strength of weld throat may be weakened for Type 2 profile due to the removal
of weld material. Research of that topic is left outside the scope of the current study.

Sketch

Mesh

Type 1 Type 2 Type 3

Figure 4.12: Sketch of the weld profiles used in the FE models (unit: mm).

TYPE 1 WELD PROFILE

For Type 1 weld profile, stress intensity factors along the crack front are calculated with
different crack shapes (ratio a/c = 0.067, 0.1, 0.2, 0.5) and sizes (relative crack depth
al tq ranging from 0.0067 to 0.73) based on the initial model (without crack) introduced
in Section 4.3.1. Although c¢/a =2, 5, 10, 15 are originally used when inserting cracks in
the FE models, they are transferred to a/c in order to keep in line with the parameters in
the guidelines [23, 24]. The crack depth increment Aa is set as 0.1 mm when a < 1.0 mm
and increases to 1.0 mm when a > 1.0 mm.

Figure 4.13 shows AKj at three points (¢ = 0, n/4, or n/2) calculated by the FE models
under the load range of 1 kN. The point ¢ = n/4 is intentionally shown for comparison.
AK;j increases with the crack size. A linear increase trend is observed when 0.1 < a/tq <
0.5. At points ¢ = n/4 and 7/2, the values are rather close until a/tq = 0.6, from where
AK; starts to decrease at ¢ = /2. At surface (¢ = 0), AK; are smaller than the values at
d=mnldorm/2.
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—E— ¢=0
—O— ¢p=1/4
¢=m/2
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Figure 4.13: AKy at ¢ =0, /4, or n/2 under the load range of 1 kN with a/c =0.1.

The geometric correction factor My is calculated by Equation (4.10), which is derived
from Equation (4.9), as follows:
M Ak (4.10)
k= .
(Mm (1= Q) + My, Q)Aops, /75

in which AK; and Aoy are obtained from the FE calculations. My, and M,, are calculated
following the procedure in Appendix B. Q is set to 1 as explained in Section 4.3.3.

The calculated results are plotted in Figure 4.14 and described by the fitted curves
that are plotted in dash lines. Based on the calculated M, the hand calculation equa-
tions for the correction factor at the deepest point M , (at ¢ = w/2) and the surface point
My (at ¢ = 0) can be obtained.

Figure 4.15 shows two fitted curves for My ,: The dash curve in cyan colour for the
alc = 0.1 shape cracks and the dash curve in blue colour for all the considered cracks.
A small difference between the two is observed when a/tq < 0.1. The blue curve has
slightly smaller values than the cyan curve when a/fq > 0.1. For shallow cracks with
alc =0.0667, a clear reduction of M , is found when a/#q > 0.6. It is explained as the
effect of stress redistribution caused by the change in structural integrity with the prop-
agation of crack. The fitted curve in the case of a/c = 0.1 is used for all the considered
cases in the calculation of M ,. Itis suitable because the fatigue propagation period with
small cracks dominates the total fatigue life.
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Figure 4.14: Geometric correction factors for Type 1 weld profile at ¢ =0, 7/4, or n/2 with a/c=0.1.
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Figure 4.15: Geometric correction factor M, with various crack shapes.
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Figure 4.16 shows the FE calculations and the fitted curves for My .. For different
crack shapes, differences can be observed even in small cracks. For instance, a/c =
0.0667 has higher My . when a/tyq < 0.2. The values reduce faster with the propagation
of crack in the a/c = 0.0667 case compared with the a/c = 0.1 case. Moreover, the coef-
ficient of determination is 0.7729, lower than the value 0.9793 in the fit of M 5. A crack
shape correction factor, M, is therefore added to the calculation of M . with detailed
description given below.

*  a/c=0.0667
45 *  a/c=0.1
T a/c=0.2
4 ?‘ Jo *  a/c=0.5
| — — — fitted curve with a/c=0.1
35 f* S ) 2
lk* tted curve with all data (R°=0.7729)
g 3 M*
7 Kk
= *9§:§e
25 %

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
a/td

Figure 4.16: Geometric correction factor My . with various crack shapes.

By introducing the geometric correction factor My, the calculation procedure using
the fitted curves is given as follows. The calculation can be divided into two steps:

Step 1. Calculate My, and M with crack shape a/c = 0.1 using Equation (4.11). The
correction factors are My , and My ¢o; where subscript “01” means a/c = 0.1. For
Mj.a, subscript “01” is not written because it is assumed that the a/c = 0.1 case is
used for all the considered cases.

Step 2. Add M;. to the calculation of My, see Equations (4.12) and (4.13).

Note that a maximum difference of +0.12 (M ¢ fitted- Mk c.re) / Mk c.re) is observed when
comparing the analytically obtained results using the fitted curves with the values from
the FE calculations as shown in Figure 4.17. See Table 4.2 for the numerical values of the
constants p; to ps used in the calculation of My , and M.
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Mka =p1- ePZ’ﬂ/td + p3- eP4'ﬂ/td
M]( 01 = pl . ep2~a/[d + p3 . ep4-a/td (411)
Myc = Msc My co1 4.12)
where:
—alc —alty —alc —alty
Msyc=p1-eP2 +ps-e P+ +ps-ePz -e P4 (4.13)
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Figure 4.17: Difference between the analytically obtained results and the results from the FE calculations.

Table 4.2: Constants for fitting geometric correction factors M.

Fitted Type 1 Type 2 Type 3 Types1,2,3

Constant Mk,a Mk,cOl Mk,a Mk,cOl Mk,a Mk,cOl M

p1 0.96 1.93 -0.47  -0.90 1.73 4.256 7.43

p2 -38.26  -46.63 1.07 1.32 -60.97  -61.91 0.05

p3 1.06 2.21 - - 1.116 2.425 0.71

Pa -0.53 -1.36 - - -0.6482 -1.607 -1.36

s - - - - - - -5.51
R-square | 0.9936 0.9986 | 0.99 0.98 0.9919  0.995 0.9551
Equation | (4.11) (4.11) (4.14) (4.14) (4.11) (4.11) (4.13)




4. WELD TOE CRACK IN DECK PLATE OF STIFFENER-TO-DECK PLATE WELDED CONNECTION
84 BETWEEN CROSSBEAMS (C1A)

TYPE 2 WELD PROFILE
Type 2 weld profile represents the most favourable weld profile with smaller intersection
angles between the base metal and the weld metal. Figure 4.18 shows My at the three
points of Type 2 weld profile as a function of a/tq. Among them, My at ¢ = 7/2 and
¢ = m/4 are almost equal. Compared with Type 1 weld profile, My, (at ¢ = /2) are
smaller with the values approximately equal to 1 when a/tq is close to 0. It indicates that
the local stress concentration at the weld toe of Type 2 weld profile is effectively reduced,
which is beneficial for fatigue resistance. At ¢p = 0, M . is close to 1.3. At all three points,
My is reduced with the increase of crack. Linear curves are used to fit My. My, and
M can be calculated using Equations (4.13) and (4.14) with numerical values given in
Table 4.2.

Mia = p1-altq+p2

4.14
My co1 = p1-altq+p2 (14

—6—¢=
1.8 fo 2 i/ o ﬁ:?rm
v a A¢ 0 b=l
1.6 — — —fitted curve for =0
— — —fitted curve for ¢p=1/2

0 I I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

a/td

Figure 4.18: Geometric correction factors for Type 2 weld profile at ¢ = 0, /4, or n/2 with a/c = 0.1 for Type 2
weld profile.
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TYPE 3 WELD PROFILE

Figure 4.19 shows M at the three points of Type 3 weld profile (the most unfavourable
case). My shows a similar trend to Type 1 weld profile as large values are observed when
cracks are small. Equations (4.11) and (4.13) are used to fit the curves and numerical
values can be found in Table 4.2.

ty /2 /4 —O—¢=0
A4 /_;IEJ\O O— ¢=n/4
5 ¢=m/2

— — —fitted curve for¢p=0
— — — fitted curve for p="/2

7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

a/ 14

Figure 4.19: Geometric correction factors for Type 3 weld profile at ¢ =0, n/4, or n/2 with a/c=0.1.
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COMPARISON OF THE THREE WELD PROFILES

Figure 4.20 compares M for the three types of weld profiles. My , are very close for
Types 1 and 3 weld profiles, whereas the difference is slightly larger for M .. As already
discussed, Type 2 profile has smaller values compared with Types 1 and 3 weld profiles.
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Figure 4.20: Comparison of M for the three types of weld profiles with a/c =0.1: (a) My, (atp=m/2), and (b)
M (at ¢ =0).
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VALIDATION AGAINST THE EXPERIMENT

The experiment S10 in Nagy’s study [127] is again used to verify the results of the hand
calculation with the geometric correction factors implemented. The following parame-
ters are obtained from or based on [127]:

e The beach marked cracks are obtained from Figure B.9 and the corresponding
number of cycles are found in Figure 7.2. The length of the beach mark cracks
are extracted from Figure 8.13.

* An initial crack with gy = 0.13 mm (close to the value recommended by ITW [23])
and ¢p = 137.20 mm (close to the measured semi-length of the beach mark) is used
for the crack propagation using the Paris’ equation. Although the fitted initial crack
depth a; = 0.0428 mm in Table 8.6, the optical microscope investigation of the local
fracture surface gives a value around 0.3 mm to 0.4 mm [127]. It is therefore chal-
lenging to select an initial crack depth from [127]. Alternatively, a widely accepted
value is used for ay.

* The crack depth propagation parameters, C, = 2.47 x 10~!3 (units in millimetre
and Newton) and m = 3.00 are used based on the best-fit P3 in Table 8.6. The
crack length propagation parameters are, however, not found in [127]. The values
C. =5.21 x 10713 (units in millimetre and Newton) and m = 3.00 are therefore used
following [126].

Note that the figures and tables in the above itemised list refer to reference [127] in-
stead of this dissertation. Only the beach marks with both the crack depth and the crack
length available in [127] are presented in the current study. The definitions of the param-
eters can be found in Section 4.4. Moreover, only one crack propagation is calculated
in the current study. This simplification is believed to be suitable as small difference
was observed in fatigue life estimation when comparing the predictions based on the
multi-crack propagation with the results based on the single crack propagation assump-
tion [195].
The hand calculation procedure for fatigue crack propagation is shown as:

Step 1. Identify parameters: the hot spot stress range Aoy, the bending stress proportion
Q, the increment at the deepest point Ag;, the initial crack depth ay and semi-
length ¢y, and the propagation parameters Cy(c) and mig ().

Step 2. Assign variables: the counter i (initial value is 1), the crack depth a (initial value is
ap) and semi-length (initial value is ¢p), and the number of cycles N (initial value
is 0).

Step 3. Calculate AKj(¢) using Equation (4.9) in which M 5() can be calculated using Equa-
tions (4.11) to (4.14). AKj4(¢) are used as type Cla crack is a Mode I crack.

Step 4. Calculate the increment of load cycles AN; using Equation (4.5).

Step 5. Calculate the increment of semi-length Ac;j using derived Equation (4.5) with AN;
obtained in Step 4.
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Step 6. Update the crack size with a + Ag; and ¢ + Ac;, the number of cycles with N + ANj,
and the counter with i + 1.

Step 7. Go to Step 2 in case that all predefined criteria are not satisfied, e.g. a < tq. Other-
wise the calculation is terminated.
Figure 4.21 compares the predicted crack propagation by hand calculation with the ex-
perimentally obtained beach marks in S10.
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Figure 4.21: Comparison of the predicted crack propagation by hand calculation and the experimentally ob-

tained beach marks in S10 [127].
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The predictions agree well with the experimental measurements. The predicted crack
depth, a, propagates exponentially with loading, whereas the predicted semi-length ¢
grows slower than the experimental results. This is understandable if we recall that the
end angles 8 in Figure 4.9 are much smaller than the assumed 6 = n/2 which is the pre-
defined value in the hand calculation model. A smaller 8 results in a smaller sin(9) and
therefore a larger Ac. In case that the geometric correction factor My is not applied in
calculation (dash lines), the crack propagation becomes slower in both depth and length
directions. The fatigue life is therefore overestimated. Note that the increase of crack
depth a dominates the total fatigue life when the crack is so shallow. The accurate pre-
diction of crack depth propagation has guaranteed the fatigue life prediction.

4.4. PROBABILISTIC FRACTURE MECHANICS ANALYSIS

FATIGUE LIFE CALCULATION

Probabilistic fracture mechanics is used to predict the fatigue resistance of detail Cla
using the hand calculation in conjunction with Monte Carlo simulations. Fatigue life N¢
can be divided into the crack initiation period Nj; and the crack propagation period Np,
see Equation (4.15). A conservative way to calculate the fatigue life of welded connection
is to assume that there are initial small cracks at the initiation locations. The fatigue life
Ny is therefore equal to the propagation period N, which is used in the current study.

Ni= N + N, (4.15)

Fatigue crack propagation can be calculated using the linear propagation model as de-
scribed by Equation (4.5) [22]. Hand calculation with the developed M is used to cal-
culate AKy(g). The linear propagation model has been verified in Section 4.3.4. Besides,
the bilinear propagation model is provided in BS 7910 [24]. The probabilistic fracture
mechanics analysis with the bilinear propagation model gives a similar prediction com-
pared with the results based on the linear propagation model, see Appendix D. The linear
propagation model is used in the following parts of this chapter.

PARAMETERS FOR PROBABILISTIC ANALYSIS
Table 4.3 lists the probabilistic density functions and the input variables used in Monte
Carlo simulations. The explanations of the used numerical values are shown as:

Initial crack depth ay: Initial cracks in welded connections may be caused in man-
ufacture or fabrication. The size of initial crack can range from grain scale to several
millimetres. The lognormal density function with the mean value gy = 0.15 mm and the
Coefficient of Variation (CoV) of 0.66 recommended by the Joint Committee on Struc-
tural Safety (JCSS) [64] are adopted in the current study.

Initial crack shape ay/cp: Various initial crack shapes with ag/cp ranging from 0 to 1
are given in the literature [23, 24, 126, 188, 196] for welded connections with the specific
value depending on structural detail, crack depth, and applied stress. The lognormal
density function with the mean value agy/cy = 0.62 and the CoV of 0.40 recommended by
JCSS [64] are adopted in the current study.
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Paris’ equation parameters C, m, and AKy,: Material parameters C and m are often
analysed using the lognormal function and the deterministic density function follow-
ing [196], respectively. The value of m is set as 3.00 following [64, 126, 188, 196]. Pa-
rameter C is affected by microstructure of material and applied stress. Stress ratio can
affect the value of C. High residual stress induced by welding may exist in weld. How-
ever, it is hard to be assumed without knowing the details of welding procedure and the
constraint conditions during welding. Under the applied load ratio R = —1, the mean
values of C in the current study are C, = 1.00 x 10713 (units in millimetre and Newton)
and C. = 3.00 x 10713 (units in millimetre and Newton) following [126]. Due to the high
residual stress at the surface of weld toe, C is thus larger than C,. The CoVs are set as
0.98 based on the calibration against the experimental results. The threshold value AKi,
follows the lognormal density function with the mean value of 170 N/mm?®/? and the CoV
of 0.20 [126].

Hot spot stress deviation ratio Byg: The hot spot stress range, Aoy, is obtained by lin-
ear extrapolating from the predefined locations to the hot spot (weld toe here) to con-
sider the geometric stress concentration. The deviation between the actual and the cal-
culated Aoy can be considered by By - Aopg where the ratio By follows the lognormal
density function. The mean value and the CoV are set as 1.0 and 0.05 following [197],
respectively.

Fracture toughness Kna: The resistance of material for fracture is controlled by its
fracture toughness K¢ which finally affects the fatigue life. In road bridges, the value is
treated as the Weibull density function [198]. The mean value of 2250.00 N/mm3'? and
the CoV of 0.25 recommended in [198] are used in the current study.

Table 4.3: Variables and probabilistic functions for Monte Carlo simulations using the linear propagation
model (units: mm and N).

Variable Density function Mean value CoV
ap Lognormal 0.15 [64] 0.66 [64]
ag/ co Lognormal 0.62 [64] 0.40 [64]
Ca Lognormal 1.00 x 10713 [126] 0.98
Ce Lognormal 3.00 x 10713 [126] 0.98
m Deterministic 3.00 [126] -
AKn Lognormal 170.00 [126] 0.20 [126]
By Lognormal 1.00 [197] 0.05 [197]
[

Kmat Weibull 2250.00 [198] 0.25 [198]
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MONTE CARLO SIMULATION

Statistical analysis is carried out using either the generated samples by Monte Carlo sim-
ulations or the experimentally obtained results as shown in Figure 4.22. For each deck
plate thickness, approximately 10° Monte Carlo samples are generated using the param-
eters introduced in the previous section. The calculation is based on a random combi-
nation of the eight variables. Fatigue life is then calculated using fracture mechanics in
conjunction with the linear propagation model. The samples with 10° < N <5 x 106 and
final a/c < 1 are grouped in the statistical analysis. These samples are plotted as grey
circles in Figure 4.22. The predicted stress ranges at 2 million cycles are 147 MPa and
193 MPa for Ps = 95% and Ps = 50%, respectively. The differences between the Monte
Carlo simulations and the experiments are within 5%. The predicted value of 255 MPa
for P = 5% is 7% lower than the experimentally obtained value of 273 MPa. Note that the
uni-axial stress assumption is adopted to calculate Aoyg by the measured strain ranges
in the experiments [107, 110, 127, 166], whereas the hand calculation model is developed
by the FE models using the 400 mm (in the longitudinal weld direction) deck plate fol-
lowing [127]. The stresses in the FE models are extracted in the middle of specimen for
the Ao calculation, which are close to the plane strain state. Aoy in the hand calcula-
tion model is therefore transferred from the plane strain assumption to the plane stress
assumption by multiplying 1 —v? where v = 0.3 in Figure 4.22 to keep in line with the
experiments.
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Figure 4.22: Statistical analysis for detail Cla based on the Monte Carlo generated samples and the experimen-
tal results, both with z4 = 10, 12, 15, or 19 mm [107, 110, 121, 127, 166].

Figure 4.23 shows the predicted fatigue resistances with the deck plate thickness #4
ranging from 10 mm to 30 mm. Either plane strain or plane stress assumption is adopted
in the analysis, whereas only the values with the plane stress assumption are further dis-
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cussed. A reduction of the characteristic value at 2 million cycles with Ps = 95%, Ao ¢ s,
is observed with the increase of z3. The predicted Aocys are 141 MPa, 125 MPa, and
122 MPa for t4 = 14 mm, 26 mm and 30 mm, respectively. Detail category 140 MPa is
therefore proposed for the deck plate with thicknesses ranging from 10 mm to 14 mm,
whereas detail category 125 MPa is proposed for the deck plate thicker than 14 mm.
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Figure 4.23: Fatigue resistances predicted by Monte Carlo simulations for 4 ranging from 10 mm to 30 mm.

EFFECT OF WELD PROFILE

Figure 4.24 compares the fatigue resistances of Type 1, Type 2, and Type 3 weld profiles
predicted by Monte Carlo simulations. An approximately 20% to 25% increase of Ao ¢ s
is observed when post-weld treatment is applied (Type 2) compared with the as-welded
condition (Type 1). The difference between Type 1 and Type 3 weld profiles is within
1% until 4 = 22 mm. It further increases to 4% when t4 = 30 mm. It can be concluded
that even the most unfavourable overhead welding situation (Type 3) may have limited
effects on the fatigue resistance of detail Cla.
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Figure 4.24: Comparison of the fatigue resistances of Type 1, Type 2, and Type 3 weld profiles predicted by
Monte Carlo simulations.

4.5. SUMMARY OF THE CHAPTER

Fatigue resistance of the crack in stiffener-to-deck plate welded connection that initi-
ates at the weld toe and propagates into the deck plate between crossbeams (designated
as detail Cla in TS [27]) is studied using the experiments found in the literature and
the fracture mechanics in this chapter. The geometric correction factors My, which are
functions of the crack size and the plate thickness, are developed by the finite element
method. My can be used in conjunction with the empirical equations (developed by
Newman and Raju [192] for a semi-elliptical crack in a plate) for the semi-elliptical crack
at the weld toe under bending (e.g. detail Cla) with three weld profiles. Fatigue resis-
tances of detail Cla are accurately predicted by Monte Carlo simulations using the hand
calculation (analytical) model with My implemented. The following conclusions and
recommendations are drawn from the study of this chapter:
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* Ahigher fatigue resistance for the hot spot stress compared with the standardised
curve (with the characteristic value at 2 million cycles o¢s = 100 MPa [16, 17,
23]) is obtained using the small-scale experiments in the literature, resulting in
Ao chs = 141 MPa. This is mainly due to the high proportion of bending stress and
negative load ratios.

e Multi-point extrapolation approach in conjunction with the Paris’ equation (linear
propagation model) can accurately predict the crack shapes and the correspond-
ing load cycles when the first crack shape is accurately assigned based on the ex-
perimental measurement.

* Geometric correction factors My obtained by fitting the finite element calcula-
tions with numerical functions can be added to the empirical equations (devel-
oped by Newman and Raju [192]). Good agreement is found for the crack prop-
agation in depth when comparing the calculated values with the experimentally
obtained cracks in one specimen. For shallow cracks with shapes differ from the
assumed semi-ellipse, the hand calculation using the semi-elliptical crack prop-
agation model underestimates of the crack propagation in length when the inter-
section angles (between the crack front and the surface of plate) at edges are small.

¢ Monte Carlo simulations are successfully carried out using the My implemented
hand calculation equations in conjunction with the linear crack propagation model.
Excellent predictions of o s are obtained by the statistical analysis of the gener-
ated samples. The differences are within 5% compared with the experimentally
obtained values. With the increase of deck plate thickness from 10 mm, to 14 mm,
until 26 mm, the predicted Aoy is reduced from 149 MPa, to 141 MPa, until
125 MPa. Based on the validated probabilistic fracture mechanics calculations,
the recommended characteristic fatigue resistances for detail Cla are:

— 140 MPa for deck plate thickness < 14 mm,
— 125 MPa for deck plate thickness > 14 mm.

* Weld shape profiles affect the fatigue resistance of detail Cla, which was not con-
sidered by fracture mechanics before. A convex weld profile (Type 2) and a con-
cave weld profile (Type 3) are analysed using the probabilistic fracture mechanics
and compared with the standard case (Type 1) where the weld profile is assumed
to be straight. Type 2 and Type 3 represent two extreme cases (i.e. the post-weld
treatment and the overhead welding with limited operational space) that may oc-
cur in a welded connection, respectively. Type 2 weld profile gives higher o hs, up
to 25%, than Type 1 weld profile. A 4% difference in o¢ s is found between Type 1
and Type 3 weld profiles. From the fracture mechanics calculations in this study,
the post-weld treatment is proven to be an effective method to improve the fatigue
resistance, whereas the effects of overhead welding are limited.



WELD ROOT CRACK IN DECK PLATE
OF STIFFENER-TO-DECK PLATE
WELDED CONNECTION AT
CROSSBEAM (C10C)

Fatigue behaviour of cracks in stiffener-to-deck plate welded connection between cross-
beams has been discussed in Chapters 3 and 4. Another possible fatigue failure is the crack
initiating from the weld root of stiffener-to-deck plate welded connection at crossbeam is
studied in Chapter 5. The full-scale experimental investigations in this study use a 20 mm
thick deck plate with a dimension of 9400 mm x 5100 mm, including three crossbeams,
which represents modern designed OBDs. The experiments show an arrest of crack prop-
agation with a final crack depth of approximately 75% of the deck plate thickness. On
the contrary, through-thickness cracks develop in the 10 or 12 mm deck plates. Hot spot
stress-based fatigue detail categories using various failure criteria are derived from the ex-
periments. Analysis with the effective notch stress shows that the detail categories have low
sensitivity to the amount of weld penetration. The results of the extended finite element
method analyses, used to study the crack propagation path and crack arrest, are in line
with the experiments of the current study and in the literature.

This chapter is based on the journal paper: Fatigue behaviour of root crack in stiffener-to-deck plate weld at
crossbeam of orthotropic bridge decks, Engineering Structures, 306, (2024).
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5.1. INTRODUCTION

Stiffener-to-deck plate welded connection in OBDs is subjected to high stresses caused
by wheel loading of crossing lorries. Fatigue cracks may initiate from the weld toe (Cla
and C2a) or weld root (C1b, Clc, and C2b) of the connection and propagate into the deck
plate (Cla, Clb, and Clc) or stiffener web (C2a) or weld throat (C2b). Crack types C2a
and C2b, and type Cla have been discussed in Chapter 3, and Chapter 4, respectively.

This chapter studies a commonly seen crack in stiffener-to-deck plate welded con-
nection: the root crack that propagates into the deck plate at the crossbeam intersection
(designated as type Clc), as shown in Figure 5.1. It is known that root cracks normally
have lower fatigue resistances than toe cracks [23]. Type Clc crack accounts for a large
proportion of fatigue cracks inspected in existing OBDs [7, 11, 124]. Top surface break-
ing cracks (through-thickness cracks) were observed in both experiments carried out in
the laboratory and on-site inspections [1, 14, 123, 124, 172]. The studies demonstrate
that type Clc crack has a relatively long crack propagation period due to stress redun-
dancy [123, 124], which is confirmed by fracture mechanics calculations [126, 199]. The
nominal stress method is unsuitable for detail C1c because of local stress concentration.
The hot spot stress consisting of the bending stress and the membrane stresses of the
plate [23, 26, 200] is, alternatively, more suitable for this detail.

Top deck

Bottom flange

Closed stiffeners
Crossbeam

AM,

)

Clc: at crossbeam

Stiffener

Crossbeam

Figure 5.1: Illustration of type Clc crack in stiffener-to-deck plate welded connection at crossbeam (photo
from [1]).

Detail Clc was included by neither in the first nor the second generation of (pr)EN
1993-1-9 [16, 17]. A Detail Category (DC) of 125 MPa for the hot spot stress was proposed
by Kolstein [1] based on the conservative treatment of the experiments in [1, 14]. The US
AASHTO LRFD Bridge Design Specifications [2, 19] gives Category C (equivalent to DC
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90 MPa), the lowest DC for the hot spot stress, for detail Clc. Recent research shows that
the fatigue resistance of detail Clc is higher than the recommended values, amongst oth-
ers attributed to the generation of compressive stress under wheel loading at the crack
initiation location.

With the increase in traffic volume, a need is identified to construct a new type of
OBD with better fatigue performance. One easy and effective solution is to increase the
deck plate thickness. Maljaars et al. [11] recommended a deck plate thickness ranging
from 17 mm to 22 mm for “Cat. 1” type road bridges (with the heaviest traffic flow) with
a target service life of 100 years based on a fracture mechanics assessment using the
fatigue load measured with weigh in motion systems in the Netherlands. Modern OBDs
commonly use a deck plate with the thickness ranging from 16 mm to 19 mm [2, 171,
172]. However, the recommended DC for detail C1c with these thick deck plates was not
available.

The author, therefore, carries out fatigue experiments using a full-scale OBD spec-
imen with a 20 mm thick deck plate. The specimen contains eight trapezoidal closed
stiffeners that are loaded in fatigue individually. The cracks are inspected using the Time
Of Flight Diffraction (TOFD), which is an ultrasonic non-destructive technique, and the
naked eye inspection. Statistical analysis is carried out to obtain the fatigue life associ-
ated with the 10% or 25% change of the strain ranges measured on the top of the deck
plate at the crossbeam intersection, or the first visible crack on the top of the deck plate.
FE models are developed, and the effective notch stress method is used to study the ef-
fect of penetration ratio. The crack propagation path is analysed by fracture mechanics
using the eXtended Finite Element Method (XFEM).

5.2. EXPERIMENTAL INVESTIGATION
5.2.1. SPECIMEN

GEOMETRIC CHARACTERISTIC

A full-scale 9400 mm long and 5100 mm wide OBD was constructed as the specimen for
experiments. Figure 5.2 shows the geometric characteristics of the specimen. The spec-
imen contains three crossbeams with a web thickness of 16 mm and a bottom flange of
200 mm wide and 12 mm thick. The 20 mm thick deck plate is supported by eight 6 mm
thick trapezoidal stiffeners (sixteen Clc type welded details per crossbeam). The stiffen-
ers are continuous at the crossbeams. The crossbeams are welded around at four of the
stiffeners, whereas the others four have additional Haibach shape extended cut-outs in
the crossbeams [1, 27]. Note that the cut-outs are not expected to influence the stress
state of the detail Clc under consideration. The deck plate is composed of two steel
plates connected with a butt weld, which is assumed not to affect the performance of
detail Clc. The loaded details are designated as Sx S or Sx N for the South or North sides
of the stiffeners, respectively (see designations S and N in Figure 5.2), where x denotes
the stiffener number.
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Figure 5.2: Overview of the full-scale specimen (unit: mm).

WELDING PROCEDURE

The specimen is made from the structural steel grade S355J2 with a nominal yield stress
of 355 MPa [170]. It is known that the fatigue performance of welded connections may
be affected by the welding procedure [201, 202].

Two-pass automatic metal arc welding is used to weld S1, S3, S5, and S7 to the deck
plate (denoted as Weld 1, in short W1), and single-pass manual metal arc welding is used
for the other stiffeners (denoted as Weld 2, in short W2) to study the effect of welding
procedure on the fatigue performance of detail Clc, see Table 5.1 for the applied weld-
ing parameters and Figure 3.6 for the illustrations of the welding processes. Figure 5.3
illustrates the two welding procedures. The stiffener end is bevelled to a flat edge prior to
welding with a minimum thickness of 3 mm for W1. A lack of penetration of a maximum
of 1.5 mm is specified for both welding procedures following the requirements of TS [27].
Non-destructive testing is conducted and it is confirmed that the weld quality meets the
acceptance criteria.

Figure 5.4 presents the resulting weld profiles at the representative cross sections.
The geometry of weld toe transition is an important factor affecting the fatigue resistance
of weld toe cracks [168, 175]. The flank angles of the automatic welding 6 4and 6" 4)
are typically smaller than those of the manually welded ones 'y and 0" yy). The weld
surface of the automatic welding procedure appears smoother than the manual welding
procedure.
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Table 5.1: Welding parameters used in the fabrication of the stiffener-to-deck plate connections.

Type W1 W1 w2
Pass 1 2 1
Process FCAW SAW SMAW
Wire diameter [mm] 1.2 3 4
Current [A] 230-240 520-530 | 160-170
Voltage [V] 25-27 25-57 23-24
Current type DC+ DC+ DC+
Welding speed [cm/min] 42-48 45-50 8-10
Heat input [k]/mm] 0.7-1.0 1.6-1.9 2.3-2.8

[
8 //‘ X /j #S\];S
AN
// \\\ // /;/
N \ 9
\ Pass 1

fo
Pass 2 | \ Pass 1

Figure 5.3: Welding procedure of: (a) W1; (b) W2 (unit: mm).

g

(a) W1, automatic weld

(b) W2, manual weld

Figure 5.4: Representative cross sections of the stiffener-to-deck plate connections.
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5.2.2. INSTRUMENTATION

Electric resistance strain gauges are used to obtain the strain distribution in the direc-
tion perpendicular to the weld line of the deck plate near the detail of interest (detail
Clc). Three sets of strain gauges are symmetrically applied at both sides of the closed
stiffeners, as shown in Figure 5.5. Set A (magenta) is applied at the top of the deck plate
above every stiffener web. Set B (red) is applied at the top of the deck plate at S2 and S7.
Set C (blue) is applied close to the weld root at the bottom of the deck plate at S6 and S7.
Positions of strain gauges are selected sufficiently away from the weld to be unaffected
by the local weld geometry and to measure global stress concentrations.
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Figure 5.5: The arrangement of strain gauges (unit: mm), (a) top of the deck plate, (b) bottom of the deck plate.

5.2.3. FATIGUE LOADING PROGRAMME

Figure 5.6 shows a three-dimensional model of the setup and specimen. The bottom
flanges of the crossbeams are continuously supported on the concrete floor (not pre-
sented). Fatigue load is applied through a hydraulic actuator that presses onto a 32 mm
thick steel plate and three plates of rubber, 8 mm thick each, see Figure 5.7. The up-
per two rubber plates have a surface area of 270 x 320 mm?. The lowest plate has a
surface area of 180 x 320 mm?, narrower than the other rubber plates, to allow the at-
tachment of strain gauges. The load is applied centred over one stiffener and one of the
outer crossbeams (Crossbeam III in Figure 5.2). The load is shifted in each experiment
to the adjacent stiffener. The strains in the deck plate at adjacent stiffeners are negligi-
ble, checked by the strain gauge measurements. The load ratio, defined as the minimum
load divided by the maximum load, is approximately 0.1. Each experiment contains two
loading phases. The load is applied centred over Crossbeam III in Phase 1, with four dif-
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ferent load ranges: 144 kN, 170 kN, 200 kN, or 240 kN to enable the statistical analysis
of fatigue resistance, Table 5.2. During Phase 1, no surface crack is detected on the deck
plate from the top. In Phase 2, the loading area is shifted 100 mm to the east direction.
The load ranges in Phase 2 are nearly the same as in Phase 1. This load shift is consid-
ered relevant because it mimics the moving traffic loads that bridges are subjected to
(axles crossing a bridge in the length direction). Section 5.3.1 provides the criterion to
end Phase 1 and begin Phase 2.

(a) global view, with the arrow showing the load shift direction in Phase 2

(b) front view (c) side view

Figure 5.6: Sketch of the setup frame and actuator.
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Figure 5.7: Illustration of the load position and the loading area in Phase 1 (unit: mm).

Table 5.2: Summary of the fatigue loading programme.

Stiffener 1 2 3 4 5 6 7 8
Phase 1 Maximum load [kN] 172 161 220 260 261 191 160 223
Minimum load [kN] 2 16 20 24 24 27 16 23
Load range [kN] 170 145 200 237 237 165 144 200
Load cycles [million] | 5.1 12,5 5.1 1.2 50 53 191 5.6
Phase 2 Maximum load [kN] 190 161 220 264 264 196 162 220

Minimum load [kN] 12 15 20 24 24 29 16 20
Load range [kN] 178 146 200 240 240 168 146 200
Load cycles [million] | 20 32 20 32 20 20 22 24
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5.3. EXPERIMENTAL RESULTS

5.3.1. FATIGUE CRACK CHARACTERISTICS

Visual inspections by the naked eye are carried out at the end of Phase 1 and Phase 2
on the top of the deck plate for the top surface breaking crack detection. Cracks are not
found on the top of the deck plate at the end of Phase 1. One top surface breaking crack
is detected on the south side of S4 at the end of Phase 2 as shown in Figure 5.8. A 136 mm
long arc-shaped crack is shown on S4 S. The blue dash lines represent centrelines of the
crossbeam and the stiffener webs. Note that only a portion of the loading area in Phase
2 is displayed in Figure 5.8.
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Figure 5.8: The visible cracks observed from the top of S4 at the end of Phase 2.

Figure 5.9a shows the inspected regions of the TOFD measurements. TOFD mea-
surements are carried out within an approximate distance of 450 mm on either side
of Crossbeam III using the dB-UT system [203]. Figure 5.10 shows an illustration of a
TOFD measurement. The ultrasonic signal is sent and received from the top of the deck
plate. Diffracted and reflected signals occur when the ultrasonic signals meet a crack.
The signal receiver receives the diffracted signals. Details about the TOFD procedure are
given, e.g. in [204]. The scan device moves stably from one side of the crossbeam to the
other, with the location automatically stored in the system. The blue lines and the red
lines (separated manually to improve visualisation) represent detected cracking areas at
the end of Phases 1 and 2, respectively. Figure 5.9b gives a typical example of the signals
in the presence of a crack. The centreline of the crossbeam is defined as the distance of
0, and negative numbers indicate the west direction.

Table 5.3 summarises the detected cracks from the TOFD measurements. Phase 1 is
terminated (and Phase 2 starts) after reaching 5 million cycles of loading in most exper-
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iments. The TOFD measurements reveal that cracks develop in an early stage in Phase
1 in most experiments, whereas these cracks hardly grow (or are arrested) during the re-
maining million cycles of Phase 1. Phase 1 is terminated after a much larger number of
cycles in S2 and S7 to determine whether the cracks will pick up growth in the later stage.
Phase 1 is terminated earlier in S4 to determine if this will affect the growth in Phase 2.
The largest cracks arrest at the depth of approximately 14 mm to 15 mm (75% of the deck
plate thickness) at the end of Phase 1. The start and end locations reveal that the crack
may not propagate symmetrically at two sides of the crossbeam, which is not surprising
given the random nature of fatigue process and the weld imperfection distribution. Be-
sides the main crack, secondary cracks are detected at various details. The cracks grow in
the length direction in Phase 2 (especially for S4 S-01, S6 N-02, and S7 S-01) but, with two
exceptions, they hardly grow in the depth direction and none of the cracks grow through
the thickness. Note that the start and end locations of the cracks may not be accurately
located when the cracks are small, e.g. S3 S-01. A thorough visual inspection of the entire
specimen is conducted at the end of Phase 2.

(a) —— Crack inspected at the end of Phase 1
Crack inspected at the end of Phase 2
|81 S2 \
Crossbeam i
S N \
(b)
©
Start positiorgD Len%thc?End position
epth® |y |
W ! Crossheam E%

e g ——
B oo o rmbssrmeomtaer.

Figure 5.9: TOFD measurements for detail Clc, (a) inspection region, (b) an example at S7 S (ultrasonic signal
waves on the left and illustration on the right) [203].
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Figure 5.10: Illustration of ultrasonic signals in a TOFD measurement.

Table 5.3: Fatigue cracks locations of detail C1c at the end of Phases 1 and 2 as obtained by the TOFD measure-
ments (unit: mm).

ID Start location | End location Length Depth
End of Phase 1 2 1 2 1 2 1 2
S1N-01 -38 -40 78 78 116 118 | 14.5 15.1
S1S-01 -42 -42 54 48 96 90 | 14.1 149
S2 N-01 -124 -130 -99 -103 25 27 2.1 2.2
S2 N-02 -38 -44 47 42 85 86 | 149 155
S2S-01 -266  -260 | -266 -260 0 0 24 23
§2'5-02 -34 -50 55 52 89 102 | 146 15.1
S2 S-03 - 106 - 138 - 32 - 4.3
S3 N-01 -57 -55 72 73 129 128 | 14.5 15.3
S3S-01 -212 -202 -172 -180 40 22 6.2 6.4
S3 S-02 -58 -57 84 104 142 161 | 14.6 15
S4 N-01 -26 -38 56 49 82 87 | 147 1438
$4 S-01 -24 -66 53 335 77 401 | 13.7 20
S5N-01 -51 -68 79 70 130 138 | 13.7 14.5
S5 S-01 -34 -46 323 320 357 366 | 19.5 19.5
S6 N-01 -31 -54 53 53 84 107 | 14 147
S6 N-02 125 104 185 198 60 94 | 39 113
S6 5-01 -22 -32 68 61 90 93 | 13.6 144
S6 S-02 92 76 199 254 107 178 | 13.8 14.4
S7N-01 -39 -48 98 116 137 164 | 143 14.6
S7S-01 -37 -86 149 211 186 297 | 143 15.8
S8 N-01 -56 -56 53 59 109 115 | 13.7 139
S85-01 -39 -52 63 58 102 110 | 13.8 13.8
S8 S-02 82 58 220 215 138 157 | 13.8 14.3




5. WELD ROOT CRACK IN DECK PLATE OF STIFFENER-TO-DECK PLATE WELDED
106 CONNECTION AT CROSSBEAM (C1C)

The appearance of a crack can be shown by a change in recorded strain ranges dur-
ing the experiments. An evaluation criterion often applied in the fatigue experiments of
OBD details is a certain change of strain ranges as a function of applied number of load
cycles.

Figure 5.11 shows the strain ranges of the strain gauges at the top and the bottom
of the deck plate around the crossbeam, as a function of the logarithm of the number
of cycles at S6 and S7 with the markers indicating the 10% (first symbol) and 25% (sec-
ond symbol) changes of each curve. The strain ranges are approximately constant up
to 0.1 million cycles, indicating that there is no significant settlement effect. The drop
in strain range, in some cases preceded by an increase in strain range, is attributed to
the development of crack(s). An immediate drop in reading may indicate a crack very
close to the strain gauge, whereas an initial increase may indicate a crack initiating at a
distance from the strain gauge. Figure 5.12 shows the strain ranges at the top of the deck
plate at S2, at and within a distance of 100 mm from the centreline of the crossbeam.
The change in strain range takes place over a large number of cycles. It indicates that a
fast initiation followed by a relatively slow propagation in line with the observations in
thinner deck plates [1, 14, 123, 124]. This finding based on the strain ranges agrees well
with the TOFD measurements [205] and fracture mechanics calculations [126], where a
slow propagation is also observed. Note that three other types of cracks are detected in
addition to Clc, see Appendix C.1 for details.
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Figure 5.11: Change of the selected strain ranges as a function of load cycles, measured by the strain gauges at

S6 and S7.
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Figure 5.12: Distribution of strain ranges at the top of the deck plate at S2 for selected cycle counts.

5.3.2. (STRUCTURAL) HOT SPOT STRESS AT THE INITIAL LOADING STAGE

High stress concentrations appear in many details of OBDs, including detail Clc. Due
to large stress gradients, the nominal stress is not simply defined for detail Clc. The hot
spot stress is an attractive alternative as it contains both bending stress and membrane
stress at the location of interest. De Jong [14] proposed a simplified hot spot stress cal-
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culation model for detail Clc. It considers a two-dimensional representation of the deck
plate, which is modelled as a beam fully clamped at the intersections with the cross-
beam, and it calculates the stress at the bottom of the beam, see Figure 5.13. The “wheel
load” with a contact area of Lq x W, is modelled with a uniformly distributed load q. Lg
is the distance between the stiffener webs (i.e. the unsupported span of the deck plate).
A slightly modified version of this hand calculation model is used in the Dutch National
Annex to NEN-EN 1993-2+C1/NB: 2011 [206]. It is assumed that the load acts at the deck
plate centre with a spread angle of 45°. Thus, ¢ can be determined by Equation (5.1) [14]
where AF and t4 are the wheel load and the thickness of deck plate, respectively. The
hot spot stress range Aoy is determined as the nominal stress from the simplified beam
model (shown in Figure 5.13), Ao pom, multiplied by a Stress Concentration Factor (SCF),
see Equations (5.2) to (5.4) [14, 206]. Ao pem is calculated using the beam theory. The
SCF is based on a curve fit of parametric three-dimensional analyses using the Finite El-
ement (FE) method, accounting for the difference in the effect of crossbeam between the
three-dimensional reality and the two-dimensional beam model. The following dimen-
sions are applied to the full-scale specimen presented in the current study: zg = 20 mm,
Lq =180 mm, Wy =320 mm, and Ly = 300 mm. This results in Aoy,s = 156.42 MPa for the
load range of 100 kN. Note that the model may not be accurate in special cases with sig-
nificant shear deformation of crossbeam, which is different from the current setup with
continuously supported crossbeams.

I q
gcr Crossbeam td

I )

“lstiffener Stiffener Stiffener

Crossbeam

Stiffener

Figure 5.13: Illustration of the hand calculation model for Aoy, in NEN-EN 1993-2+C1/NB: 2011 [206].

_ AF 6.1)
9 (Wq + tq) * (Lq + ta) '
AM x 0.5t4
ACpom = — 7 (5.2)

where AM is the bending moment range and the second moment of area I = t§/12, both
in unit width.

Aonhg =SCF A0 pom (5.3)
1.4 for pavement = 50 mm,
Ser= { 1.2957-0.00938 ¢4 for pavement < 50 mm. (54)
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5.3.3. EVALUATION OF THE EXPERIMENTAL RESULTS

FATIGUE LIFE EVALUATION CRITERIA

Various fatigue life evaluation criteria were proposed in the literature for detail Clc.
Some authors used the number of cycles at a certain change of the strain range at the
top of deck plate as the evaluation criterion: 10% (Kolstein [1]), 15% (Dung [98]), 20%
(Konda [123]), and 25% (Kolstein [1]). Among them, the 10% and 25% failure criteria
are used in the current study denoted as N; and Ny, respectively. The changes of the
strain ranges measured by the strain gauges A2 and A5 are used to detect N} and Ny, see
Figure 5.5 for the strain gauge positions and Figure 5.11 for the detections of S6 and S7.
Another failure criterion is the number of cycles at the earliest detection (with the naked
eye) of a through-thickness crack at the top of deck plate, denoted here as N3 [1, 14, 205].
This failure criterion is widely adopted for OBDs because of the relatively slow crack
propagation and the ability to still carry the load with a limited surface breaking length.
N3 is more practical for on-site inspections.

CURRENT EXPERIMENTS WITH THE 20 MM THICK DECK PLATE

Table 5.4 presents the experimental results of Phase 1. The number of cycles correspond-
ing to the failure criterion N; or N,, and the total load cycles NV, are listed. The ratio
N,/ N evaluated from the strain gauges at the top of the deck plate ranges between 1.3
and 2.9, except for S5 S. A slow crack propagation is observed as N;/N; varies from 3.2 to
59.1. The wide range in numbers may be caused by the crack sizes (shown in Table 5.3)
at the end of loading. S5 S (marked) is excluded from the statistical analysis. This is be-
cause the strain range change was first observed at the location 100 mm away from the
centreline of the crossbeam. The crack may not initiate at the crossbeam location for
S5S.

Table 5.4: Experimental results of Phase 1.

ID | AFkKN] Aop, [MPa] N N, N N,/Ni  NJ M
SIN 170 252 203000 489797 5102664 | 2.5 25.1
S1S 170 252 438837 729878 5102664 1.7 11.6
S3N | 200 296 127137 176034 5088787 1.4 40.0
S3S 200 296 236629 339841 5088787 1.4 21.5
S5N | 237 351 158904 233896 5000001 1.5 31.5
S58* | 237 351 1295773 5000001 5000001 3.9 3.9
S7N 144 213 438119 663105 19122751 | 1.5 43.7
S7S 144 213 974245 1440261 19122751 | 1.5 19.6
S2N 145 215 211877 337779 12514488 | 1.6 59.1
S2S 145 215 235858 686318 12514488 | 2.9 53.1
S4N | 237 351 382160 612537 1225001 1.6 3.2
S4S 237 351 142185 341964 1225001 2.4 8.6
S6 N 165 244 797706 1029209 5287737 1.3 6.6
S6S 165 244 757172 978800 5287737 1.3 7.0
S8N | 200 296 126363 188983 5603231 1.5 44.3
S8 200 296 169902 328062 5603231 1.9 33.0
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Statistical analysis is carried out to evaluate the fatigue performance of the current
experiments and the results collected from the literature using the procedure described

in [177, 178]. The slope parameter m is fixed to 3.00 (fully informative prior), in line with
(pr)EN 1993-1-9 [16, 17].
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Figure 5.14: Statistical analysis for the current experiments with the 20 mm thick deck plate.
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Figure 5.14 shows the statistical analysis for the evaluation criterion Ny or N,. The
numbers in the graphs present the fatigue resistances at 2 million cycles with 5%, 50%,
and 95% exceedance fractions. The fatigue resistances with the 50% exceedance fraction
of W1 and W2 are approximately equal, whereas the standard deviations (s) of W1 (0.16
and 0.18) is smaller than W2 (0.30 and 0.34), resulting in a lower Ao ¢ s for W2. Combin-
ing W1 and W2, Ao s are 85 MPa and 111 MPa with s = 0.27 and s = 0.24 for N; and Na,
respectively.

EXPERIMENTS WITH LONG LOAD PATCHES

Figure 5.15 combines the current experiments with the 20 mm thick deck plate and the
results in the literature with 10 or 12 mm thick deck plates. All data are obtained with the
load patches with Wy = 320 mm (dedicated as long load patches).
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Figure 5.15: Statistical analysis for the joint database using long load patches [1, 14, 205].
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Fatigue resistances with 50% and 5% exceedance fractions of the joint dataset are
approximately equal to those of the 20 mm deck plate sub-dataset for N; and they are
slightly higher for N,. The characteristic resistances Aoy related to N7 and Np, are
86 MPa and 117 MPa, respectively. They are (almost) equal to the characteristic resis-
tances given in the standards AASHTO LRFD Bridge Design Specifications: 2020 [19]

(Category C, equal to Ao ¢ = 90 MPa) and the Dutch National Annex to EN 1993-2: 2011 [206]

(Aoc =125 MPa), respectively. Aoc s for N3 is 167 MPa, obtained from the sub-dataset
with thin deck plates only because (almost) no top surface breaking cracks are observed
for thick deck plates. Note that Ao ps for N3 is much higher than the fatigue resistances
for recommended by IIW [23] and in (pr)EN 1993-1-9 [16, 17]. Ao s = 100 MPa is rec-
ommended by both documents for weld toe cracks at non-loaded fillet welded connec-
tions. Maljaars et al. [126] gave possible reasons for the relatively high resistance of detail
Clc:

* Whereas fatigue cracks in welded connections usually either initiate from the plate
at the weld toe and propagate in the base metal or initiate from the weld root and
propagate in the weld throat, the crack in detail Clc initiates from the weld root
and propagates in the base metal. It is, hence, a different type of crack.

* The fatigue resistance in the standards is (conservatively) given for tension-tension
loading, whereas detail Clc is subject to the bending of deck plate.

* Aload shedding effect occurs for detail Clc, where the stress reduces with the dis-
tance from the crossbeam. This gives a lower propagation rate as compared with
usual details.
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EXPERIMENTS WITH SHORT LOAD PATCHES

In [123, 124], experimental investigations were carried out but using shorter load patches
with a size of 260 x 200 mm? with 12 mm thick deck plates [124], and 200 x 200 mm? with
12 or 16 mm thick deck plates [123], respectively. Surface cracks were found only in
the specimens with 12 mm thick deck plates. Figure 5.16 shows the statistical analysis
for the specimens loaded using short load patches. The hot spot stress ranges are ob-
tained by FE calculations (validated against the strain gauge measurements) using the
surface extrapolation approach designated in TS [27]. This is because the specimens
in [123, 124] are approximately 300 mm wide (in the longitudinal weld direction) and
the hand calculation model is not verified for this type of specimen. High fatigue re-
sistance, Aochs = 277 MPa, is observed, which is even higher than the values with long
load patches. The FE calculation in Section 5.4 explains the difference: The maximum
principal stress (in absolute value) decays faster with the distance from the centrelines
of the crossbeams for short load patches.
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Figure 5.16: Statistical analysis for the specimens loaded using short load patches (N3, s = 0.09) [123, 124].
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5.4. FINITE ELEMENT ANALYSIS

5.4.1. DESCRIPTION OF THE FE MODEL

Figure 5.17 gives an overview of the FE model generated and analysed using the commer-
cial software Abaqus 2019 [179], dedicated to simulating Phase 1. A symmetrical model
is built to reduce the computational cost. Symmetry in the Z-axis direction is not used to
study Phase 2, which is not further discussed here. The FE model is 1300 mm long, and
it contains one-and-a-half closed stiffeners. A “Static” load step is used with the implicit
calculation method [179]. The bottom side of the lower flange is constrained in the verti-
cal displacement direction (UY = 0). The symmetry boundary conditions with UX = 0 for
Sides 1 and 2, and UZ = 0 for Sides 3 and 4. Note that a sensitivity study was carried out
using different boundary conditions for Sides 1, 3, and 4, varying these boundaries from
free of constraints to fully constrained in all directions with no noticeable effect on the
local stress at the hot spot. The results given below are based on the symmetry boundary
conditions at the four side planes. A uniform pressure load is applied at the tyre contact
surface of Phase 1. The linear elastic material is applied in the model with the elastic
modulus E = 210 GPa and the Poisson’s ratio v = 0.3. 20-node quadratic brick elements
with reduced integration (type C3D20R [179]) are used with a locally refined mesh (see
Figure 5.18 for the nodal locations shown as markers).

Side 4

"
’ 90x320

968 \
16 "> Side 2

“» Bottom side of the lower flange

Figure 5.17: Overview of the FE model for detail Clc under Phase 1 loading (unit: mm).
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5.4.2. MODEL VALIDATION

Figure 5.18 compares the strain ranges of the experimental measurements and the FE
calculation. The values are normalised to the load range of 1 kN. The strain ranges at the
top of the deck plate increase from 2 x 107 to 3 x 107® when approaching the crossbeam,
Figure 5.18b. The results of the FE calculation are close to the average values from the
measurements. Overall, the FE model gives a reasonable agreement with the experimen-
tal measurements both qualitatively and quantitatively.
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Figure 5.18: Comparison of the experimental measurements and the FE calculation under the normalised load
range of 1 kN.

5.4.3. LOCAL STRESS STATE

The effective notch stress [17, 23] is applied to study the local stress state at the weld
root. Figure 5.19 shows the FE model same as the one in Figure 5.17, but with two denser
meshed sub-regions (Sub 1 and Sub 2). Tie constraints are used at the interfaces [179]
between the sub-regions and the global region. Approximate element sizes in the global,
Sub 1, and Sub 2 regions are 50 x 50 x 50 mm?, 8 x 8 x 8 mm?, and 0.5 x 0.5 x 0.5 mm?,
respectively. Four models are constructed with a lack of penetration adopted in the Sub
2 region of 0.0 mm, 0.5 mm, 1.0 mm, and 1.5 mm. The effective notch stress at the weld
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root is modelled with an arch with the radius of 1 mm following the IIW recommenda-
tions [23]. Figure 5.20 shows the principal stresses (in absolute value) and the von Mises
stresses around the notches at the location in conjunction with the crossbeam under
the normalised load of 1 kN. The minimum principal and maximum von Mises effec-
tive notch stress values range from -7.8 to -7.6 MPa (4.9 to 5.0 times Aoy in absolute
value) and from 6.8 to 7.0 MPa (4.3 to 4.5 times Aoyy), respectively. This indicates that
a lack of penetration ranging between 0 and 1.5 mm has no significant effect on the ef-
fective notch stress, similar to the findings in [98] with a 12 mm thick deck plate. The
low sensitivity of the resistance to local weld geometry, as determined by the effective
notch stress, may also explain the low sensitivity to the welding procedure observed in
the experiments. Figure 5.21 compares the principal stress (in absolute value) distribu-
tion loaded with different patch sizes. A longload patch (90 x 320 mm?) results in a more
uniform stress distribution (smaller peak stress at the weld root at the crossbeam loca-
tion) than a short load patch (90 x 200 mm?). See Figure 5.22 for the principal stress (in
absolute value) of the two selected paths, Path 1 or 2 at the bottom of the deck plate with
the direction along the longitudinal weld with the distance 2.2 mm or 4.4 mm from the
weld root, and the ratio of principal stress between the short patch (90 x 200 mm?) and
the long patch (90 x 320 mm?).

Lack of penetration:
0,0.5,1.0, 1.5 mm Deck plate

Stlffen:?\

b//
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Figure 5.19: Illustration of the FE model with the global, Sub 1, and Sub 2 regions (unit: mm).
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Figure 5.20: Effective notch stress at the weld root located in conjunction with the crossbeam with different
lack of penetrations under the normalised load of 1 kN.
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Figure 5.21: Principal stress distribution under the normalised load of 1 kN, loaded with different patch sizes
(deformation scale: 20000).
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Figure 5.22: Principal stress distribution along the selected paths in Figure 5.21.

FRACTURE MECHANICS ANALYSES OF CRACK SHAPES

Further FE analyses are conducted to evaluate crack arrest and crack propagation paths.
The XFEM is used to study crack propagation in conjunction with the Paris’ equation.
Four models with 10 mm, 12 mm, 16 mm, or 20 mm thick deck plates are created as pre-
sented in Figure 5.19. Here, the global and Sub 2 regions are meshed using the 8-node
linear brick elements with reduced integration (C3D8R) and the Sub 2 region is activated
as the enriched region for the XFEM [179]. Two load patches with sizes of 270 x 320 mm?
(for the 12 mm deck plate) and 180 x 320 mm? (for other deck plate thicknesses) are ap-
plied. A semi-circular-shaped crack is inserted at the weld root with a horizontal shift
of 0.3 mm from the weld root to avoid singularity, see Figure 5.23. The depth and the
semi-length of the initial crack are a = 0.5 mm and ¢ = 0.5 mm, based on the detectabil-
ity of flaws [34], respectively. The initial angle assumed between the crack plane and the
vertical direction, 6, is 0° for the 10 mm and 12 mm thick deck plates [126], and 30° for
the 16 mm and 20 mm thick deck plates [199] following the observed crack shapes. The
Virtual Crack Closure Technique is used to calculate the strain energy release rate [179].
The element breaks at the maximum value location in each increment with the propa-
gation direction following the Maximum Tangential Stress criterion, see Equation (5.5)
where 0 is the crack propagation angle [179]. Cyclic loading is applied in a “low-cycle fa-
tigue analysis” step. Fatigue crack propagation is calculated by the modified Paris’ equa-
tion using the range of strain energy release rate, see Section 3.4.3 for more information.
The material properties are set as m = 3.00 (dimensionless), C =1 x 10713 (units in mil-
limetre and Newton), and AKj, = 63 (units in millimetre and Newton) following [126].
Tensile residual stresses are assumed at the weld root of stiffener-to-deck plate connec-
tion, and the crack is assumed to remain open during the entire load cycle [126]. This
study focuses only on the analysis of the fatigue crack propagation shapes and the crack
arrest phenomenon using the LEFM. The applied forces are high enough (Ao} between
200 MPa and 250 MPa) to propagate the crack at the initial state, whereas the fracture
toughness is not considered. Local plastic failure is excluded from the analysis. A fatigue
life calculation can be done using the XFEM [207], which is left outside the scope of the
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Figure 5.23: Illustration of the XFEM model for detail Clc.

Figure 5.24 illustrates the crack shapes of the four simulations. A three-dimensional
crack with a shape close to the semi-ellipse is observed for all deck plate thicknesses.
The crack propagates in the depth and the length directions until it breaks through the
top surface of the deck plate in the 10 mm thick deck plate simulation (defined as Fail-
ure type A). Crack arrest is predicted for the 12 mm thick deck plate simulation but
very close to the top surface (defined as Failure type B). It then propagates further in
the length direction. Crack arrest in the depth direction occurs after the crack depth
reaches approximately 75% of the deck plate thickness with the 16 mm and 20 mm thick
deck plates, whereas the crack propagates further in the length direction (defined as
Failure type C), see the lengths at the top (2c_top) and the bottom (2c_bottom) of the
deck plates in Figure 5.24. In the simulations, the cracks incline towards the horizontal
direction. The results are in qualitative agreement with the experimental observations
in [14, 98, 123, 124, 205].
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Figure 5.24: Crack shapes from the XFEM for the 10 mm, 12 mm, 16 mm, and 20 mm thick deck plates (the
load patch size is 270 x 320 mm? for the 12 mm thick deck plate, and it is 180 x 320 mm? for the rest) [205].
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5.5. SUMMARY OF THE CHAPTER

Experimental investigations and finite element analyses are used for the fatigue crack
of stiffener-to-deck plate welded connection at crossbeam (detail C1c). Unlike previous
publications, the deck plate is relatively thick in the current study, thereby represent-
ing a new generation of OBDs. One full-scale specimen with a 20 mm thick deck plate
is loaded, resulting in sixteen Clc type cracks. The stress and strain distribution, the
crack propagation, the fatigue resistances for the hot spot stress, and the effect of the
lack of weld penetration are studied. Additionally, fatigue crack propagation paths are
predicted using the extended finite element method for different plate thicknesses. The
main conclusions are:

1. The maximum stress in stiffener-to-deck plate welded connection at crossbeam
occurs at the weld root. Fatigue cracks that initiate from the weld root at cross-
beam and propagate into deck plate are observed in the experiments. With the
20 mm thick deck plate, the crack arrest occurs at an approximate depth between
14 mm and 15 mm. This is approximately 75% of the deck plate thickness.

2. Using the author’s own experiments and the results in the literature, the recom-
mended characteristic fatigue resistances for the hot spot stress are:

e 112 MPa for early cracking according to the measurement of strain gauges.

e 170 MPa for the earliest visible crack detection criterion from the top of deck
plate with the deck plate thickness of 10 or 12 mm.

3. Alack of penetration of up to 1.5 mm, Partial Joint Penetration (PJP) = 75% with
6 mm stiffener web, does not significantly influence the effective notch stress.

4. The crack propagation path predicted by the extended finite element method in
conjunction with the Paris’ equation is similar to the experimental results for 10 mm,
12 mm, 16 mm, and 20 mm thick deck plates. After reaching 75% of total deck plate
thickness, the predicted crack stops propagating in the thickness direction for deck
plates thicker than 12 mm. The through-thickness crack is predicted in the 10 mm
thick deck plate. For the 12 mm thick deck plate, the final crack is predicted to be
very close to the top surface of the deck plate and can break through at high load
levels. Moreover, cracks are predicted in the weld throat and the stiffener at the
junction with the crossbeam, in line with experimental observations.



WELD ROOT CRACK IN
CROSSBEAM-TO-STIFFENER
WELDED CONNECTION WITHOUT
CUT-0UT (C4D)

Fatigue behaviour of crossbeam-to-stiffener welded connection without cut-out is studied
in Chapter 6. Out-of-plane cyclic loading is applied on the free edge side of the unloaded
(Crossbeam I) region with the crossbeams fully supported using the full-scale specimen in-
troduced in Chapter 5. Fatigue cracks are first observed at the weld surfaces and then prop-
agate to the crossbeam, indicating weld root cracks. Fatigue crack initiation is obtained by
either a certain percentage change of the strain range in the vicinity of the crack initiation
location or the naked eye inspection. The propagation of the cracks is monitored during
the experiments. Relatively slow propagation rates are observed for the surface cracks that
grow in the crossbeam. Finite element models are built to study the stress distribution in
the vicinity of the details. The finite element models are validated by comparing the cal-
culated strains with the measured values. Afterwards, the nominal weld stress, structural
weld stress, and effective notch stress at the weld root are calculated. Fatigue assessment of
the experimental results is carried out with five fatigue failure criteria using the three stress
methods. Finally, one detail category based on the nominal weld stress with two fatigue
resistances aiming for different applications is established using the author’s experiments
and the results in the literature.

123
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6.1. INTRODUCTION

Crossbeam-to-stiffener welds connect longitudinal stiffeners and crossbeams. The stiff-
eners can either be continuous or discontinuous as shown in Figure 6.1. The connection
welded all around the stiffener without cut-out is a commonly used type in design [10].
Under traffic loading, fatigue cracks may initiate at the bottom of stiffener from the weld
toe (C3c, C4c, C3d, and C4e) or the weld root (C4d, and C3e) either at the stiffener or
the crossbeam side. The cracks then propagate into the stiffener (C3c and C3d) or cross-
beam (C4c and C4e), or the weld throat (C4d and C3e).

Fillet or partial Full penetration
penetration weld
weld

C3d

C3c

Continuous stiffener Discontinuous stiffener

Figure 6.1: Illustration of possible fatigue cracks at the bottom of stiffener in crossbeam-to-stiffener welded
connections without cut-out (continuous stiffener on the left and discontinuous stiffener on the right).

Fatigue behaviour of type C4d crack is studied in this chapter using experimental in-
vestigations and Finite Element (FE) calculations. The nominal weld stress, structural
weld stress, and effective notch stress are applied to the verification of the studied de-
tails. Fatigue assessment of the experimental results is carried out with five fatigue fail-
ure criteria using the three stress methods. A comparison of the root cracking in fillet
welded connections between the full-scale OBD specimen used in the author’s own ex-
periments and the results of load-carrying welded plates found in the literature is given
using the nominal weld stress. One detail category with two fatigue resistances is estab-
lished using the author’s experiments and the results in the literature aiming for different
applications. The detail was not covered in EN 1993-1-9: 2005 [16].
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6.2. SPECIMEN, SETUP AND LOADING PROGRAMME

The full-scale OBD specimen consists of a 9400 x 5100 mm? full-scale deck plate stiff-
ened by eight trapezoidal stiffeners and three crossbeams, as introduced in Chapter 5.
The Crossbeam III region of the specimen has been loaded in fatigue, as described in
Chapter 5, to study the fatigue behaviour of detail Clc. In the current chapter, the ex-
periments are carried out on eight details in the unloaded (Crossbeam I) region. Ex-
tended cut-outs with the Haibach-type shape are used on the north side of the specimen,
whereas the crossbeam is welded around the entire perimeter of the stiffener (without
cut-out) on the south side, see Figures 5.2 and 6.2. The latter is studied in the current
chapter. The crossbeam-to-stiffener connections are automatically welded by one pass.
The Flux-Cored Arc Welding (FCAW) is used with DC+ current. Fillet welds with a prede-
fined effective thickness of 5 mm are created. The welding parameters are as follows: a
1.2 mm wire diameter, a current of 270 to 300 amperes, a voltage of 28 to 30 volts, a speed
of 23 to 31 cm/min, and a heat input ranging from 1.5 to 2.4 kJ/mm. The welds meet the
quality level B of ISO 5817 [173].

The load is moved to the free edge side of Crossbeam I as shown in Figure 6.2. The
load patch with an area of 270 x 320 mm?, same as the Type C contact patch designated
by the Fatigue Load Model 4 (FLM4) in EN 1991-2 [80], is centred between the stiffener
webs with a distance of 600 mm from the middle of the Crossbeam I thickness. Cyclic
load is applied through a hydraulic actuator that presses onto a 32 mm thick steel plate
and two plates of rubber, 8 mm thick each. The load is shifted to the adjacent stiffener in
each experiment. The strains at adjacent stiffeners are measured by strain gauges with
negligible strains. Thus, two details at the corners of one stiffener are loaded at each load
case. In total, eight details are loaded. A summary of the loading programme is shown
in Table 6.1. The applied load ranges with a load ratio of 0.1 are between 160 kN and
220 kN, approximately 3.6 to 4.9 times 45 kN defined by the FLM4 in EN 1991-2 [80]. The
load frequency is set to 3 Hz for S1, and 2 Hz for S2, S3 and S4.

1700 @ 3000 @ 3000 @ 1700

z

UU Uy

5100

L 600 Butt weld

TU VY

[ExF—1—> Loading area: 270x320 E S1

Figure 6.2: Overview of the loading positions for detail C4d (unit: mm).
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Table 6.1: Summary of the loading programme for detail C4d.

Loaded detail SIN&S S2N&S S3N&S S4N&S

Load range [kN] 160 220 196 220
Frequency [Hz| 3 2 2 2
Load ratio 0.1 0.1 0.1 0.1
Cycles [million] 12.06 2.61 8.45 4.76
Run-out S2 S:x

6.3. STRAIN AND STRESS DISTRIBUTION

6.3.1. ARRANGEMENT OF STRAIN GAUGES

Strain gauges are attached at the bottom area of S1 and S4, see Figure 6.3 for the arrange-
ment and the predefined positions. The directions of strain measurement are perpen-
dicular to the weld toe, as shown by arrows. These strain gauges are used to measure
the strain distribution of the studied details and monitor the strain ranges during the
experiments. At the free edge side of the stiffeners, chain strain gauges (5 strain gauges
intermediate spaced at 2 mm in a chain) are attached with the first strain gauge 4 mm
away from the weld toe, followed by two strain gauges 25 mm and 50 mm away from
the weld toe, at two corners (N and S) and at the middle (M). At the in span side of the
stiffeners, strain gauges are only applied to S1 at two corners. At the free edge side of the
crossbeam, similar arrangement is applied at two corners: the chain strain gauges are
attached with the first strain gauge 4 mm away from the weld toe, followed by a single
strain gauge 50 mm away from the weld toe. The number of strain gauges is reduced to
two at the middle M, with distances 25 mm and 50 mm away from the weld toe. No strain
gauges are positioned at the in span side of the crossbeam. For S2 and S3, strain gauges
are positioned at the free edge side only. Same arrangement as S1 and S4 is used at the
stiffener, whereas only one strain gauge 10 mm away from the weld toe is positioned at
each corner of the crossbeam. The reduction of strain gauges is conducted as the strain
distribution is expected to be similar for the four stiffeners. The numerical values are
presented in Section 6.3.3.
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Free edge In span

Free edge

Figure 6.3: Overview of the strain gauge arrangement for S1 and S4 (unit: mm).

6.3.2. INTRODUCTION OF THE FE MODEL

A FE model is built using the commercial software package Abaqus 2019 [179]. Figure 6.4
gives an overview of the FE model with the loading and boundary conditions. The model
is built following the geometry characteristics of the specimen described in Figure 5.2.
Linear elastic material is used in the FE model with the elastic modulus of 210 GPa and
the Poisson’s ratio of 0.3. Uniform pressure is applied at the load patch, see Figure 6.2
for the loading positions. Displacement constraints are applied along the middle of the
crossbeam thickness at the bottom flanges in three directions (UX =UY =UZ = 0).

“Tie” Constraint

UX=UY=Uz=0

Figure 6.4: Overview of the FE model for detail C4d.

Figure 6.5 shows the mesh and details in the FE model. 8-node linear brick elements
with reduced integration (type C3D8R) [179] are assigned to the Crossbeam I region, and
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8-node quadratic shell elements with reduced integration (type S8R) [179] are assigned
to the Crossbeams II and III regions. “Tie” constraints [179] are created at the intersects
shown as the red rectangular in Figure 6.4 and the white dot line in Figure 6.5. The nodes
of a “tie” constrained interface have the same displacements and rotations. The pre-
defined effective weld thickness is 5 mm with weld legs equal to 7.07 mm. “Seam” is
applied at the interfaces between the crossbeam and the stiffeners, which allows the
departure of the nodes at the selected seam faces [179]. Four layers of elements are
created in the thicknesses of the stiffeners and Crossbeam I. The brick elements have
an approximately size of 25 x 25 x 25 mm? with local refined mesh at the bottom of the
crossbeam-to-stiffener welded connections. Shell elements with an approximate size of
100 x 100 x 100 mm? are created in the Crossbeams II and III regions with refined mesh
of 25 x 25 x 25 mm? at the intersects.

Solid element: C3D8R Shell element: S8R

-

Seam
7.07 Stiffener§l/

5.0

Weld

LRiENAL EESIONENE

Figure 6.5: Mesh and details of the FE model for detail C4d (unit: mm).

. J Crossbeam|
| | | 1|

6.3.3. STRAIN RANGE DISTRIBUTION

Figures 6.6 and 6.7 show the distributions of the strain ranges obtained either by EX-
Periment measurement (EXP) or FE Analysis (FEA), under the normalised load range
AF =1 kN. The absolute strains in Figures 6.6 and 6.7 are all negative, whereas ranges
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are always positive. The FEA shows a good agreement with the EXP in the studied de-
tails. At S1 N&S, the strain ranges at the free edge side are higher than the values at the in
span side. At the corners of the stiffeners, concentrations are observed with steep strain
gradients when approaching the weld toe. The slope becomes gentle with the distance
approximately exceeding 30 mm. Higher strain ranges are observed in S1, which can
be explained by the weaker constraints at edge of the specimen. At the crossbeam side,
strain ranges are significantly smaller than the values at the stiffener side. The results
are logical as the crossbeam is 16 mm thick, whereas the stiffeners are only 6 mm thick.
Note that the strain ranges of the FEA in S2, S3 and S4 are very close and the curves are
overlapped. Some markers of the EXP are also overlapped at: the stiffener side of S2 N;
the stiffener side of S2 S and S3 S; the stiffener side of S2 M and S3 M, the stiffener side of
S1 S (in span side); the crossbeam side of S1 N; the crossbeam side of S1 S and S3 S; and
the crossbeam side of S1 M.
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Figure 6.6: EXP and FEA obtained strain ranges at the stiffener side, AF =1 kN.




6. WELD ROOT CRACK IN CROSSBEAM-TO-STIFFENER WELDED CONNECTION WITHOUT

130 CUT-0UT (C4D)
g x10° g x10°
——FEA-SIN ——FEA-S1S
51 ——FEA-S2N 51 ——FEA-S2S
——FEA-S3N ——FEA-S3S
~———FEA-S4N ———FEA-S4S
4t @ EXP-SIN| 4t @ EXP-S1S
Iy O EXP-S2N Iy O EXP-S2S
S : @® EXP-S3N S : @ EXP-S3S
- © EXP-S4N - O EXP-54S
o o
»n2r »n2r
| Ro0ge | Beggq
—0 =)
0 L L L L . 0 L L L L .
0 10 20 30 40 50 0 10 20 30 40 50

Distance from weld toe [mm]
(a) free edge side, N

6 %108
—— FEA-S1M
5l = FEA-S4M
@ EXP-S1M
_ O EXP-54M
a4t
(0]
()]
o
o3
£
g
n2f
1 [
—e— —
) | | | .
0 10 20 30 40 50

Distance from weld toe [mm]

(c) free edge side, M

Distance from weld toe [mm]
(b) free edge side, S

Figure 6.7: EXP and FEA obtained strain ranges at the crossbeam side, AF =1 kN.
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6.4. STRESS EVALUATION USING THE FE METHOD

This section evaluates detail C4d based on the FE model validated in Section 6.3.3. The
nominal weld stress, structural weld stress, and effective notch stress are used for the
evaluation.

6.4.1. STRESS IN THE WELD THROAT

The stress in the weld throat is analysed for type C4d crack that initiates from the weld
root and propagates into the weld throat. Figure 6.8 shows the stress state in the weld
throat of a double-sided fillet welded connection under the axial force and the bending
moment. The nominal weld stress, oy, can be calculated using Equations (6.1) and
(6.2). First, the nominal bending stress (op,,) and the nominal membrane stress (o'm,n)
need to be calculated. Second, oy, is obtained by the superposition of o, and om .
The structural weld stress, oy ps, consists of the bending stress (o},) and the membrane
stress (Ow,m) in the weld throat. oyps can be calculated by linearly extrapolating the
stresses at predefined locations to the hot spot location, which is the weld root in this
case. In addition to the normal stress (perpendicular to the weld surface), the principal
stress is used in [49] for the calculation of oy s.

Mcg
Opp= —— D 6.1
bn (tw + tCB) twb ( )
F,
cB 6.2)

ag =
T o rb

where ty, fcg and b are the effective weld thickness, the crossbeam thickness and the
width of detail used in calculation, respectively.

1.0yn = 0pn+ Omn

Opn . =B Opp
OnmnE@ Stiffener =@ 0, ,
\ % Gw,hs GW,b GW,m
(D] ¢ r
Z
77]
8 ; j
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‘g O A +
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Figure 6.8: Illustration of the nominal weld stress and the structural weld stress in a double-sided fillet welded
connection.
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Figure 6.9 illustrates the calculation of o, in the FE model. The critical plane (red
line) is located in the middle of the corner curve [1, 208]. The angle to the vertical black
line is 38° for the details in the full-scale specimen. The normal stress (perpendicular to
the weld toe at the crossbeam side) in the cross sections of the crossbeam at the critical
plane with distances of 0.0 mm, 2.1 mm, 4.3 mm, and 6.4 mm from the weld toe is evalu-
ated. The cross section in which the stress is (approximately) linearly distributed is used
to calculate the bending moment Mcg and the axial force Fcg. The stress in the selected
cross section is linearly extrapolated and the stress is substituted into the bending stress
op,cs and the membrane stress om,ce. The Degree Of Bending (DOB) is designated by
Equation (6.3).

Crossbeam
Normal stress

Figure 6.9: Illustration of the calculation of oy, in the FE model (unit: mm).

DOB = |op,cgl/(Iob,cBl + lom,cBI) (6.3)

Using the obtained op ¢ and om,ce, Mcp and Fcg are calculated using Equations (6.4)
and (6.5). The nominal bending stress o}, and the nominal membrane stress o, can
therefore be obtained using Equations (6.1) and (6.2). The superposition of both results
is the nominal weld stress ow,n.

t2.b
Mcg = 0pcB % (6.4)
Fcg = om,c(fceb) (6.5)

NOMINAL WELD STRESS

Figure 6.10 plots the normal stress along the crossbeam thickness in Paths 1, 2, and 3.
Largest absolute stress occurs at Path 1 with the non-linear distribution close (with the
distance 0.0 mm or 2.1 mm) to the weld toe. Note that the element sizes in Path 3 are not
the same as the ones in Paths 1 and 2, resulting in a slightly different distribution of the
stress extraction points, see Figure 6.10c. Linear fit of the extracted stresses in the cross
section 6.4 mm away from the weld toe with distances from the in span side ranging
from 2 mm to 14 mm is shown in Figure 6.11. The solid lines and the dash-dotted lines
represent the fitted lines (o,cg + 0m,cg) and the membrane stress components (o' m cg),
respectively. In Path 1 (critical path), oy, cg + o0m,c = —0.34 MPa and o, cg = —0.18 MPa.
The DOB is approximately 0.5 and oy, is —0.35 MPa.
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Figure 6.10: Normal stress in the four or five cross sections close to the weld toe in the three paths, S2 under
F =1kN (unit: mm).
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away from the weld toe in the three paths, S2 under F = 1 kN (unit: mm).
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STRUCTURAL WELD STRESS

Figure 6.12 shows the normal stress and the principal stress along the weld throat in
Paths 1, 2, and 3. Among them, Path 1 shows largest values (in absolute) and is the critical
path, which is in line with the results of Figures 6.10 and 6.11. At the weld root, the
extracted nodal stresses are averaged by the connected elements and are smaller than
the values at location 0.5 mm away from the weld root. The absolute stresses at the free
edge side are larger than the values at the in span side, whereas the slope is more gentle.
In this study, o is calculated by linearly extrapolating the normal stresses at locations
1.25 mm (0.25%,) and 3.75 mm (0.75¢%,) to the weld root following reference [49], see
Table 6.2 for numerical values.
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Figure 6.12: Normal stress and principal stress in the weld throat of the three paths, S2 under F = 1 kN (unit:
mm).

EFFECTIVE NOTCH STRESS

A sub model is built and meshed by 20-node quadratic brick elements with reduced in-
tegration (type C3D20R) [179] with an approximate size of 0.75 x 0.75 x 0.75 mm?. The
sub-modelling method in Abaqus [179] bridges the difference in scale between the lo-
cal geometric characteristics (sub model) and the overall specimen (global model). Fig-
ure 6.13 shows the sub model with a dimension of 51.5 mm and 41 mm in the Y-axis and
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Z-axis directions, respectively. The distance between the crossbeam and the stiffener in-
teracted surfaces is assumed to be 0.01 mm. The displacements at the intersections of
the sub model are constrained to match the displacements of the global model as high-
lighted in red. Effective notches with Rt = 1 mm are created at the weld roots with local
refined mesh (see Figure 6.14) following the IIW recommendations [23].

A
Mesh Surfaces driven by Dimension
global model

Figure 6.13: Illustration of the sub model for the effective notch stress (unit: mm).

Figure 6.14 shows the principal stress and the Mises stress along the notch circles at
the free edge side at two critical planes with angles of 35° and 39° to the Y-axis direction.
The most critical plane, 35° to the Y-axis direction, has the maximum absolute values of
-1.443 MPa and 1.292 MPa for the principal stress criterion and the equivalent (Mises)
stress criterion, respectively. Both values locate on the notch with an approximate angle
of 230°, calculated clockwise from the weld root. The stress at the plane with an angle
of 39° is plotted as comparison. Both principal stress and Mises stress are very close at
the two planes. It confirms that Path 1 (38°) can be treated as the critical plane. The
numerical values of the effective notch stress at the critical locations for S1, S2, S3, and
S4 are summarised in Table 6.2.
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Figure 6.14: Effective notch stress at the planes with angles 35° and 39° to the Y-axis direction, S2 under F =
1 kN.
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6.5. FATIGUE CRACK CHARACTERISTICS

6.5.1. STRAIN GAUGE DETECTION

Figure 6.15 plots the strain ranges at the lower corners (the critical locations with an
angle of 38°) of the stiffeners measured by the strain gauges 4 mm away from the weld
toe at the stiffener side. The strain ranges keep constant in the early stage. With the
initiation and development of the cracks, the strain ranges start to fall. S2 Sis arun-outin
which the strain range (almost) keeps constant until the end of loading, see Figure 6.15b.
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Figure 6.15: Strain range versus load cycles at the lower corners of the stiffeners with a distance of 4 mm from
the weld toe at the stiffener side.

6.5.2. NAKED EYE INSPECTION

Surface cracks are first inspected by the naked eye. Afterwards, a digital microscopic
camera is used to identify the crack tip locations. Multiple cracks are observed which
gradually merge into large cracks during the propagation. Surface crack locations are
marked and measured using the clipper during the experiments. Figure 6.16 shows the
cracks in S1 after the experiment. Fatigue cracks are first inspected at the free edge side
and then at the in span side. At each location, the cracks are first detected at the weld sur-
faces at the lower corners, afterwards propagate towards two sides at the weld surfaces,
and finally grow to the crossbeam.
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S1N, in span ™ o SIS, free edge

Figure 6.16: Fatigue crack inspection for S1 after the experiment.

Figure 6.17 illustrates the fatigue crack propagation process of type C4d crack. In to-
tal four stages are designated: The cracks initiate from the weld root and propagate into
the weld throat (Stage 1 in green). Short cracks propagate on the weld surface and merge
into long cracks (Stage 2 in purple). Afterwards, the main crack grows to the crossbeam
and propagates as a surface crack (Stage 3 in yellow). Finally, the crack grows through
the crossbeam thickness and propagates as a through-thickness crack (Stage 4 in red).

~
4 \
e Stagel

e Stage 2

e Stage 4

In span

Crossbeam Free edge
A-A

/< Crossbeam
|St|ffener

Figure 6.17: Illustration of the fatigue crack propagation process of type C4d crack.

Figure 6.18 shows the patterns of the crack propagation and the crack length versus
number of cycles for S1, S2, S3, and S4. The cracks touch the crossbeam at the corners,
and propagate towards the upper-outside direction. At the free edge and in span sides
the propagation paths match well, except for S4 N. Linear crack propagations with rela-
tively slow rates are observed in all studied cracks.
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Figure 6.18: Patterns of the crack propagation and the crack length versus number of cycles for S1, S2, S3, and

S4.
BOTTOM OF RIB Projection Rib
of Rib Face
(a) weld root crack (Figure 17 in [209]) (b) optical observation (Figure 18 in [209]).

Figure 6.19: Report of the weld root crack in a U shape rib-to-crossbeam (or crossbeam-to-stiffener as desig-
nated in this study) detail by Lehigh University in 2019, adapted from [209].

To the best of the author’s knowledge, this type of weld root cracking has been rarely
reported for crossbeam-to-stiffener welded connection without cut-out at the time of
writing. A similar type of crack was reported by Lehigh University in 2019 (almost the
same time when the current experiment was carried out) in U-shape automatically welded
details in a full-scale specimen after the in-plane cyclic loading [209], see Figure 6.19.
Surface cracks were found at the weld throat, indicating a crack initiating from the weld
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root and propagating through the weld throat. The hypothesis is verified by the optical
observation for the cut part from the tested specimen as shown in Figure 6.19b. Note
that in [209], this type of root crack was observed when the weld toe (at the stiffener
side) experiences both tensile and compressive mechanical-induced stress. In the au-
thor’s experiments, only compressive mechanical-induced stress occurs.

6.6. FATIGUE LIFE EVALUATION

Either early detection in the laboratory or practical on-site inspection can be used as the
fatigue life criterion for OBDs. The former may be determined by a certain percentage
change of the strain range close to the weld or by the naked eye inspection at a close
distance. However, short cracks are not easy to inspect on-site in practice. Therefore, a
surface crack with a predefined length is commonly adopted as the practical evaluation
criterion. Five failure criteria are used for detail C4d in this section, as described in the
following:

* Nj: 10% change of the strain range at location 4 mm away from the weld toe at the
stiffener side.

* N,: 25% change of the strain range at location 4 mm away from the weld toe at the
stiffener side.

e Nj: First Visible Crack (FVC) inspected by the naked eye.
e Ny: Approximately 25 mm long surface crack on the crossbeam.
e Njs: Approximately 50 mm long surface crack on the crossbeam.

Table 6.2 summarises the experimental measurements and the FE calculations for de-
tail C4d. The nominal weld stress (Acy, , or Agy), structural weld stress (Ao yps), and
effective notch stress (Aowen) are obtained based on the FE calculations. In all cases, a
constant amplitude fatigue limit, Np, is defined at 10 x 108 cycles. The corresponding
number of cycles is shown in bold when it is within the constant amplitude fatigue limit
(failure A), N < 107. It is defined as failure B when N > 107. Note that Aof}vyn is calculated
by the measured weld throat thickness, whereas the rest are based on the predefined
5 mm weld throat.
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6.7. FATIGUE RESISTANCE OF DETAIL C4D

6.7.1. FATIGUE EVALUATION USING VARIOUS FAILURE CRITERIA AND AS-
SESSMENT METHODS

Statistical analysis is carried out following the procedure described in [177, 178] with
a fixed slope parameter m = 3.00 (fully informative prior), in line with (pr)EN 1993-1-
9 [16, 17]. Figure 6.20 shows the statistical analysis for the results in Table 6.2. Agspy is
defined as the stress range at 2 million cycles with a 50% exceedance fraction. Various
assessment methods ( Aaf,‘v,n, A0 wn, AT whs, and Agyen) are used with five failure criteria
for each.
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Figure 6.20: Evaluation of Ao5g9, using AO’SV,H, A0wn, AOw s, and Aow,en with the five failure criteria for each
(m =3.00).

In the studied two types of the failure criteria, the early detection criteria (/V;, N, and
Nj3) and the on-site detectable criteria (N4, and Ns), close values are found for Ao sgg, in
each type. The latter is approximately 1.4 of the former. This is in line with the relatively
slow crack propagation rates observed in Figure 6.18. The difference of Aoso% between
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cases Aoy, and Aoy, is within 1 MPa, except for N5 where the difference is 3 MPa.
When Aoy is used, Aospy increases from 73 MPa to 123 MPa, and from 99 MPa to
170 MPa with the failure criteria of N3 and Ns, respectively. The values further increase
to 280 MPa, and 391 MPa when using Agyen instead of A, ;.

6.7.2. STATISTICAL ANALYSIS INCLUDING THE RESULTS IN THE LITERATURE
Load carrying fillet or partial penetration welded plates were studied under either axial
force (DOB = 0.0) or bending moment (DOB = 1.0) in [49, 210-213]. Experimental inves-
tigations were carried out for either mild strength steel, e.g. S355, or (ultra) high strength
steel, e.g. S960. The root failures in [49, 210-213] are selected and grouped into the
statistical analysis in this section.

Figure 6.21 shows the statistical analysis using the joint dataset, including the au-
thor’s own experiments and the results found in the literature, for Acg, , with the fail-
ure criterion of N3. Both Aoso% and standard deviation (s) are very close between the
case with DOB = 0.0, 0.5 or 1.0 (Figures 6.21a), and the case with DOB = 0.0 or 0.5 (Fig-
ures 6.21b). The characteristic fatigue resistances (95% exceedance fraction at 2 million
cycles), Ao, are 43 MPa for DOB = 0.0, 0.5 or 1.0, and 42 MPa for DOB = 0.0 or 0.5,
respectively.

Figure 6.21c shows the results with DOB = 0.5 or 1.0. Higher fatigue resistance is
observed, Aoc = 50 MPa, whereas the standard deviation (s = 0.25) keeps almost the
same as the values in Figures 6.21a and b.
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Figure 6.21: Statistical analysis for for detail C4d using the author’s own experiments (Ac%;, and N3) and the

results in the literature [49, 210-213].
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6.8. SUMMARY OF THE CHAPTER

Fatigue behaviour of crossbeam-to-stiffener welded connection without cut-out is stud-
ied in Chapter 6 using one full-scale OBD specimen. Fillet welds without penetration are
used to connect the crossbeams and the trapezoidal stiffeners. Cyclic loading is applied
on four trapezoidal stiffeners (two details in each) over the centre of stiffener webs with
a distance of 600 mm from the middle of one outer crossbeam thickness on the free edge
side. Root cracks are systematically studied in the crossbeam-to-stiffener welded con-
nection without cut-out. The cracks are first observed at the weld surface at the lower
corners and then propagate to the crossbeam. This detail is designated as C4d in TS [27].
The main conclusions based on this study are:

1. Thelower corners of trapezoidal stiffeners have stress concentrations where cracks
are first observed at the middle of corner curves (38° to the vertical). The crack
propagation process of detail C4d consists of four stages: Fatigue cracks initi-
ate from the weld root and propagate in the weld throat (Stage 1). The cracks
grow at the weld surface with short cracks merging into long cracks (Stage 2). The
main crack grows to the crossbeam and propagate as a surface crack (Stage 3).
A through-thickness crack is formed which keeps propagating in the crossbeam
(Stage 4).

2. The fatigue propagation rate on the crossbeam is relatively slow and shows linear
rates until the end of the experiments (with a length of approximately 50 mm sur-
face crack on the crossbeam). The nominal weld stress, structural weld stress, and
effective notch stress are used for fatigue life assessment. The stress ranges at 2
million cycles with a 50% exceedance fraction and the failure criterion of a length
of approximately 50 mm surface crack on crossbeam are around 1.4 times the val-
ues with the failure criterion of visual control (the first visible crack inspected by
the naked eye) for the three assessment methods.

3. The Degree Of Bending (DOB) affects the fatigue performance of root cracking in
load carrying welded connections. The statistical analysis using the author’s ex-
periments and the results in the literature shows that higher fatigue resistance is
obtained when DOB = 0.5. Detail categories for the nominal weld stress (desig-
nated in TS) proposed based on this study are:

* 50 MPa for fatigue design considering possible large DOBs (= 0.5) and the
relatively slow crack propagation on crossbeam.

¢ 40 MPa for conservative evaluation in case that neither DOB is available nor
surface cracks are allowed.



WELD TOE CRACK IN STIFFENER AT
THE LOWER END OF
CROSSBEAM-TO-STIFFENER
WELDED CONNECTION WITH
CUT-0UT (C3A)

Fatigue behaviour of the weld toe crack at the lower end of crossbeam-to-stiffener con-
nection with cut-out is studied in Chapter 7. The detail category for the hot spot stress is
established based on eight experiments reported in the current study and the results found
in the literature. Two fatigue resistances are proposed for new bridge decks and existing
bridge decks, respectively. The effect of load position on the hot spot stress is analysed. In
addition, the effective notch stress is used to evaluate the fatigue resistance considering dif-
ferent weld profiles. The welding residual stress is simulated by the finite element method.
The regions affected by high temperature in welding are identified in the model. The resid-
ual stress is implemented into the mechanical model in which cyclic elastic-plastic mate-
rial properties are assigned to the welded connection. The redistribution of residual stress
under cyclic loading is studied and the crack initiation is predicted using the notch strain
method. Further, the cyclic J-integral is calculated for the short crack propagation using
the elastic-plastic fracture mechanics with the redistributed residual stress implemented
in the model. The linear elastic fracture mechanics is adopted for the long crack propaga-
tion using the extended finite element method with “in-house” Python code. Finally, a2*
stage model is proposed for the full stage fatigue analysis starting from the crack initiation
stage to the long crack propagation stage.
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7.1. INTRODUCTION

Fatigue crack at the lower end of the weld between stiffener web and crossbeam with cut-
out is studied in Chapter 7. The crack initiates from the weld toe at the stiffener side, and
propagates outside of the vicinity of the weld (designated as type C3a), see Figure 7.1.
Stress ranges (Ao) are introduced due to the local distortion of the stiffener below de-
tail C3a in combination with the in-plane and out-of-plane deformation of crossbeam,
causing stress concentrations at the weld toe. This type of crack has been observed in
bridges in Europe [1, 138], Japan [91], the United States [214], and China [88]. Two types
of cut-out shapes, Haibach-type or regular-type, are commonly used in Europe as illus-
trated in Figure 7.2.

(a) (b)

Figure 7.1: Illustration of the weld toe crack at the end of a crossbeam-to-stiffener connection with cut-out.

[ —)

Figure 7.2: Sketch of the cut-out shapes commonly used in Europe.

The experimental investigation, hot spot stress, effective notch stress, statistical analysis, and effect of load
position parts of this chapter are based on the journal paper: Fatigue behaviour of toe crack at the lower end of
crossbeam-to-stiffener weld with cut-outs in OBDs, Journal of Constructional Steel Research, 222, (2024). Sec-
tion 7.8 is modified based on the master’s thesis: Fracture Mechanics, Application on Orthotropic Steel Decks,
master’s thesis of Delft University of Technology, (2020) with the permission of the author D.H. Malschaert.
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Detail C3a has been studied by researchers using experiments and FE simulations
(1, 88, 100, 148, 149, 154, 158]. A relatively slow crack propagation rate for this detail is
attributed to the crack growing away from the crossbeam weld with its stress-raising ef-
fect. The failure criterion, i.e. the crack size, at which the fatigue resistance is determined
becomes relevant. Some of the mentioned studies used a certain surface crack length as
a criterion. Others used the first time a crack was observed by the naked eye (“first visi-
ble crack”), which is accompanied by some scatter related to detectable crack length and
inspection interval. As an early indicator of cracking, many authors considered a certain
deviation in strain range, measured by strain gauges, concerning the initial strain range
of the intact specimen. However, a well-defined and widely accepted failure definition is
currently missing. The detail category was not included in either the first or the second
generation of (pr)EN 1993-1-9 [16, 17].

This chapter experimentally studies the fatigue behaviour of detail C3a at eight lo-
cations in one full-scale specimen. The strain distribution is obtained by strain gauges,
and surface cracks are tracked during the experiments. Subsequently, a FE model is de-
scribed, which is validated against the measured strains. The hot spot stress is calcu-
lated by the FE model. Afterwards, the results obtained in the current experiments and
selected from the literature are grouped to derive a fatigue resistance using the hot spot
stress method. An additional S-N curve is proposed for existing bridge decks. The ef-
fect of load position is numerically investigated for the hot spot stress of detail C3a. The
effective notch stress method is adopted to study the effect of weld profile.

Welding simulation is conducted for the studied detail using the commercial soft-
ware Abaqus 2019 [179]. The Welding-induced Residual Stress (WRS) after cooling down
in the as-welded condition and the mechanical behaviour under cyclic loading at the
critical location are analysed. The cyclic constitutive models for the heat affected zone
and the base metal are used with the region identified by the welding simulation in the
cyclic loading. The redistribution of the WRS is numerically studied. The strain ranges
at the critical locations are used for the crack initiation prediction using the notch strain
method. The elastic-plastic fracture mechanics is adopted to study the states of short
cracks using the cyclic J-integral, AJ, with the redistributed WRS implemented in the
FE models. Finally, the eXtended Finite Element Method (XFEM) (available in Abaqus
2019 [179]) with “in-house” Python code is used to predict the long crack propagation
using the linear elastic fracture mechanics. A 2* stage model is proposed based on the
methods applied to the studied detail for the full stage fatigue analysis of welded con-
nection starting from the crack initiation stage to the long crack propagation stage with
WRS properly taken into consideration.
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7.2. EXPERIMENTAL INVESTIGATION AND FE MODEL VALIDA-
TION

7.2.1. SETUP AND LOADING PROGRAMME
The specimen that has been introduced in Chapters 5 and 6 is used to study the fatigue
behaviour of detail C3a, see Sections 5.2.1 and 6.2 for more information. The Cross-
beam III region and the south side of the Crossbeam I region have been loaded in fatigue
to study the fatigue behaviours of detail Clc and detail C4d, respectively. This chapter
uses the unloaded part (on the north side) of the (Crossbeam I) region to examine the
fatigue behaviours of eight C3a type details.

Two series ofload cases, LC A and LC B, are applied in the experiments, see Figure 7.3.
In LC A, the cyclic load is applied on the free edge side of Crossbeam I with the loading
patch centred above the stiffeners. In LC B, cyclic loads F1 and F2 are simultaneously
applied on the free edge and in span sides, with the load centred above a stiffener web.
The loading area is 270 x 320 mm?, corresponding to the tyre patch of Axle Type C in
EN 1991-2 [80] with two layers of 8 mm thick rubber plates between the top deck and the
steel load jack at each load application position. Naked eye inspections are carried out to
detect surface cracks during the experiments. Table 7.1 gives a summary of the loading
programme. LC A is first applied on stiffeners 7 (§7) and 8 (S8) with no cracks observed.
Thereafter, LC B is applied, resulting in fatigue cracks at the detail of study. Note that S8 N
has been loaded first in LC A, and then two strengthening plates (approximately 50 mm
thick steel plates) are placed on the deck plate at the load application positions with a
size of approximately 500 x 500 mm? before LC B is applied. This strengthening is applied
due to the observed fatigue cracks in the stiffener-to-deck plate welded connections af-
ter S7 N&S are loaded in LC A. As the stress levels of the stiffener-to-deck plate welded
connection in LC B are significantly smaller than LC A, strengthening is not needed in LC
B. Therefore, they are not used for S5 and S6. The following part of the chapter focuses
on the description of LC B. To obtain a conservative characteristic resistance, Ao s, the
cycles loaded in LC A are not counted in the current study.

! & 600‘ | % F%@%Fl
racalmEinTa alne

o o 2

270

LCA In span LCB In span

Figure 7.3: Sketch of the out-of-plane loading positions for the crossbeam-to-stiffener welded connections
with Haibach-type cut-outs (unit: mm).
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Table 7.1: Summary of the loading programme.

Loaded detail 7N&S 7N&S 7N&S* 8N&S*
LCA Loadrange [kN] | 1x275 1x360 1x360 1x320
Frequency [Hz] 2 2 2 2
Load ratio 0.1 0.1 0.1 0.1
Cycles [million] 7.40 0.67 1.73 9.91
Run-out X x x x
Loaded detail 8 N* 58S 6N 6S 5N
LCB Loadrange [kN] | 2x170 2x250 2x250 2x150 2x150
Frequency [Hz| 2 2 2 2 2
Load ratio 0.1 0.1 0.1 0.1 0.1
Cycles [million] 0.33 0.31 0.55 1.67 10.00
Run-out X
Note:
“*”: the case in which strengthening plates are used.
“x”: run-out.

7.2.2. STRAIN MEASUREMENT

Figure 7.4 gives an overview of the strain gauges attached to the stiffeners of S5, S6, S7,
and S8. The strains in the horizontal directions and the direction perpendicular to the
weld toe at the lower end are referred to as “Stiffener H1 (free edge)”, “Stiffener H2 (in
span)”, and “Stiffener V”, respectively. In each of these directions, a chain of 5 strain
gauges with an intermediate distance of 2 mm is attached to cover the local stress field,
with the first strain gauge intended to be positioned 4 mm from the weld toe. Stress
gradients are obtained by the chain strain gauges, which can be used to calculate hot
spot stress using the measured values [23] or validate the calculation of FE model. In
addition, two separate gauges intended at 25 mm and 50 mm distances from the weld
toe are attached to cover the global strain field.

‘,E Lﬁ Stiffener Crossbeam
gouitience 25,25 25 25
v -—
4 N <
[} X 1] 7
N s 2y
e o o &%
- o <
+—F—> . =
North free edge side ~ South il

Figure 7.4: Overview of the strain gauge positions at S5, S6, S7, and S8 (unit: mm).
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Figure 7.5 presents the measured strain ranges close to the weld toe in a stable cy-
cle of loading after the settling of the specimen. The positions of the strain gauges are
measured after the experiments and used in Figure 7.5. One exception is S8 N, where the
strain gauges are removed before executing measurements, the intended distances are
therefore used for S8 N. The strains in Figure 7.5 are positive in V direction and negative
in H1 and H2 directions at the applied loads, although strain ranges are always positive.
The highest strain ranges are observed at the lower end (V direction). The strain values
in H1 and H2 directions are smaller than those in V direction. The ranges at the free edge
side (H1) are slightly larger than those at the in span (H2) side. High strain ranges and
concentrations are observed in V direction. The linear extrapolation is carried out using
the 5 strain measurements close to the weld toe. The extrapolated strain ranges in H1
and H2 directions are between 2 and 4 times lower than the values in V direction.
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Figure 7.5: Strain ranges close to the weld toe, measured in LC B.
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7.2.3. INTRODUCTION OF THE FE MODEL

Figure 7.6 shows the FE model constructed using Abaqus 2019 [179]. Displacement con-
straints are applied along at the bottom of the lower flanges along the middle of cross-
beam thickness in three dimensions (UX = UY = UZ = 0). A uniform distributed pressure
is applied to the load patches. Linear elastic material is applied in the model with the
elastic modulus of 210 GPa and the Poisson’s ratio of 0.3. Figure 7.7a shows the FE model
of the specimen, where the global distinction between the use of brick and shell elements
is made. The FE mesh consisting of brick elements at the lower end of crossbeam-to-
stiffener welded connection is shown in Figure 7.7b and Figure 7.7c. 8-node linear brick
elements with reduced integration (C3D8R) and 8-node quadratic shell elements with
reduced integration (S8R) are used at and near Crossbeam I, and Crossbeams II and III,
respectively.

A fillet weld with an effective weld throat thickness of 5.00 mm is modelled. A “seam”,
see Figure 7.7c, that duplicates the overlapping nodes along the selected region [179] is
applied at the interface between the crossbeam web and the stiffener. The mesh close
to the studied details is refined with an element size of approximately 2 x 2 x 2 mm3.
The element size gradually increases to approximately 50 x 50 x 50 mm? and 100 x 100 x
100 mm? for the parts meshed with element types C3D8R and S8R, respectively. “Tie”
constraints [179] connect the brick and shell element parts, see the position of the red
rectangle in Figure 7.6 and the corresponding interface in Figure 7.7a. The ties are ap-
plied in all directions. The nodes of a "tie" constrained interface have the same displace-
ments and rotations [179].

“Tie” constraint

Figure 7.6: Load and boundary conditions of the FE model.
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Shell element: S8R

Brick element: C3D8R

imr @

Figure 7.7: FE model of the specimen and the lower end of the crossbeam-to-stiffener welded connection in
S5 S (unit: mm).
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7.2.4. VALIDATION OF THE FE CALCULATION

The strain ranges measured from the experiments (EXP) and calculated by the finite el-
ement (FEA) are normalised by a load level of 2 x 1 kN. The results are presented in Fig-
ure 7.8. A good agreement is found between the FEA and the EXP in LC B. The stresses
calculated by the FEA are used in Section 7.3 for fatigue resistance analysis.
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Figure 7.8: Comparison of the EXP and the FEA results in LC B under the load range of 2 x 1 kN.

7.2.5. FATIGUE CRACK INSPECTION

Stable strain range distributions are observed under the constant amplitude loading in
the initial stage. After a certain number of cycles, deviations in the strain ranges are
observed, caused by the local stiffness deviation due to the development of a fatigue
crack. This deviation of strain range is first observed at the location 4 mm from the lower
end of the weld toe, which is measured by the first strain gauge in the chain (G01) in V
direction. Figure 7.9 shows the loading history of the strain ranges at “V G01” in four
stiffeners. Note that the first two sharp drops in S5 S, at 2.1 x 10* cycles and at 2.8 x 10*
cycles, which may be attributed to “the settling of the specimen/measurements”. The
strain gauge is checked and works properly afterwards. The reference value of the strain
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range deviation for S5 S is set after these two drops. S5 N has stable strain ranges until
the end of loading. It indicates a run-out without fatigue cracking detected.
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Figure 7.9: Strain range versus load cycles from the strain gauge “Stiffener V GO1".

Figure 7.10 shows a fatigue crack of S5 S after 0.31 million cycles of loading in LC B.
The crack initiates at the lower end of the weld toe in the stiffener, and then propagates
towards the free edge and in span sides of the stiffener.

# i
S5 S, free edgey o

S5 S, in span

Figure 7.10: Fatigue crack of S5 S after 0.31 million cycles of loading in LC B, 2 x 250 kN load range.

Figure 7.11 gives an overview of the crack propagation of the four fatigue cracks ob-
served. The cracks grow approximately linearly with the number of cycles for the crack
lengths between the length at first detection of 7 to 18 mm and the end of the experi-
ments with final crack lengths between 50 to 57 mm. The visible crack in S6 S is observed
later and grows at a lower rate as compared with the other results. This agrees with the
difference in the strain ranges in Figure 7.5. Figure 7.12 shows the marks of the crack
edges as measured during the experiments using a clipper with naked eye inspections.
The mark numbers in Figure 7.11 correspond to the sequential dots in Figure 7.12, ex-
cept S8 N for which the longest of the two detected cracks is shown. The cracks are first
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observed at the lower end of the weld toe, with some shift to the in span side for S6 N

and S6 S.
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Figure 7.11: Crack length versus number of cycles.

Table 7.2 gives the numerical values of the load ranges, hot spot stresses, fatigue lives,
and final crack lengths. In line with other fatigue studies of OBDs [1, 14, 215], the fatigue
criteria used in the current study are designated as:

Ni: Number of cycles corresponding to 10% strain range deviation observed at
4 mm from the lower end of the weld toe.

N,: Number of cycles corresponding to 25% strain range deviation observed at
4 mm from the lower end of the weld toe.

N3: Number of cycles corresponding to the First Visible Crack (FVC) observed by
the naked eye.

Ny: Number of cycles corresponding to an approximately 25 mm long surface
crack.

Ns5: Number of cycles corresponding to an approximately 50 mm long surface
crack.
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7.3. FATIGUE RESISTANCE

This section presents the evaluation of the fatigue resistances of detail C3a according
to [27] using the author’s own experiments and the results in the literature. The hot
spot stress range used in the experiments from the literature is defined either by mea-
surements or by validated FE models. It means that the results of the FE models used
in the hot spot stress assessment agree well with the reported measurements. Aoy is
calculated using the TS methodology [27]. The fatigue criteria N; to N5 introduced in
Section 7.2.5 are used as five possible criteria for fatigue evaluation.

Figure 7.13 provides the experimental results in S-N diagrams. The lines in the dia-
grams represent the exceedance fractions of 5%, 50%, 95% following the Basquin relation
with a fixed slope m = 3.00, where the statistical procedure of Annex D of EN 1990 is ap-
plied [177, 178]. In all cases, a constant amplitude fatigue limit, Np, is defined at 5 x 108
cycles. From Figure 7.13a to Figure 7.13f, one of the five criteria is used in each. Note that
the criteria designation used in the references is adjusted to match the criteria given in
Section 7.2.5. The year of the report, 1991, in [1] containing the experiments included in
the current statistical analysis is used when citing the comprehensive reference. More-
over, not all criteria are reported for all the experiments in the literature. A loosened Ny
with a surface length of 30 mm is used for [148] in Figure 7.13f as N5 is not available.
The failure criteria of N7 and N5 lead to Ao s of 76 MPa and 94 MPa, respectively. The
failure criterion of N3 leads to Ao s of 117 MPa with a standard deviation (s) of 0.27.
A clear bias is demonstrated between the experiments of Suganuma (2007) [154] and
the other experiments. This is because the magnetic particle method, instead of visual
control (the naked eye inspection), was used for crack detection in [154]. In the exper-
iments of Huang (2019) [149], progressively increased load levels with an interval of 0.5
million cycles were applied and the visibility of crack in the initiation stage was not re-
ported. The results in these two references are excluded from the statistical analysis. As
the standard deviations of the experiments for the other criteria are smaller, the standard
deviation of N3 is attributed to differences in inspection regime. The bias between series
for the other criteria is limited and the standard deviations of log(/V) are in line with that
of other welded details [169], despite the large differences in specimen geometry. This
demonstrates that the hot spot stress is rather independent of geometry and therefore
appropriate as a basis for the design of this detail. Ao g is rounded down to the nearest
standardised value of 112 MPa.

The relatively large difference between the failure criteria of N3 and N5 demonstrates
the relatively slow crack growth of the detail. The author considers the failure criterion of
N5, with an approximate surface crack length of 50 mm, appropriate for the assessment
of existing structures because it corresponds to a reasonable probability of the detection
of surface crack with the naked eye [125]. The corresponding Ao s is rounded down
to the nearest standardised value of 160 MPa. This relatively high resistance implies that
most existing bridge decks will pass the assessment for this detail.
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Figure 7.13: Statistical analysis for detail C3a using the authors’ own experiments and the results in the litera-
ture [1, 100, 148, 149, 154, 158] (results with mark “*” are excluded from the statistical analysis).

7.4. INFLUENCE OF THE LOAD POSITION ON THE HOT SPOT STRESS

The hot spot stress in OBDs depends not only on the load level, but also on the position
of loads (i.e. tyres of heavy vehicles) and on the support of the structure. The load ap-
plication and specimen supports applied in all experiments deviate from actual OBDs,
in order to simplify the experimental setups. This section examines the hot spot stress
for realistic boundary conditions of crossbeams and load positions by the FE method.
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In practice, crossbeams are connected to main girders, contrary to the fully supported
crossbeams investigated in Section 7.2.

The simplified FE simulations are therefore carried out with the crossbeams simply
supported at their edges. The component dimensions are equal to those of Section 7.2.3.
The 20-node quadratic brick element with reduced integration (C3D20R) is also com-
monly used in Abaqus [179]. The element type C3D20R gives higher strains than the
same number of elements using type C3D8R, see Appendix D.3. A more realistic fatigue
verification with higher stress caused by the wheel loading is carried out in this section
using C3D20R. The overall dimensions are adapted as shown in Figure 7.14. The red box
indicates the region of applied wheel loading. The tyre contact surface is equal to that
of a super single tyre in the Fatigue Load Model 4 of EN 1991-2 [80], i.e. 270 mm in the
transverse direction and 320 mm in the running direction. The applied load is equal to
the maximum wheel load applied to a super single tyre in the same fatigue load model,
i.e. 45 kN. The hot spot stress of the critical location, S5 S at Y = 0, is extracted from Path
1, Path 2, and Path 3. The Degree Of Bending (DOB) [216] is calculated by Equation (7.1)
where o, and oy, are the bending stress and the membrane stress at the weld toe cross
section, respectively.

DOB = [opl/(lop| +[0ml) (7.1)
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Figure 7.14: Overview of the FE model for the load position of S5 S connection (unit: mm).

Figure 7.15 shows the resulting Hot Spot Stress (HSS) and DOB at the previously men-
tioned three paths. Path 1 and Path 2 show similar results in HSS and DOB, whereas Path
3 gives smaller HSS. The largest absolute values of HSS are created for aload centred be-
tween approximately Y = 800 mm to 2000 mm, and X = -300 mm to -100 mm. The tensile
or compressive stress occurs depending on which side of the web the load is applied, ei-
ther S5 S or S5 N. Hence, the largest stress ranges occur if subsequent vehicles (or axles)
have a different transverse position on the bridge deck. The DOB is large, > 0.8, when
Ohs > 30 MPa or < —15 MPa. This agrees with the DOB in the experiments of Section 7.2.

The maximum HSS range from the current study is approximately 63 MPa. The fa-
tigue resistance curve in (pr)EN 1993-1-9 [16, 17] for such a detail has a slope m =5 for
the stress ranges lower than the constant amplitude limit, which is assumed at a number
of cycles equal to Np = 5 x 10°. A cut-off limit Ni, = 108 is designated below which the
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stress ranges of a variable-amplitude loading do not contribute to fatigue damage.

The fatigue resistances Ao s of 112 MPa and 160 MPa obtained in Section 7.3 have
constant amplitude fatigue limits Aop of 83 MPa and 118 MPa, and cut-off stresses Aoy,
of 45 MPa and 65 MPa, respectively. The maximum HSS range in the considered deck is
hence lower than the cut-off stress range proposed for the assessment of existing bridge
decks, and it is in between the constant amplitude fatigue limit and the cut-off stress
range for new bridge decks. This implies that the considered deck will pass the assess-
ment of detail C3a, and it will also be sufficient for most designs. Only in the case of very
heavily loaded bridges, a stronger deck might be required for detail C3a.
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Figure 7.15: Effect of the load position on the HSS and the DOB at the S5 S connection.
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7.5. EFFECTIVE NOTCH STRESS ASSESSMENT OF FATIGUE RE-
SISTANCE

A weld flank angle 6 = 45° is used in the simulations in Section 7.2. In practice, 6 de-
pends on the welding procedure. For instance, overhead welding may result in a convex
weld profile. The HSS is insensitive to the local weld geometry such as the flank angle.
However, it is known that the flank angle can influence fatigue resistance [17]. Therefore,
the influence of weld flank angle is examined by the Effective Notch Stress (ENS). The
sub modelling method available in Abaqus [179] bridges the difference in scale between
the local weld geometry (sub model) and the overall specimen geometry (global model).
The overall specimen geometry is the same as that of Section 7.2.3. The displacements
of the sub model are constrained to match the displacements of the global model at the
intersections. IIW recommends a notch radius R = 1 mm and local refined mesh at
the studied locations [23]. Both recommendations are applied in this study. Element
type C3D20R is used in the sub models. The outer (grey) and inner (green) parts have
element sizes of approximately 0.5 x 0.5 x 0.5 mm? and 0.2 x 0.2 x 0.2 mm?, respectively.
Figure 7.16 shows the sub models with three types of weld profiles. “Tie” constraints
connect the two parts [179].

Figure 7.16: Overview of the sub models used for the ENS (unit: mm).

The highlighted surfaces of the outer part are driven by the global model, as shown
in Figure 7.6. Type 1 represents the weld profiles with 8 = 30°, 45°, or 60°, which are all
within the requirements of prEN 1993-1-9 [17]. Types 2 and 3 represent the extreme cases
with 8 = 0° and 90°, respectively. Type 2 represents a post-weld grind treatment [2, 154],
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whereas Type 3 is considered to study the potentially detrimental effect of a large flank
angle, which might be a consequence of the limited space at the lower end of weld. Note
that the element size in the Type 2 detail model is larger than the other two types. This is
assumed not to affect the analysis as the transition between the weld and the base metal
is smooth, resulting in smaller stress concentrations.

Figure 7.17 shows the principal stress and the von Mises equivalent stress under the
load of 2 x 1 kN. The maximum principal stress criterion is more suitable than the von
Mises stress criterion for proportional loading [53]. Both criteria are presented for com-
parison. The maximum stress in the Type 2 detail is predicted on the weld profile with
a small shift to the free edge side. The models of Type 1 and Type 3 details predict the
maximum stresses in the transition region, at the corner of the lower end at the free edge
side. Interestingly, the Type 2 detail predicts a higher maximum stress for the 6 = 45°
flank angle than the other flank angles of 30° or 60°. This is attributed to a complex in-
teraction between the loaded stiffener and the crossbeam web. It is also observed that
the HSS calculated from the sub models is affected by 8. The Type 3 detail model predicts
a higher maximum stress than the other two.
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Figure 7.17: The ENS of detail C3a with 6 under the load of 2 x 1 kN (unit: MPa).

A scale factor, K¢y, is calculated by Equation (7.2) [34]. Either maximum principal
stress or von Mises equivalent stress is used for oep. Kep is, therefore, calculated using the
HSS from the sub models. The HSS is extrapolated following the white arrow direction
in Figure 7.16.

Ken =0en/0ns (7.2)

The predicted fatigue resistance of HSS, Ao ¢ s, can be obtained using the characteristic
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values of ENS, Aocen, as shown in Equation (7.3) with 225 MPa and 200 MPa for the
principal stress and the von Mises equivalent stress criteria [17], respectively.

Aochs = Aocen!/Ken (7.3)

Figure 7.18 compares the predicted Ao s With 8. As Ry is not available for the 8 = 0°
(Type 2) model, the values 166 MPa and 158 MPa are presented in hollow columns for
comparison only.

The scale factor Kep increases with 8 in the range of 0° to 45° and afterwards keeps
constant until 6 = 90°. The von Mises equivalent stress criterion gives lower K and
Aocns predictions than the principal stress criterion. The Aocps based on the ENS
ranges from 97 MPa to 115 MPa in the Type 1 detail, close to the statistical analysis ob-
tained values of 94 MPa and 117 MPa in Section 7.3 using the failure criteria of N, and
N3, respectively. Only 3% to 4% lower fatigue resistance results for 8 = 90° compared
with the 8 = 45° case. The results imply that, compared with the standard flank angle of
0 = 45°, a higher fatigue resistance is obtained for a smaller angle, whereas a larger angle
gives no significant reduction in the resistance.
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Figure 7.18: Ken and Ao s versus 0 for detail C3a.
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7.6. FATIGUE BEHAVIOUR OF DETAIL C3A CONSIDERING WRS

7.6.1. INTRODUCTION OF THE FE MODEL

Figure 7.19 shows the FE model for the welding simulation of the detail at the S5 S con-
nection. The brick element meshed part in the FE model presented in Figure 7.7 is used
for the welding simulation. The model is rotated upside down from Figure 7.6 with three-
dimensional displacement constraints, UX = UY = UZ = 0, applied at the top of the deck
plate (bottom in Figure 7.19). Symmetric boundary conditions are applied to Sides 1 and
3 (UX=URY=URZ=0), and Sides 2 and 4 (UZ = URX= URY =0). The FE model contains a
global model (in yellow) and a sub model 1 (in green, in short Sub 1) that are connected
by “tie” constraints [179]. The elements in Sub 1 are refined, whereas the elements in
the global model remain unchanged when “tie” constraints are used. The global model
has a size of 3200 x 5100 x 1000 mm? with the crossbeam located approximately in the
middle. Sub 1 consists of half of the lower part of one closed stiffener and part of the
crossbeam with dimensions shown in the close-up. At the weld toe, a flank angle 6 = 45°
and a local notch with a radius Ry = 1 mm are created, see Figure 7.16 for the geomet-
ric characteristics. The welding simulation procedure used in this section is the same as
the validated model as shown in Appendix D.4 where a fillet welded connection in the
literature [217] is studied. In Appendix D.4, the FE predicted WRS agrees well with the
experimental measurements.

| | Global model

] —
f‘* B sub modet 1 (sub 1)

Figure 7.19: FE model for the welding simulation of S5 S (unit: mm).

An uncoupled thermal-mechanical procedure is used for the welding simulation.
First, the thermal simulation is carried out to analyse the temperature distribution. Af-
terwards, the mechanical simulation is conducted for the deformation, the strain and
stress states by mapping the temperature distribution calculated from the thermal sim-
ulation to the mechanical model. In order to correctly map the nodal temperature ob-
tained in the thermal simulation to the mechanical simulation, same mesh and incre-
ments need to be used in the thermal and the mechanical models. The following sections
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introduce: the thermal and mechanical material properties (Section 7.6.2), the results
of the thermal simulation (Section 7.6.3), and the results of the mechanical simulation
(Section 7.6.4).

7.6.2. MATERIAL PROPERTIES IN THE FE MODEL

Figure 7.20 shows the thermal and mechanical properties of the mild strength structural
steel S355 used in the simulation which is adopted from [217, 218]. The elastic modu-
lus, expansion coefficient, specific heat capacity, thermal conductivity, and yield stress
show strong temperature dependence, see Figure 7.20. The bilinear hardening constitu-
tive model is used with the von-Mises yield criterion, Figure 7.20b. Note that the elastic
modulus and the yield stress are assumed to be constant when the temperature exceeds
800 °C and 1000 °C, respectively. The post heated (after cooling down) mechanical prop-
erties of the region that receives a maximum temperature exceeding 750 °C are assumed
to be affected [219]. The anneal temperature is fixed to 1300 °C [220], and the melt-
ing point is assumed at 1400 °C [217] (the maximum value shown in Figure 7.20). The
thermal conductivity is assumed to be 300 W/(m-° C) at 1400 °C to consider the fluid
flow [218, 221]. Moreover, the expansion coefficient is approximately assumed to be 0
for the weld filler when the temperature exceeds 550 °C. Note that the phase transfor-
mation is not considered in the simulation due to its insignificant effect on the WRS of
low carbon steel (e.g. S355]2) [221].
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Figure 7.20: Temperature-dependent material properties used in the welding simulation [217, 218].

7.6.3. THERMAL SIMULATION

WELDING PROCEDURE

Figure 7.21 illustrates the welding procedure in the simulation. 8-node linear brick dif-
fusive heat transfer elements (DC3D8) [179] are used with approximate element sizes of
45x45x45 mm?® and 2x2x 2 mm? in the global model and Sub 1, respectively. Local mesh
in the vicinity of the weld is further refined up to approximately 0.5 x 0.5 x 0.5 mm?3. The
welding is simplified into five steps. The welding speed is kept constant, 5 mm/s. The
welding is assumed to start from the location 10 mm away from the top of Sub 1 and
moves in a straight line for 55 mm (Step 1), and is followed by the corner welding (Step
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2). The torch then passes the lower end (Step 3) and the corner of the other side (Step 4).
Finally, the welding ends at the other side at the start height (Step 5). A total welding time
of 27 seconds is simulated. Results of seven locations, from a3 to b3, will be discussed in
the following sections.

Step 1

[Speed: 5mm/!

‘_I Inner surface

Step 2 : : Step 4
Speed: 5mm/s ‘\ Speed: 5mm/s
T=12.1% Step 3 Tris53s
Speed: 5mm/s Stiffener

Outer surface

Figure 7.21: Illustration of the welding procedure in the simulation (part of Sub 1).

HEAT SOURCE

Arc welding uses an electric arc from alternating current or direct current to generate
heat energy. At the torch location, the weld filler and the base metal are melted. When
cooling down, the originally separated parts are merged into one. Note that the filled
region after solidification is also called the region of Weld Metal (WM). One commonly
used heat source model is the double-ellipsoidal heat source model which was proposed
by Goldak [222], as illustrated in Figure 7.22. The model combines two half-ellipses with
dimensions ay (ahead of the origin) and a; (behind the origin) in the welding direction
(X-axis direction). b and c are the dimensions in the Y-axis and the Z-axis directions, re-
spectively. The volumetric heat flux g (heat per unit volume per unit time) of the welding
arc is distributed as defined by Equations (7.4) to (7.6) [221, 222]. In the welding simu-
lation, the local coordinate system in Figure 7.22 is transferred and rotated to the weld
surface as shown in Figure 7.23.

In the FE simulation, the weld filler is first deactivated. It is activated block-by-block
following the time increment. In the current study, one block is 5 mm long in the X-
axis direction in Steps 1 and 5, corresponding to one second of welding. Steps 2 and
4 contain 2 blocks. Step 3 contains 3 blocks. The blocks are also approximately 5 mm
long in Steps 2, 3, and 4. When a block is activated, an initial temperature of 1450 °C is
assigned to the elements in the block, which is immediately released. This procedure is
used to simulate the drop of melted weld filler. In the meantime, the double-ellipsoidal
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heat source is moved to the activated block.

Figure 7.22: Illustration of the double-ellipsoidal heat source model [222].

G, ,2,0) = 6\/§fo 673(x7v1f7x0)2/a?ef?)yz/bzefiizzlc2 (7.4)
atben/m
6v3

q(x’ ¥, 2, )= \/_er e—3(x—ut—xg)2/a;?'e—Syzlbze—Szzlcz (7.5)

arbeny/

where: The fraction of heat input in the front or the rear part sum to be 2 (f;+ f; = 2)
as assumed by the double-ellipsoidal heat source model [222]. The welding speed v,
welding time ¢, initial location x¢ determine the location of the double-ellipsoidal heat
source model. The heat input per unit time, Q, is calculated as:

Q=nUI (7.6)

The arc efficiency 7 is assumed as 0.85 for Flux-Cored Arc Welding (FCAW). Following the
technical specifications provided by the manufacturer, the current (I) and the voltage
(U) in the simulation are set as 300 amp and 30 volts, respectively.

Figure 7.23: Illustration of the local coordinate system of the double-ellipsoidal heat source model in a welded
connection.
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Table 7.3: Parameters of the double-ellipsoidal heat source model used in the welding simulation.

Variable  f¢ fr as ar b c
Value 0.67 1.33 15 30 6 6
Unit - - mm mm mnm mm

HEAT TRANSFER

The heat loss consists of the convection loss and the radiation loss. The convection-
induced heat flux, g, is modelled by the Newton’s equation, Equation (7.7), with a uni-
form film coefficient, h = 20 W/(m-° C).

qc = _h(Ts -Ta) (7.7)

where Ty and T, are the surface temperature and the ambient temperature, respectively.
The ambient temperature is assumed to be 20 °C in the current study.

The radiation-induced heat loss follows the Stefan-Boltzmann equation with a uni-
form emissivity coefficient of 0.7. Note that the steel-to-steel interfaces between the
global model and Sub 1, as shown in Figure 7.19, are assumed to have an emissivity co-
efficient of 1 to avoid the temperature discontinuity at the interfaces. Other physical
constants in the FE model are: absolute temperature (—273.15 °C), Stefan-Boltzmann
constant (5.67 x 108 W/(m? - K*)), and universal gas constant (8.314 J/(mol - K)).

RESULTS OF THERMAL SIMULATION

Figure 7.24 shows the first 200 seconds time history of the nodal temperatures (in degrees
of Celsius) at the designated locations. The maximum temperatures are observed near
a3 and b3, followed by a(b)0. The temperatures at the outer surface side (Figure 7.21)
are larger than the ones at the inner surface side (Figure 7.21). Note that the nodal tem-
peratures drop to ambient temperature after approximately 1000 seconds and keep con-
stant until the end of the simulation (the total cooling time exceeds 2000 seconds). Fig-
ure 7.25 shows the contours of the nodal temperatures (NT11) in the cross section at
location a(b)0 with the normal direction of the Z-axis during the welding time ranging
from 13.2 seconds to 20.4 seconds. The stiffener has received a maximum temperature
NT11 > 750 °C through the thickness. Note that the contour presented in Figure 7.25a is
discontinuous as the torch reaches location a(b)0 at 13.7 seconds and the region shown
in Figure 7.25a is behind location a(b)0. Figure 7.26 shows the region affected by high
temperature (in grey) including a simplified region with the size of 1 mm x 2 mm in front
of the weld toe at the lower end, which is used to define the region of heat affected zone
in Section 7.6.5.
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Figure 7.24: Time history of nodal temperatures at the critical locations of the welded connection during the

first 200 seconds (left) with close-ups during 10 to 30 seconds (right), see Figure 7.21 for the designation of the
locations.
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Figure 7.25: Nodal temperature distributions in the vicinity of the lower end with grey colour for NT11 > 750 °C
(cross section with the normal direction of the Z-axis and crossing location a(b)0).
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Figure 7.26: Region affected by high temperature (NT11 > 750 °C) designated in the FE model (in grey) accord-
ing to the welding simulation (unit: mm).

7.6.4. MECHANICAL SIMULATION

Same mesh as the heat transfer model is used, whereas the 8-node linear brick elements
with reduced integration (C3D8R) [179] are used in the mechanical model. Figure 7.27
shows the distribution of the WRS (the principal stress in absolute values o principal) at the
selected locations across the stiffener thickness. The stress perpendicular to the weld
toe is designated as the transverse stress (011). The stress in parallel with the weld toe is
designated as the longitudinal stress (022) in sub figures b, c, and d. dporm is the nor-
malised depth calculated using the distance divided by the stiffener thickness. High
Oprincipal UP to approximately 600 MPa is found at the outer surface side of location
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al, which decreases to the range from 300 MPa to 400 MPa when reaching the inner
surface side. At locations a3 and b3, the values remain approximately constant when
dnorm = 0.5. Locations a2 and b2 have close Gprincipal, Whereas the values at location
a(b)0 are smaller when 0.17 < dyorm < 0.83. The trend for o is similar but the values are
slightly smaller. o, has the maximum values at the outer surface side (in the range of
300 MPa to 400 MPa) which are 100 MPa to 250 MPa at the inner surface side, except for
locations a2 and b2 where smaller values are observed.
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Figure 7.27: WRS at the locations of interest across the stiffener thickness, s = 6 mm.
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Figure 7.28 shows 0 principal and o711 at three normalised depths along the Z-axis (3-
axis in the local coordinate system) at the lower end with a distance of 1 mm from the
weld toe. The WRS distribution is approximately uniform except for o1; at dporm = 1.0

(inner surface) where concentration occurs in the middle of the crossbeam centreline
(Z=0mm).
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Figure 7.28: WRS located 1 mm away from the weld toe at the lower end at the three normalised depths.

7.6.5. MECHANICAL RESPONSE UNDER THE CYCLIC LOADING INCLUDING
WRS

The WRS of S5 S after welding is analysed in Section 7.6.4. This section studies the me-
chanical response of S5 S under external cyclic loading considering WRS. The WRS calcu-
lated in Section 7.6.4 is introduced into the mechanical model as the “initial stress” [179]
with the mesh unchanged. One hundred cycles of loading are afterwards applied to Sub
1 in which the displacements at the intersections are driven by the results of AF =2 x 150
kN and AF =2 x 250 kN (see Figures 7.3 and 7.6) using the sub modelling method avail-
able in Abaqus [179]. After the one hundred cycles of loading, the loads are set to F =0
(unloaded status of the driving model).

CYCLIC CONSTITUTIVE MODELS

The cyclic mechanical behaviour is described by the combined hardening model with
three back stresses. Parameters of the cyclic elastic-plastic constitutive models are sum-
marised in Table 7.4. The values of the Heat Affected Zone (HAZ) and the Base Metal
(BM), using the structural steel S355J2+H as the BM in [223], are adopted in the current
study. The material properties of HAZ are assigned to the region affected by high tem-
perature (NT11 > 750 °C) as shown in Figure 7.26. The material properties of BM are
assigned to the remaining part of the model. Note that the WM is assumed to have the
same material properties as the HAZ. This simplified assumption is made because the
mechanical loading induced stress at the WM is relatively small and the performance is
insensitive to the plastic properties.
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Table 7.4: Parameters of the cyclic elastic-plastic constitutive models for the welded connection using the
structural steel S355J2+H as base metal in [223].

Parameter HAZ BM Unit
Elastic modulus (E) 195 197 [GPa]
Initial yield stress (g,0) 415.33 | 243.43 [MPa]
Poisson’s ratio (v) 0.3 0.3 [-1

Isotropic hardening magnitude for cyclic hardening (Qo) 8.95 13.37 [MPa]
Isotropic hardening rate parameter for cyclic hardening (b) | 32.20 26.81 [-]

Kinematic hardening magnitude for 1% back stress (C;) 78105 | 16268 | [MPa]
Kinematic hardening rate parameter for 1% back stress (y;) | 12808 | 168.9 [-]
Kinematic hardening magnitude for 2nd hack stress (Cy) 84330 | 635071 | [MPa]
Kinematic hardening rate parameter for 2" back stress (y,) | 1487.7 | 10850 [-]
Kinematic hardening magnitude for 3™ pack stress (C3) 34798 116551 | [MPa]

Kinematic hardening rate parameter for 3" back stress (ys) | 228.60 | 1343.6 | [-]

7.6.6. STRESS AND STRAIN IN CYCLIC MECHANICAL LOADING

Figures 7.29 and 7.30 show the loading history of the stresses and strains at the integra-
tion points of the first element and the second element from the weld toe at the outer
surface of stiffener (dporm = 0.0), located at a(b)0 under load ranges AF =2 x 150 kN and
AF = 2 x 250 kN, respectively. The applied force is normalised to Fyorm and presented
as well. Fjorm increases to the mean value of 0.55 in the first cycle, and then ranges
between 0.1 and 1.0 following the sine shape wave. When 1.00 < N < 1.25, 0principal,
OMises, and 011 are almost constant, see Figures 7.29a and b. oises is present for the
purpose of comparison. The values drop following the decrease in Fyorm when N = 1.25.
O principal first drops from 747 MPa to 400 MPa and then grows back to 747 MPa in one
cycle (AN = 1). o1 is slightly smaller than o pincipal and contributes as the dominant
stress component. o2» is smaller than o11. Aomises is between Agq; and Aoy, 033 is
constantly the smallest and close to 0 at the second element. Interestingly, €33 is very
close to €principal at the first element with values around 0.025. €pincipal and €33 are ap-
proximately constant in cyclic loading. At the second element, €1 is slightly smaller than
€principal With values approximately 0.015. €11 and €principal vary slightly in cyclic loading.
€27 is approximately -0.01 and almost keeps constant in cyclic loading in both elements.
It is noticed that €;; is approximately -0.015 at the first element. It indicates that the
welding induces local distortion at the weld toe.

Similar behaviour is observed for the stresses and strains under AF = 2 x 250 kN,
see Figure 7.30. One exception is that 02, dominates o principal at the first element, and
dominates G principal and o' Mises at the second element, both when Form < 0.25. 011 show
the sine wave shape change following the load when N = 1.25.
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Figure 7.29: Loading history of the stresses and strains in the first two elements in front of the lower end of S5
S, ab(0) at dporm = 0.0, under AF =2 x 150 kN.



7.6. FATIGUE BEHAVIOUR OF DETAIL C3A CONSIDERING WRS

181

1 800
PXOO 0 0 0 0 O O O O CEWOWEX, R i
0.9 . 720
F
norm
= © principal
% o Mises
o
%
' — %33
0.2F =160
0.1 <180
0 L L L L L L L L L L L 0
0 0.25 0.5 0.75 1 1.25 15 1.75 2 2.25 25 2.75 3
N T[]
(a) first element, stress
1r 800
091 41720
0.8 1640
F
0.7 560 norm
o o .
06 480 T principal
E05 400 & | © Tuises
2 ol AT
w04 320 ©
%
0.3 240
— %33
0.2 160
0.1 80
0 | . . L . | ! —_ . | 0
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 25 2.75 3
N []
(b) second element, stress
1 -0.03
0.9+ © Qang JGDGDADAEEC JEDEDADAENOIA0 () ()25
0.8 710.02
07f 10.015 Froom
T 06 S001 |0 fingpn
E05F 40.005 = |—¢€;
5 <
w-04r -0 €
0.3 —-0.005 ‘33
0.2f -0.01
01 71-0.015
0 L L L L L L L L L L L 7002
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 225 25 2.75 3
N[
(c) first element, strain
1 70.03
0.9} -0.025
0.8 0.02
07 M J0.015 Foom
06 7001 | O incipal
go.sf 70.005 = |— ¢y
W 04F -0 —
0.3 1-0.005 )
0.2F -0.01
0.1 <1-0.015
0 L L L L L L L L L L L 7002
0 025 05 075 1 125 15 175 2 225 25 275 3
N T[]

(d) second element, strain

Figure 7.30: Loading history of the stresses and strains in the first two elements in front of the lower end of S5

S, ab(0) at dnorm = 0.0, under AF = 2 x 250 kN.
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7.7. FATIGUE RESISTANCE PREDICTION CONSIDERING WRS

7.7.1. NOTCH STRAIN METHOD

Figure 7.31 shows the Notch StrAin (NSA) in the current experiments and the prediction
curves obtained in the literature [224, 225], in which the material parameters were ob-
tained using small-scale coupon specimens with WRS significantly released. The Ae;; of
the second element close to the weld toe is, as shown in Figures 7.29 and 7.30, is used
as Aeef. The earliest detected failure among Nj of each detail, as summarised in Ta-
ble 7.12, is defined as the crack initiation. The strain-based method covers both low and
high cycle fatigue, which can be used for the assessment under high strain (or stress)
levels. It is therefore adopted for the fatigue crack initiation prediction of detail C3a con-
sidering WRS, where the stresses close to the weld toe exceeding the yield values in the
current study. Note that the experiments in the literature used the load ratio R = -1,
whereas high stress ratios are observed at the weld toe in the current study as shown in
Section 7.6.5. Two types of predictions are therefore given following the assumptions:

e NSA 1: The compressive semi-cycle does not contribute to the fatigue crack initi-
ation. The effective strain range is equal to the tension range: A€cfr = A€tension-

* NSA 2: The complete cycle contributes to the fatigue crack initiation. The effective
strain range is equal to the sum of the tension and compression ranges: A€ef =

Aé€tension + A€compression-
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Figure 7.31: Comparison of the current experiments and the prediction curves used in [224, 225] for the fatigue
crack initiation using the NSA method.

NSA 1 gives a good prediction for the details in the current experiments, see Fig-
ure 7.31a. The curve based on Feng (2021) [224] gives excellent predictions for the crack
initiations (earliest detected value in Table 7.2) of S5 S and S6 S, whereas the predictions
using parameters from Wang (2023) [225] are slightly conservative. NSA 2 on the other
hand over predicts the fatigue crack initiations, Figure 7.31b. It can be concluded that
the effect of load ratio should be considered when using the NSA method. Note that BM
instead of HAZ in [224, 225] is used in the predictions as parameters for HAZ are currently
limited.

7.7.2. FATIGUE CRACK STATES ANALYSED BY AJ

INTRODUCTION

With the material degradation under cyclic loading, fatigue crack initiates from highly
stressed locations (weld toe here). The homogeneous material assumption is valid when
the crack size is larger than several grain [226], although the short crack propagation with
crack length at the grain size level is heavily dependent on the microstructure proper-
ties. Fracture mechanics becomes an attractive method to study the crack tip states and
analyse the crack propagation for the homogeneous material. Stress intensity factors in
conjunction with the Paris’ equation can be used for the fatigue propagation analysis
of long cracks within the Linear Elastic Fracture Mechanics (LEFM) framework. Rela-
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tively small plastic zone compared with the crack length is required which limits its ap-
plication for short cracks [227]. The LEFM is widely applied to fatigue life assessment
as the cracks smaller than approximately 0.5 mm may not be detected by typical non-
destructive testing methods [228]. However, high WRS exists in welded connections and
the initial crack sizes are normally assumed between 0.1 mm to 0.5 mm [23, 24, 34, 64].
The small plastic zone assumption may not be valid and the stress intensity factors cal-
culated based on the LEFM may not always be suitable for the short cracks. The cracking
driven parameters, e.g. cyclic J-integral AJ [72, 229] and Crack Tip Open Displacement
range (ACTOD) [230] can be used for both the linear elastic and the elastic-plastic situ-
ations [231]. Between them, A]J is naturally linked with AK: AKj = v E'-AJ [232] where
AKj is the J-integral based cyclic stress intensity factor. The effective elastic modulus
E' = E/(1 —v?) is calculated under the plane strain assumption, E and v are the elastic
modulus and the Poisson’s ratio, respectively. This section studies the crack tip states of
cracks with a depth from 0.05 mm (the approximate size of small intrusions at the weld
toe [233]) to 0.5 mm (practical detectable flaws size [34]). The elastic-plastic material
properties are used with the redistributed WRS implemented. The WRS is mainly redis-
tributed in the first cycle of loading as discussed in Section 7.6.6. The results at the end of
the calculations (driving model under the unloaded status) in Section 7.6.6 are therefore
used as implementation. Refined FE models with a local element size of approximately
0.025 mm are used. The crack is simulated using the element removal method.

AJ CALCULATION

Figure 7.32 illustrates the cyclic stress-strain states at the crack tip. Four zones (regions)
are identified, in which Zones 1 and 2 represent the elastic behaviour at the far-field re-
gion and the near crack tip region [65], respectively. In Zone 3, the plastic stage is reached
in the monotonic half cycle loading which is followed by the elastic cyclic behaviour. In
Zone 4, the yield value is reached under reversed loading and plasticity occurs.

Figure 7.32: Tllustration of the stress-strain response at the crack tip [65].
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Figure 7.33 illustrates the J-integral calculation in the vicinity of crack tip with the
grey part representing the process zone. The integral of strain energy density factor W
and traction force T; along the contour I are calculated by Equations (7.8) and (7.9) [63].
The J-integral is path independent and can be calculated by arbitrary contour, e.g. ',
rg, or 1“3.

The J-integral concept has been extended to cyclic J-integral (AJ) for fatigue crack
propagation analysis. AJ is calculated by Equations (7.10) and (7.11) [75]. AJ can be
calculated using either loading (A Jascend) OF unloading (A Jgescend) Stage if the crack keeps
open, see Figure 7.34. Note that the integral of cyclic strain energy density factor AW is
different from the range of the integral of the strain energy density factor W calculated
by Equation (7.9). Thus, AJ is not equal to the range of J-integral (maximum value minus
minimum value) but can be calculated by Equation (7.10) [75].

A

y
\\
\\
‘} > X

g

/

/
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Figure 7.33: Illustration of the contours in the J-integral calculation [63, 75].

_ Ou;
]—fr(Wdy T; P ds) (7.8)

where: .
W:f ]U,'jdfij (7.9
0
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Figure 7.34: Tllustration of AJ [72, 75, 229].

A .
A]:f (AW dy—AT,-Mds) (7.10)
T 0x

where:
Afij
AW=f Aoij dAgij (7.11)
0
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NUMERICAL CALCULATION OF AJ FOR S5 S

The numerical calculation of AJ for S5 S follows the flowchart presented in Figure 7.35.
Welding simulation is first conducted. Sub 1 is created afterwards to study the mechan-
ical response under cyclic loading considering WRS, as shown in Section 7.6. Sub model
2 (in short Sub 2) is then created with the partitions added in the model using the shapes
of elements in Sub 1. One partitioned region in Sub 2 represents one element in Sub 1,
whereas the mesh is refined. Partition by partition, the redistributed (after several cycles
of loading) WRS obtained from the element in Sub 1 is assigned to Sub 2 as the initial
stress. This means that all the elements within one partition have the same initial stress.
Fatigue crack propagation is afterwards simulated using Sub 2. Note that Sub 1 has been
built in the welding simulation step with coarse mesh than Sub 2 for the reason of re-
ducing the total number of elements in the welding simulation step in the current study.
This Sub 1 is used in the following steps.

Start ’

Welding simulation

.

Creation of sub
model 1 (Sub 1) Map residual stress
and cyclic material
properties to Sub 1

Global model
under cyclic
loading

Cyclic loading for
Sub 1

!

Creation of sub

model 2 (Sub 2) ;

Partition of Sub 2
same as the mesh
Crack propagation of Sub 1

analysis driven by

the displacements +
obtained from Sub 1 Map redistributed

residual stress from
Sub 1 to Sub 2

End

Figure 7.35: Flowchart of the numerical calculation of AJ for S5 S.
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Sub 2 is introduced at lower end of the weld with a size of 6.30 x 4.00 x 3.06 mm?, see
Figure 7.36. A notch radius Ry = 1 mm is designated at the weld toe, same as Sub 1. Sub
2is placed in the middle of Sub 1 (Z-axis direction), and consists of the coarse and refined
mesh zones which are meshed using 10-node quadratic tetrahedral elements (C3D10)
and 8-node brick elements (C3D8) [179], respectively. The refined mesh zone has a size
0f 3.00 x3.00 x 1.00 mm? with an approximate element size of 0.05 x 0.05 x 0.05 mm?. The
element sizes gradually change to 2.00 x 2.00 x 2.00 mm? in the coarse mesh zone. Spa-
tial displacements in three dimensions are applied at the highlighted red intersections
using the results from Sub 1 to simulate the cyclic loading. Fatigue cracking is assumed
to initiate from the middle of Sub 2 in the Z-axis direction, with a distance of 0.25 mm
away from the weld toe (half of the original element size). AJ is calculated using the
domain integral method, see Appendix D.5 for the verification of the method. In Ap-
pendix D.5, excellent agreement of the J-integral calculations between the Abaqus em-
bedded algorithm [179] and the author’s post process code is observed from the fourth
contour around the crack tip. Note that this comparison is carried out under the mono-
tonic loading where the findings are assumed to suit AJ. Contour 4 is therefore used to
calculate AJ in this section, see the highlighted white path as an example.
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Figure 7.36: Mesh modification of the FE models for the AJ calculation of S5 S (unit: mm).

The crack propagation is modelled by removing the elements in the cracked region.
The crack plane is assumed to be perpendicular to the stiffener surface with a semi-
circular shape a = ¢ (crack depth = half crack length) [72, 229] . Figure 7.37 shows the
triangular prism shape cracks modelled using hexahedron shape elements. The 5 x
10~* mm thick elements are removed step-by-step (from a = 0.05 mm and 2¢ = 0.10 mm
to a =0.50 mm and 2¢ = 1.00 mm) to simulate the surface crack propagation. The crack
propagates with increments Aa = 0.05 mm and Ac = 0.10 mm. In total 10 cyclic loading
are created for each step. In each load cycle, 40 fixed increments are set. AJ is calcu-
lated using the procedure introduced in Section 7.7.2. To keep consistent with the stress
intensity factor concept, AKj is calculated based on AJ.
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Figure 7.37: The crack shapes in the AJ calculation (unit: mm).
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AKj IN FATIGUE CRACK PROPAGATION
Figure 7.38 shows the values of AKj with crack depths a = 0.05 mm to a = 0.5 mm under
AF =2 x 150 kN or 2 x 250 kN. AKj grows rapidly when the crack depth increases from
0.05 mm to 0.1 mm, followed by a slower increase until 0.3 mm, and becomes almost
constant when the depth is between 0.3 mm and 0.5 mm. Note that the AKj calculated
in both phases are close, with the ascend phase slightly larger than the descend phase.
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Figure 7.38: Crack depth (a = 0.05 mm to a = 0.5 mm) versus AKj for S5 S under AF =2 x 150 or 2 x 250 kN.
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7.8. LONG CRACK PROPAGATION SIMULATION USING THE XFEM
WITHOUT WRS

This section simulates the long crack propagation of S5 S using the XFEM, starting from
the first measured crack in the experiment with a length of 10 mm. The stress intensity
factors at the crack front are calculated by the XFEM assuming LEFM. The simulation
starts with the first observed crack inspected by the naked eye. The crack is inserted into
the X)FE model. Afterwards, predefined load cycles are applied with the crack incre-
ment calculated by the Paris’ equation using the explicit forward Euler method. When
creating a new crack front, the curve fitting method is used to smooth the crack front as
some jitter is observed in the XFE calculations.

7.8.1. FE MODEL FOR THE LONG CRACK PROPAGATION

The global model for the long crack propagation has the same loading and boundary
conditions as described in Section 7.2.3. Figure 7.39 shows Regions 1, 2, and 3 created in
the FE model. Region 1 is meshed with element type S8R. Regions 2 and 3 are meshed
with element types C3D8R and C3D20R, respectively. The latter is meshed with refined
elements to improve the accuracy of stress intensity factor calculations. Element sizes
in the range from 100 mm to 0.25 mm can be found in the three regions as summarised
in Table 7.5. “Tie” constraints [179] are used to connect the three regions. A change
has been made for the local weld shape as shown in Figure 7.39. The weld leg length is
measured and the (X)FE model is adapted to the measured shape. The inserted crack is
1 mm away from the weld toe.

R
R
AR
SO

n ‘

Figure 7.39: (X)FE model for the long crack propagation of S5 S (unit: mm).

Table 7.5: Element type and size in the (X)FE model [179].

Region | Elementtype | Elementorder | Approx. element size [mm]
1 Shell, S8R 2 100
2 Brick, C3D20R 2 2
3 Brick, C3D8R 1 0.25
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Figure 7.40 compares the experimental measurement and the FE calculations at the
lower end of S5 S. The legends with titles “global” and “sub” are the results of the models
described in Figures 7.6 and 7.39, respectively. Note that in Figure 7.39, only the results
of Region 3 are extracted and presented. Strains perpendicular to the weld are extracted
at the lower end and two sides of the crossbeam web. Good agreement is observed for
both the global model and the model containing local regions. Strains along three lines
at the lower end are extracted from the latter. The strain ranges are close in these three
lines.
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Figure 7.40: Comparison of the experimental measurement and the FE calculations for S5 S under AF = 2 x
250 kN.

7.8.2. DISCONTINUITY MODELLING AND CALCULATION OF STRESS INTEN-
SITY FACTORS USING THE XFEM

Discontinuities in a FE model can be described by creating geometric discontinuities.

Refined mesh with rings around the crack front is normally used to guarantee the ac-

curacy of stress intensity factors calculation [191]. This causes the inconvenience when

cracks need to be updated frequently. The XFEM was proposed in 1999 [234] and be-

comes popular as remesh is not needed in the XFEM for the update of cracks. En-
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riched functions are added to the selected region with the jump function H(x) across the
crack surface and the associated elastic asymptotic crack tip function F,(x), see Equa-
tions (7.12) to (7.14) [179]. Equation (7.14) is only suitable for linear elastic materials.
Figure 7.41 gives an illustration of the cracked area, the node and element types in an
XFE model. Three types of nodes and four types of elements are used in the calculation.
In Abaqus, the enriched region can be directly selected in the definition of crack [179].

The Level Set Method (LSM) is used to define the crack surface and front in the XFEM
as shown in Figure 7.42. Arbitrary crack geometry and its growth can therefore be de-
scribed without remeshing. The crack surface and the orthogonal surface are described
with ¢ = 0 and W = 0, respectively. The normal directions to crack surface and front are
represented by n* and m*, respectively.

K, Kj1, and Kjpp can be calculated using the interaction integral method [179, 235].
The contour integral calculation can only be applied to first order brick elements. In
Section 7.8.1, type C3D8R elements are applied in Region 3. Note that the accuracy
of stress intensity factors depends on element sizes, crack paths, the number of con-
tours etc. Based on previous experience [236], elements with sizes 0.2 to 0.3 mm and 10
contour integrals provide satisfactory results. The averaged values of contours 6 to 10
with an approximate element size of 0.25 mm in the enriched region are therefore used
in this calculation.

N 4
u:ZNi(JC) u;+Hx)a; + ZFa(x)b;x (7.12)
i=1 a=1
_J 1 ifxx")n=0,
G = { —1 otherwise. (7.13)
inc? 0 . .6 ) 0
Fa(x) = \/FSIH(E),\/?cos(E),\/F&n(H) s1n(§),\/731n(9) cos(z)] (7.14)

Where:

u: displacement vector function.

Nj(x): the usual nodal shape functions.

H(x): discontinuous jump function across the crack surfaces.

b;?‘, Fq(x): the nodal enriched degree of freedom vector and the associated elastic asymptotic crack tip functions.

X, X", n: nis a Gauss point in a cracked element, x* is the point on the crack closest to n,
and n is the unit outward normal to the crack at x*.
(r,0): polar coordinate system with its origin at the crack tip with 8 = 0 tangent to the crack at the tip.
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Asymptotic enriched nodes

Heaviside enriched nodes

Standard elements
Crack-tip elements
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Blended elements

Figure 7.41: Tllustration of the node and element types in the enriched region of XFEM, an example of the
cracked area with enriched nodes and elements [237].

Orthogonal surface (¥=0)
Crack surface (¢=0)

Crack front (intersection of ¥ and ¢)

Figure 7.42: Schematic representation of a three-dimensional non-planar crack [179].
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7.8.3. CRACK PROPAGATION SIMULATION USING THE XFEM

The stationary crack insertion and the stress intensity factors calculation can be achieved
using the XFEM function in Abaqus [179]. However, the three-dimensional fatigue crack
propagation using the Paris’ equation is not available in the employed 2019 version of
Abaqus [179]. An “in-house” Python code is therefore developed to update cracks un-
der cyclic loading using the Paris’ equation. Figure 7.43 presents the flowchart of the
user-defined crack propagation procedure.

. SIFs from Abaqus

’ Determine local coordinate ‘

l

’ Crack propagation (Aa, AN) ‘

No
Insert a crack

Evaluate contour
integrals

Update the crack

— ’ New crack geometry ‘

’ Determine new coordinate ‘

Figure 7.43: Flowchart of the long crack propagation calculation using Abaqus with the “in-house” Python

“ym

code ( “a” can be either crack depth or length).

When the crack size does not exceed the critical value, the crack is inserted into the
XFE model. The stress intensity factors along the crack front are calculated using the
XFEM. The number of cycles in the increment, AN, is predefined. The correspond-
ing crack front increment, Aa, is obtained following the Paris’ equation. The details of
the crack update on the right of the flowchart are illustrated in Figure 7.44 using semi-
elliptical crack as an example.
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¢ °
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Figure 7.44: Illustration of a semi-elliptical crack update using the “in-house” Python code.




7. WELD TOE CRACK IN STIFFENER AT THE LOWER END OF CROSSBEAM-TO-STIFFENER
196 WELDED CONNECTION WITH CUT-OUT (C3A)

Six steps applied in the update are shown below:

e Step 1: The values of the global coordinates for all dots along the crack are ob-
tained.

e Steps 2 to 4: The extension values for each dot in the global coordinate system (X,
Y, Z) are calculated using the values transferred from the local coordinate system
X,Y,Z).

¢ Step 5: The locations of the dots are updated as shown in the empty circles.
e Step 6: The new crack is obtained after smoothing the crack front.

This paragraph describes the crack propagation calculation using the Paris’ equation.
The increment of the crack front at a point can be described using Equation (7.15). The
crack propagation is divided into small increments. An explicit or implicit Euler method
is used in the increment. Non-conservative and conservative results may be predicted
based on the explicit and the implicit extrapolation, respectively. The effective stress
intensity factor range AKg¢r is calculated by Equation (7.16) [238]. The Maximum Tan-
gential Stress (MTS) criterion available in Abaqus is used to calculate the angle of the
three dimensional crack propagation 0 at the crack front, see Equation (7.17) [179]. Note
that the calculated 6 is based on the local coordinate system at the crack front. A transfer
from 6 to the crack extension length Aa and the angle in the global system ¢ needs to be
carried out for the crack propagation of the whole crack front.

Aay = ANy - C - (AKegt, 1/ 1)) ™ (7.15)

AKefr = \/ (AKD* +8(AKp)* (7.16)
| 3K+ K"+ 8K2 K
(7.17)

Ki* + 9K}

0 =cos™

Where:

C, m: material properties in the Paris’ equation.

Aay: crack increment at step k.

ANy: number of cycles responsible for Agy.

AKefr k/(k+1): effective stress intensity factor range at the crack front of step k or k+1.

AKq: stress intensity factor (range) corresponding to the mode I crack.
AKqjy: stress intensity factor (range) corresponding to the mode II crack.

@ crack propagation angle calculated based on the local coordinate system.

7.8.4. PREDICTION OF THE LONG CRACK PROPAGATION FOR S5 S

This section shows the XFEM predictions for S5 S. The calculation starts from the first
measured crack 1’-1" and ends with a surface crack approximately 50 mm long. The
explicit Euler method is applied in the calculation with the increment of the number
of cycles in each step defined ranging from 5,000 to 10,000. Material properties: C =
3.98 x 10713 (in millimetre and Newton) and m = 2.88, are used [24]. Tt is assumed that
the crack is sufficiently long and propagates in the base steel.
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Figure 7.45 compares the crack path of S5 S predicted by the XFEM and measured
from the experiment. The initial crack length is defined at points 1" and 1’ with a depth
of 1 mm in the stiffener thickness direction. Good match of the crack path is found
between the XFEM prediction and the experimental measurement. In total, 19 steps
are calculated with numerical values summarised in Table 7.6.
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Figure 7.45: Comparison of the XFEM prediction and the experimental measurement for the crack path of S5
S (unit: mm).

Figure 7.46 shows the three dimensional crack shapes predicted by the XFEM in the
top and the isometric views where the coordinate system is defined as in Figure 7.45.
In the Y-axis direction, a relatively quick increment is found from step 0 to step 3. The
growth rate slows down afterwards. When the step numbers are larger than 10, slow
increments can be seen in the depth direction. For the crack length (in the X-axis di-
rection), a similar trend is observed, whereas the difference in the propagation rate is
smaller. The crack rotates towards the horizontal direction (in the X-Y plane) during the
propagation period, see Figures 7.45 and 7.46b.

Figure 7.47 shows the fatigue life calculation based on the Paris’ equation. Various
values of C are used to check the possible effect of the material properties on the fatigue
life. The predefined value C = 3.98 x 10~ gives a conservative prediction, whereas the
results of C = 2.00 x 10~!3 match the experiment well. Note that the crack propagation
rate of the base steel is experimentally obtained using the compact tension specimens
manufactured from the stiffener web of the full-scale specimen, see Appendix C.2. The
compact tension experiments are loaded in fatigue with the load ratio R =0.1 or R = 0.5,
resulting in 2.00 x 10713 < C <3.00x 1073 with R = 0.1. This indicates that the long crack
propagation of S5 S is independent of WRS as the propagation rate is close to the values
with R =0.1.
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Figure 7.46: Three dimensional crack shapes predicted by the XFEM for S5 S (unit: mm).
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Figure 7.47: Effect of the material parameter C on the fatigue crack prediction for S5 S.
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Table 7.6: Crack increment in the XFEM prediction for S5 S (Aa is the crack increment at surface).

Step AN N Aa [mm] | Cracklength [mm]
0 - 88,900 - 17.78
1 10,000 98,900 0.88 18.66
2 10,000 | 108,900 2.18 20.84
3 7,100 | 116,000 2.63 23.47
4 5,000 121,000 3.12 26.59
5 5,000 126,000 2.63 29.22
6 5,000 131,000 2.14 31.36
7 5,000 | 136,000 2.45 33.81
8 5,000 | 141,000 2.11 35.92
9 5,000 | 146,000 2.25 38.17
10 5,000 151,000 1.79 39.96
11 5,000 156,000 2.11 42.07
12 5,000 | 161,000 1.65 43.72
13 5,000 | 166,000 1.72 45.44
14 5,000 | 171,000 1.64 47.08
15 5,000 176,000 1.48 48.56
16 5,000 181,000 1.45 50.01
17 5,000 186,000 1.38 51.39
18 5,000 | 191,000 1.1 52.48

7.9.2" STAGE MODEL
BACKGROUND

Sections 7.7 and 7.8 study the crack initiation and the short crack propagation consid-
ering WRS, and the long crack propagation without WRS, respectively. The NSA in con-

junction with the € — N curve, and the fracture mechanics (either EPFM or LEFM) in

conjunction with the (modified) Paris’ equation are applied, respectively. Three phases
are, therefore, defined as shown in Figure 7.48:

g

g

g

1. NSA

2. EPFM

3. LEFM

g

Figure 7.48: Illustration of the three phases and the corresponding methods in fatigue analysis.

1. The crack initiation prediction using the NSA method. The damage of the first

g

g

grain to several grains size is designated as the crack initiation.
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2. The short crack propagation analysis with relatively large-scale plasticity in front
the crack tip using the EPFM and the modified Paris’ equation. The WRS and
cyclic material properties at the studied region should be defined, e.g. the material
model of HAZ.

3. The long crack propagation analysis starts with the small-scale yield assumption
at the crack tip using the LEFM and the Paris’ equation. The WRS may be included
if it is significant.

INTRODUCTION OF THE 2% STAGE MODEL

A 2% stage model is therefore proposed as a general methodology for realistic (accurate)
fatigue life prediction covering from the crack initiation to the long crack propagation.
The 2* stage model is an improvement of the 2 stage model [71]. The 2 stage model as-
sumes a crack depth to connect the NSA and the LEFM, which has the limits in mechan-
ics by nature of being specific. Full range fatigue analysis can be carried out based on
the three phases. The (numerical) framework for the application of the 2* stage model
for (but not limited to) welds is summarised as shown in Figure 7.49:
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2N (in log) |:| BM

TG AJascend Step 7 N
.
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“ ‘

o
Plastic region

Plastic region

Figure 7.49: lllustration of the flowchart for the 2* stage model.

Step 1. Identify the geometric characteristics, initial stress states and notches at the criti-
cal location, e.g. the weld toe.
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Step 2. Create the FE model including the local characteristics and execute the welding
simulation to predict WRS.

Step 3. Identify the HAZ, BM, and WM, and apply the corresponding material properties
to these three distinct regions.

Step 4. Apply cyclic loading and obtain Ae at the critical (crack initiation) location, im-
plicit FEA, considering the calculated WRS (element-to-element map the results
of Step 2 to the cyclic loaded model) using different constitutive models for the
HAZ, BM, and WM.

Step 5. Predict the crack initiation using the stabilised Ae at the critical location and the
€— N curve.

Step 6. Execute the short crack propagation calculation using the EPFM with AJ consider-
ing the redistributed WRS (stabilised after the cyclic loading in Step 4). The crack
closure can be considered by A Je using the calculated stresses and strains when
the crack is open.

Step 7. Execute the long crack propagation calculation using the LEFM with AK until the
fracture criterion is reached. The WRS can be considered either by the weight func-
tion method or excluded when the crack is sufficiently long and away from the
weld. The stress ratio and the overloading can be considered, e.g. by the Walker’s
correction [76] and the Wheeler’s model [77, 78].

The 2* stage model is developed to give a framework for fatigue analysis, by address-
ing the most relevant parts in a crack lifetime. The methodology is checked and gives
insights to the full range of fatigue analysis. The 2% stage model accurately shows the
strain states at the critical location. The crack initiation prediction is based on the realis-
tic material performance of the detail. If the secondary notch is negligibly small, the NSA
method should be used to predict the grain scale cracking. If the secondary notch is de-
tected and cannot be ignored, the prediction should start from the short crack, where the
EPFM with AJ is adopted. In both cases, WRS should be implemented and the accurate
cyclic elastic-plastic material properties should be defined in the corresponding regions.
With the crack growth, the small-scale yield assumption at the crack tip becomes valid
and the LEFM is used for the long crack propagation until failure. As a practical solu-
tion, the WRS may be considered by the weight function method. An alternative option
is to exclude the WRS if it is sufficiently redistributed and does not affect the crack prop-
agation. Note that the accuracy of prediction will be improved with detailed geometric
characteristics of the weld and material properties.

The 2* stage model overcomes the limits of the ENS method where the WRS and
material properties in welds are uniformly treated for all cases.

The welding simulation provides quantitative WRS based on the identified region
that is affected by high temperature. Boundaries of HAZ, BM, and WM regions can
therefore be obtained. The cyclic elastic-plastic material properties are used for the re-
gions with the WRS quantitatively implemented into the model. The realistic material
response under cyclic loading is studied to obtain the stabilised stresses and strains in
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the cyclic loading for the crack initiation prediction. This is not considered by the 4R
method [66], LEFM method [23, 24, 64], UniGrow model[68-70], and 2 stage model [71].

The EPFM on one hand covers the situations where secondary notches cannot be
ignored, and also bridges the NSA method (crack initiation) and the LEFM method (long
crack propagation). It overcomes the limits of using an assumed crack depth used in the
2 stage model to connect the crack initiation and propagation. The EPFM studies the
behaviour of short crack with WRS implemented in order to connect the crack initiation
to the long crack propagation. The effect of mean stress and the crack closure in the
short crack propagation stage can be considered by the EPFM.

A complete framework is thus established for the full range fatigue analysis, starting
from the crack initiation until final failure with a smooth transition considered using the
EPFM.

7.10. SUMMARY OF THE CHAPTER

Examination of the fatigue behaviour of the lower end of the weld in the connection
between the crossbeam and stiffener with cut-out is presented in this chapter. This con-
struction detail was not included in either the first or the second generation of

(pr)EN 1993-1-9 [16, 17]. Eight independent experiments obtained from one full-scale
specimen are loaded in fatigue. The fatigue resistances are determined based on the ex-
periments in the current study and 27 other experiments found in the literature. The
study has led to the following conclusions and recommendations:

» The bias in fatigue resistance between different series is small for most evaluated
cases, despite the significantly different specimen geometries applied in different
series. This confirms that the hot spot stress can be used as the basis for evaluating
the fatigue resistance of the detail of study for a wide range of geometries.

e Relatively slow crack growth is observed for this detail, which is attributed to the
crack growing away from the weld, i.e. towards a region with smaller stress-raising
effect. This implies that the fatigue resistance from the experiments depends sig-
nificantly on the criterion used for evaluation. The current study evaluates the
fatigue resistance for the criteria ranging between the first deviation of the strain
ranges measured with strain gauges and a crack length of approximately 50 mm.
The corresponding characteristic fatigue resistance values of hot spot stress, de-
fined with the 95% exceedance fraction at 2 million cycles, range between 76 MPa
and 166 MPa, respectively.

» For the design of new bridge decks, the author considers a crack that is first visu-
ally observed as a proper evaluation criterion for fatigue resistance, as a balance
between full structural integrity (not compromising the load-bearing resistance)
and relatively high fatigue resistance (allowing for relatively low weight of the com-
ponents). The associated fatigue resistance is 112 MPa (rounded-down value), re-
sulting from the 14 available experiments for this criterion.

¢ An additional S-N curve is proposed for assessing existing bridge decks. The au-
thor considers a surface crack with an approximate length of 50 mm appropriate
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as a criterion for this case because it corresponds with a reasonable probability of
the detection of surface crack with the naked eye [125]. The associated fatigue re-
sistance of 160 MPa resulting from 10 experiments is relatively high. This implies
that most existing bridge decks will pass the assessment for this detail.

In the geometry analysed in the current study, the configuration includes 6 mm
thick trapezoidal closed stiffeners with Haibach shape cut-outs and 16 mm thick
crossbeam webs, the maximum hot spot stress range obtained at detail C3a for the
highest wheel load applied to a super single tyre of the Fatigue Load Mode 4 in EN
1991-2 [80] is approximately 63 MPa. Using the S-N curve format of Eurocodes,
the constant amplitude fatigue limit is 83 MPa and the cut-off value is 45 MPa for
the proposed design resistance curve. These values do not account for the partial
factors. The maximum stress range of Fatigue Load Model 4 is between these val-
ues. This implies that a modified geometry than the one studied here might be
required for very heavily loaded bridge decks, whereas the design is expected to be
sufficient for more common, moderately loaded bridge decks.

The effect of weld flank angle is studied using the effective notch stress. The effec-
tive notch stress with a flank angle 6 = 30° is approximately 18% smaller than the
value with a flank angle 8 = 45°. The effective notch stress is almost equal between
0 = 45° and 90°. Within the requirements of prEN 1993-1-9 [17] (30° < 6 < 60°),
the effect of weld flank angle on fatigue resistance is hence limited.

The predicted fatigue resistance for the hot spot stress, as derived from the effec-
tive notch stress method ranges from 97 MPa to 115 MPa. This prediction is close
to the statistical analysis of the experimental results at the onset of cracking, which
ranges from 94 MPa (for the criterion of 25% drop of the strain range at 4 mm dis-
tance from the weld toe) to 117 MPa (first visible crack).

The finite element model gives welding-induced residual stress perpendicular to
the weld toe up to approximately 550 MPa at the outer side of the stiffener, which
drops to 300 MPa to 400 MPa at the inner side. At the lower end of the weld,
the region in front of the weld toe experiencing a maximum temperature exceed-
ing 750°C during the welding has a size of 2 mm x 1 mm (the stiffener thickness
directionx the direction perpendicular to the weld toe at surface).

The notch strain method accurately predicts the fatigue life of the author’s three
experiments with the earliest failure detection criterion of either 10% or 25% devi-
ation in the strain range at 4 mm distance from the weld toe, or first visible crack.

The AJ based stress intensity factor range (AKj) is successfully applied to S5 S de-
tail with the crack depth a increasing from 0.05 mm to 0.5 mm. AKj grows rapidly
with a increasing from 0.05 mm to 0.1 mm, then increases with a less steep slope
until a = 0.3 mm, and afterwards keeps almost constant until @ = 0.5 mm.

The long crack propagation without residual stress can be predicted using the ex-
tended finite element method available in Abaqus [179] in combination with the
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Python code. An approximately linear relation with the cumulative number of cy-
clesis found for the crack length propagating from 10 mm to 52 mm. The extended
finite element method predicted fatigue lives are approximately 20% lower than
the experimentally measured ones. Possible reasons are: the assumption of initial
crack depth, the simulation of local fillet weld shape and the effect of rolling direc-
tion on fatigue propagation rate. It is found that the effect of residual stress on the
long crack propagation of the studied crack is limited.

e A 27 stage model is proposed by the author based on the full range fatigue analysis
using the notch strain method for the crack initiation, the elastic-plastic fracture
mechanics for the short crack propagation, and the linear elastic fracture mechan-
ics for the long crack propagation using the finite element method as an improved
model of the 2 stage model [71]. The welding-induced residual stress is quanti-
tatively implemented into the cyclic loaded model element by element using the
results from the welding simulation. The realistic material properties of heat af-
fected zone, base metal, and weld metal should be used to calculate the strain
range at the critical location for the crack initiation with potential stress and strain
redistribution taken into consideration. The elastic-plastic fracture mechanics us-
ing AJ with the modified Paris’ equation is used for the short crack propagation
with the (redistributed) welding residual stress. Finally, the long crack propaga-
tion is analysed using the linear elastic fracture mechanics with the (improved)
Paris’ equation. The residual stress may be taken into consideration by the weight
function method or ignored if it is sufficiently released. The 2* stage model is able
to realistically study the state of crack initiation considering the welding residual
stress and the weld toe radius. An accurate (smooth) transition between the crack
initiation and the long crack propagation is obtained using the elastic-plastic frac-
ture mechanics instead of the sharp transition using an assumed crack depth in
the 2 stage model [71].
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8.1. CONCLUSIONS

This dissertation studies the fatigue behaviour of six types of welded connections in
modern Orthotropic Bridge Decks (OBDs) mainly based on a full-scale specimen with
a 20 mm thick deck plate. Additional experiments on single connections (350 x 200 x
200 mm?3) are carried out for stiffener-to-deck plate weld between crossbeams. The Hot
Spot Stress (HSS) is used to predict the resistance of the weld toe crack or the weld root
crack that propagates into the base metal. The Nominal Stress (NS) is used for the weld
root crack in double-sided welded connection that propagates into the weld throat. The
Structural Stress (SS) calculated from the axial force and the bending moment is used
for the root crack in single-sided welded connection. Higher fatigue resistances than
the standardised value of 100 MPa (weld toe) or 40 MPa (weld root) in prEN 1993-1-
9: 2023 [17] are obtained for the studied details. This is mainly due to combinations of
steep stress gradients towards the hot spots, the possibility to redistribute loads from a
weakened component to adjacent parts, loaded in cyclic compression or out-of-plane
bending or in a combination of the two, relatively thin plate thickness of stiffener, and
strict requirements for the geometry of the weld between stiffener and deck plate. Us-
ing the author’s experiments and the results in the literature, detail categories are es-
tablished for design purposes, which were used as input for the Technical Specifica-
tion TS 1993-1-901 “Fatigue design of orthotropic bridge decks with the hot spot stress
method” [27]. In addition to the main failure criterion of the First Visible Crack (FVC),
various fatigue criteria are used in this study to provide a flexible framework for the life-
cycle assessment of OBDs, each resulting in a set of S-N curves for each studied detail.
The effects of plate thickness, Degree Of Bending (DOB), Partial Joint Penetration (PJP),
fatigue crack propagation rate, crack arrest, and weld profile on the fatigue resistance or
behaviour are analysed using the local (stress, strain, or energy) methods or the Linear
Elastic Fracture Mechanics (LEFM).

Welding simulation is carried out for one detail. The Welding Residual Stress (WRS)
obtained from Finite Element (FE) simulations is studied and implemented for fatigue
life predictions. The Notch StrAin (NSA) is used to predict the crack initiation, which
agrees with the experimental results. The Elastic-Plastic Fracture Mechanics (EPFM) is
adopted for the short crack where the small-scale yield assumption is invalid. Finally,
the framework of the 2* stage model is established in combination of the NSA, EPFM,
and LEFM for spanning all stages of fatigue life. An overview of the applied methods for
the studied details can be found in Figure 1.4. The main conclusions are summarised in
Sections 8.1.1 and 8.1.2.

8.1.1. FATIGUE RESISTANCES OF THE STUDIED DETAILS

The results of this study were used as input for prTS 1993-1-901 [27]. Table 8.1 presents
modified tables included in prTS 1993-1-901 of the details studied in this dissertation.
The HSS method is used for details C2a, Cla, Clc, and C3a, the SS method is used for de-
tail C2b, and the NS method is used for detail C4d. Table 8.1 summarises the fatigue
resistances obtained from this study and the corresponding detail categories in prTS
1993-1-901 [27]. The characteristic fatigue resistances Aoggsg (95% exceedance fraction
at 2 million cycles) are obtained by statistical analysis with the fixed slope parameter
m = 3 (fully informative prior), in line with (pr)EN 1993-1-9 [16, 17]. The standardised
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characteristic fatigue resistances Ao are the values used in prTS 1993-1-901 [27].

Detail Description Ao Ny N, | m, | m, |Detail category requirements
iffener-to-deck pl; 1 1
st en.er t.o deck plate weld, weld toe 160 5x10° [ 10°[ 3 5 [Automatic or (overhead) manual weld
crack in stiffener
Stiffener-to-deck plate weld, weld 140 10x10°]| 10| 3 | 5 |Automatic weld
root crack in weld 100 10x10°] 10%| 3 5 |(overhead) manual weld

1
!
I s
!

Detail Description Ao Ny N, | m, | m, |Detail category requirements
Stiffener-to-deck plate weld, weld toe 125 5x10° | 10°| 3 5 [tq>14mm
crack in deck plate 140 sx10° | 10°] 3 5 |10mm <ty <14mm

Detail Description Ao Ny N | m, | m, |Detail category requirements

@ Stlffen.er-to-deck plate weld, weld root 170 s0x10°| 10°| 3 5 e, 14mm
crack in deck plate at crossbeam

Execution requirements

Fit between plates: either h ;=0 mm for 290% of weld length; and
h1<0.5 mm for <10% of weld length;
or hy<2mm.
Lack of penetration h,=1,0mm+/-0,5mm
Extension of weld hy=ts+/-1mm

hy=ts+/-1mm
Weld geometry Melt through at inner side of the stiffener is not allowed.

Smooth weld toe transitions required.
Preparation Chamfer stiffener web.
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Detail Description Ao Np N, | my | m; |Detail category requirements
Crossbeam-to-stiffener weld at 6 5 . . .
stiffener bottom, weld root crack 50 10x10°| 107 3 5 [Fillet or partial penetration weld

Detail Description Ao Np Ny | m; | m, |Detail category requirements

Crossbeam-to-stiffener weld, weld toe

crack in stiffener at lower end of the 112 5x10° | 10°| 3 | 5

weld

\

Execution requirements

Partial penetration weld without cut-out:
Weld flank angles 135°< B <150°
120° <y <135°

With cut-out:

Weld flank angles 135° < <150° (at weld end < 135°)
120°<y <135° (at weld end 2 135°)

Preparation Chamfer crossbeam web

Figure 8.1: Detail categories studied in this dissertation, reprinted in a modified version from prTS 1993-1-
901 [27].
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Table 8.1: Summary of the fatigue resistances obtained from this study and the detail categories in prTS 1993-

1-901 [27] (unit: mm or MPa).

Detail Method | Equation Source Aogsq Aoc in [27]
C2a HSS (8.1) Figure 3.13a 158 160
C2b (automatic weld) SS 8.2) Figure 3.13b 158 140
C2b (manual weld) SS 8.2) Figure 3.11b 106 100
Cla (14 <1t3=30) HSS 8.1) Figure 4.23 141-125 125
Cla(10<stg<14) HSS 8.1) Figure 4.23  149-141 140
Clc(10=st3<12) HSS (8.1) Figure 5.15¢c 167 170
C4ad NS (8.3)-(8.5) | Figure6.21c 50 50
C3a HSS (8.1) Figure 7.13¢ 117 112
Aonhs=1.5-Acg5:—0.5-A05¢ 8.1)
AUM:b-aWer-aﬁ,(AMJFAF.e) (8.2)

Figure 8.2: Illustration in prTS 1993-1-901 [27] for defining the SS in single-sided partial penetration welded

connection.

where:

Aown =A0pn+A0mn

A AM
Opp= ——
D0 e+ fep) D
AF
A0 mn

(8.3)

(8.4)

(8.5)
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The variables ¢, ay, ty and b are the thickness of plate (deck plate #g, stiffener #;, or
crossbeam fp), the thickness of weld throat in single-sided partial penetration welded
connection, the effective thickness of weld throat in welded connection, and the width
of detail used in calculation, respectively. The eccentricity, e, can be calculated using a,
and #; as shown in Figure 8.2.

The HSS range Aoy is calculated by the linear extrapolation of the stresses normal to
the weld from locations 0.5¢ and 1.5¢ away from the hot spot (weld toe) to the hot spot,
see Equation (8.1). The SS range in single-sided partial penetration welded connection
Aoy is calculated by Equation (8.2) using the force pair of the bending moment range
AM and the axial force range AF at the weld root, which are obtained from FE simula-
tions. The NS range of weld throat Aoy, consists of the nominal bending stress range
Ao, and the membrane stress range Aom,n both in the weld throat, see Equations (8.3)
to (8.5).

8.1.2. FATIGUE PERFORMANCE OF THE STUDIED DETAILS

DECK PLATE THICKNESS

The deck plate thickness not only affects the stress values at the crack initiation location
but can also influence the crack propagation path. The LEFM predicts a linear decrease
of the fatigue resistance as a function of the deck plate thickness for detail Cla. Fatigue
resistance of 26 mm thick deck plate (equal to 125 MPa) is 0.89 of 14 mm thick deck plate
(141 MPa). For detail Clc, the fatigue resistances associated with 10% or 25% deviation
in the strain range are insensitive to deck plate thickness, whereas the crack propagation
behaviour heavily depends on deck plate thickness. Most of the author’s experiments
run out with the FVC failure criterion for the 20 mm thick deck plate of the full-scale
specimen. The eXtended Finite Element Method (XFEM) is used to predict the crack
propagation path with deck plate thicknesses of 10 mm, 12 mm, 16 mm, and 20 mm.
Through-thickness crack occurs in the 10 mm thick deck plate. Crack arrest starts with
the deck plate thickness of 12 mm where the final crack is very close to the top surface
and can break through at high load levels. For the deck plates thicker than 12 mm, after
reaching 75% of the total deck plate thickness, the crack stops propagating in the thick-
ness direction. This situation results in a very high fatigue resistance for the deck plate
thicker than 12 mm when the FVC is adopted. However, the deck plate has no influence
on the characteristic fatigue resistances of details C2a and C2b with the deck plate thick-
ness ranging from 12 mm to 20 mm based on the author’s small-scale experiments and
the results in the literature. It should be clarified that the deformation of stiffener web is
affected by the thickness of deck plate in practice; therefore, the fatigue lives of details
C2a and C2b are related to the deck plate thickness (larger resistance for larger deck plate
thickness).

WELDING PROCESS

The effect of welding process on fatigue depends on the studied details. Stiffener-to-deck
plate welded connections (350 x 200 x 200 mm?) are prepared using either two-pass auto-
matic welding or one-pass manual welding with PJPs between 75% and 100%. The stiff-
ener webs are cyclically loaded in bending and the deck plate is fixed at the upper deck



8.1. CONCLUSIONS 211

side. Both C2a- and C2b-type cracks are observed in the experiments with a significantly
higher fatigue resistance observed in the automatically welded connections. Detail C2a
has a HSS characteristic fatigue resistance of 272 MPa (standard deviation s = 0.09) or
159 MPa (s = 0.14) for automatically or manually welded connections, respectively. The
values are 158 MPa (s = 0.29) or 106 MPa (s = 0.22) for detail C2b. However, detail Clc
shows low sensitivity to welding process in the full-scale experiments. The difference in
the HSS at 2 million cycles with the survival probability Ps = 50% is within 20% (detected
by the 10% or 25% deviation in the strain range) between the automatic weld and the
manual weld.

PARTIAL JOINT PENETRATION

The effect of PJP on the crack initiation location and the fatigue resistance of details
C2a and C2b is studied based on the plane strain FE models using the Effective Notch
Stress (ENS) with a notch radius Ry = 1.00 mm or 0.05 mm, the Strain Energy Density
(SED) factor of the averaged strain energy over (part of) a circle with a radius Ryef = 0.32
mm, and the LEFM with an initial crack depth a; = 0.1 mm. An increase of PJP from
25% to 75% significantly reduces the ENS and SED for details C2a and C2b. For PJPs
exceeding 75%, detail C2a is predicted as critical and no obvious change of the ENS and
SED is observed. For detail Clc, FE models are built using a symmetric model with a
size of 1300 x 900 x 1000 mm?, simplified from the full-scale specimen. The ENS with
Rret = 1.00 mm is applied with PJPs between 75% and 100%, which appears to provide
similar stress values, indicating that detail Clc is insensitive to PJP.

WELD PROFILE

Despite the standardised straight weld profile with the flank angle of 45°, allowable flank
angles in prEN 1993-1-9: 2023 [17] are between 30° and 60°. In this study, flank angles
up to 90° are considered to account for the most extreme weld profile in case of man-
ual (overhead) welding and the flank angle of 0° as the other extreme case to consider
grinding as a post-weld treatment option. Within the requirements of [17], the effect of
weld flank angle on the fatigue resistance of detail C3a is limited as predicted by the ENS.
The ENS with the flank angle of 30° is approximately 18% smaller than the value with the
flange angle of 45°, resulting in a 16% higher fatigue resistance. The ENS is almost equal
with flank angles between 45° and 90°, indicating insensitivity of the fatigue resistance
of this detail to this flank angle range. This finding is confirmed by the LEFM predictions
for detail Cla. An up to 25% higher fatigue resistance is observed for the flank angle of 0°
compared with 45°, whereas the difference between the 45° and 90° cases is within 4%.

FAILURE CRITERION
The FVC is the main failure criterion used for the full-scale experiments in this study. In
addition, a certain change (normally 10% or 25%) of the strain range close to the crack
initiation location and a certain length (normally 25 or 50 mm long) of surface crack are
used as the early and practical detection criteria, respectively.

Detail Clc is of special interest as the FVC failure criterion is only obtained for the
deck plate thickness of 10 or 12 mm with a characteristic fatigue resistance of 167 MPa,
whereas the values are 86 MPa and 117 MPa for the 10% and 25% change of the strain
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range at the top of deck plate (above the crack initiation location) for 10, 12 and 20 mm
thick deck plates.

Detail C4d shows a relatively slow crack propagation until a surface crack length of
approximately 50 mm. The cracking process consists of four stages:

e Stage 1: Fatigue cracks initiate from the weld root and propagate into the weld
throat.

e Stage 2: Fatigue cracks propagate on the weld surface. Short cracks merge into
long ones on the weld surface.

o Stage 3: The main fatigue crack propagates to the crossbeam and grows as a sur-
face crack.

o Stage 4: The surface crack on the crossbeam propagates through the crossbeam
web and propagates as a through-thickness crack.

The fatigue performance (with 50% exceedance fraction at 2 million cycles) based on
Stage 4 with a surface crack length of 50 mm is approximately 1.4 of the values based on
Stage 1 or 2.

Relatively slow crack growth is also observed in detail C3a as the crack growing away
from the weld. The recommended characteristic fatigue resistance is 112 MPa (rounded
down from 117 MPa) for fatigue design using the FVC failure criterion. However, a 50 mm
long surface crack failure criterion is recommended for existing bridge decks considering
the probability of detection. This results in a characteristic fatigue resistance of 160 MPa
(rounded down from 166 MPa).

Details C2a and C2b are studied using small-scale experiments. The failure (rupture)
of specimen is designated as the failure criterion. The fatigue resistance is independent
of the failure criterion for the small-scale specimens.

LOAD RATIO

High compressive stresses are induced by the load in many details in OBDs. Some de-
tails are loaded even completely in compression. In the full-scale experiments, a pul-
sating pressure load is applied on a tyre patch of realistic dimensions. In this study, the
induced stresses at the crack initiation location of details Clc and C4d are in nominal
compression. The load ratio applied in the small-scale experiments is taken as R = —1
for details C2a, C2b, and Cla in order to be closer to the applied load ratio in real OBDs.

DEGREE OF BENDING

The DOB is close to 1 for details C2a, C2b, Cla, Clc, and C3a. The DOB of approximately
0.5 is found for detail C4d in the author’s experiments. This is a possible explanation of
the relatively high fatigue resistance in these details compared with the standardised 100
MPa or 40 MPa, because the bending stress is less detrimental to the fatigue performance
than the membrane tensile stress.
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WELDING RESIDUAL STRESS

Welding simulation is carried out using a validated uncoupled thermal-mechanical FE
model for detail C3a. The WRS perpendicular to the weld toe is predicted to be up to
approximately 550 MPa (yield stress approximately 380 MPa at 20°C) at the outer side of
the stiffener, which drops to the range between 300 MPa and 400 MPa at the inner side.
The WRS redistributes at the first load cycle.

COMPARISON OF FATIGUE PREDICTIONS BASED ON EXISTING METHODS AND THE EXPERI-
MENTS

When assuming that the crack is closed under the external compressive stress for de-
tails C2a and C2b, the LEFM with initial crack depth a; = 0.1 mm gives excellent fatigue
resistance predictions for detail C2a (automatic or manual welding) with an overesti-
mate within 5% using C = 3.00 x 10~!2 (units in millimetre and Newton) and m = 3.00.
The LEFM with C = 5.21 x 1073 (units in millimetre and Newton) and m = 3.00 is use-
ful for automatically welded C2b with PJPs ranging from 75% to 100%. The initial crack
size assumption of a; = 0.1 mm may lead to a 29% overestimation of the predicted resis-
tance for manually welded C2b. The SED method also gives good predictions for detail
C2a, whereas the ENS method gives conservative predictions by up to 18% or 30% with
Rier = 0.05 mm or 1.00 mm, respectively. For detail C2b, assuming a PJP of 75%, the fa-
tigue resistance prediction with the ENS is suitable for manually welded connections.
The fatigue resistances predicted by the SED method for the weld toe crack (type C2a)
with PJP = 75% are within 5% of the experimentally obtained fatigue resistance, whereas
the SED method is considered unsuited for this type of weld root crack (type C2b) be-
cause of the large over-predictions compared with the experimental results.

The predicted fatigue resistances for detail C3a, as derived from the ENS method,
range from 97 MPa to 115 MPa. They are close to the experimental results at the onset
of cracking, which range from 94 MPa (the criterion of 25% drop of the strain range at
4 mm distance from the weld toe) to 117 MPa (the criterion of the FVC inspected by the
naked eye).

The probabilistic fracture mechanics simulation using the linear propagation model
within the LEFM framework with the initial crack depth a; = 0.15 mm and the initial
crack shape a;/c; = 0.62 (initial crack depth/initial half crack length) gives excellent pre-
dictions for the fatigue resistance of detail Cla loaded under R = —1 in small-scale ex-
periments, which are within 5% difference with the experimental results.

2% STAGE MODEL FOR FULL RANGE FATIGUE ANALYSIS

The author proposes a 2* stage model based on the full range fatigue analysis using the
NSA for the crack initiation, the EPFM for the short crack propagation, and the LEFM for
the long crack propagation, all with the (X)FE method. This model is developed as an
improvement of the 2 stage model proposed in [71]. In this study, detail C3a is analysed
as an example in five steps. First, welding simulation is carried out for the studied detail.
Second, the regions of heat affected zone, base metal and weld metal in the weld are de-
fined. The corresponding constitutive models are assigned to these regions. Third, cyclic
loading is applied with WRS implemented element-by-element (same mesh as the sec-
ond step) and the crack initiation is predicted by the NSA using the ¢ — N curve. Fourth,
the short crack propagation is predicted by the EPFM with the redistributed WRS using
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a refined mesh sub model driven by the model in the third step. Fifth, the long crack
propagation is calculated using the LEFM where WRS can be considered by the weight
function or excluded when the crack is sufficiently long, so that WRS is released.
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8.2. RECOMMENDATIONS FOR FUTURE WORK

A comprehensive study of the fatigue behaviour of six types of cracks in OBDs has been
carried out. Recommendations for future work are given as follows:

1.

Fatigue resistance curves are established using a primary failure criterion for each
detail. The detection threshold of practical inspection limits may differ from the
criterion used in this study. The various failure criteria presented in Section 8.1
were used, but fracture mechanics models should be used if it is needed to predict
crack propagation.

Fatigue evaluation of the root crack in a partial penetration welded connection us-
ing the ENS and the SED needs to be improved. The realistic notch characteristics
measured from specimens should be used instead of the fictitious notch radius
recommended by guidelines when analysing the fatigue behaviour of the studied
specimens. A comparison of the predictions between the fictitious notch radius
recommended by guidelines e.g. 1 mm and the measured notch radii helps to eval-
uate the suitability of the fictitious notch radius for the studied detail.

The LEFM is a useful method for the fatigue resistance and the crack propaga-
tion prediction of welded connections. However, the prediction is affected by the
uncertainties caused by initial crack sizes, short crack propagation, crack closure,
residual stress, applied stress ratio, and interaction of multiple cracks, etc. The
construction details and their stress states in OBDs may differ from standardised
specimens. Calibrations of the LEFM model against the experiments specified for
OBDs are recommended.

The crack path and the arrest of crack have been qualitatively analysed using the
XFEM for detail Clc. The analysis of the crack size and the corresponding load
cycles need to be carried out. A suitable failure criterion should be developed for
detail Clc.

Studies are carried out on detail C4d with fillet welds, but the partial penetration
welded detail C4d also needs to be analysed.

Welding simulation is carried out for detail C3a. The simulation procedure is val-
idated against the measurements in a fillet welded T-joint. It is recommended
to measure the WRS in the studied detail. The welding analysis for other details
should be carried out and the optimisation of welding procedure is recommended.

The framework of the 2* stage model has been established, whereas the material
properties are assumed. The e-N curves for crack initiation at the crack initiation
location, e.g. heat affected zone, considering the statistical distribution should be
developed. Material parameters of the A J-based fatigue propagation model for the
short crack propagation analysis should be identified by experiments. Application
of the 2* stage model to variable amplitude loading is interesting to study.







STATISTICAL ANALYSIS PROCEDURE

The characteristic value of the stress range at 2 million cycles is given as Ao ¢ with one-
sided survival probability of 95% at a two-sided 75% confidence level in (pr)EN 1993-
1-9 [16, 17] and prTS1993-1-901 [27] for fatigue resistance analysis. A fixed slope m =
3 is used for connections under direct stress. A summary of the statistical calculation
procedure following EN 1990 [177] is presented below:

yi=an+b-x;+¢e (A1)

where:

e n'Z(xi'J;i)—in‘ZJ’i (A.2)
n-Tx:—(Zx;)?
1

ay=—-QEyi=b-1xj) (A-3)

The stress range with the survival probability of 50% at 2 million cycles can be obtained
using Equations (A.4) to (A.6):

0509 = 10790% (A.4)
where: Vson—a
X50% = 200N (A.5)
b
y50% = log (2 x 10°) (A.6)

The stress range with the survival probability of 95% at 2 million cycles can be obtained
using Equations (A.7) to (A.13):

095% = 10x95% (A.7)
where: —a
Xo5% = V50% — A95% (A.8)
b
ags% = Y95% — b+ X50% (A.9)
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in which:
1 (X509 — %)?
Y95% = ¥50% — 10.95,n—k (k=1,2) " S* \/1 + W + s (A.10)
XX
. )12
2. 2iclansb W1 \when bis calculated, A1)
- )12 .
W when b is fixed.
_ Xi
x=2— (A.12)
n
Sxx = Zx7 —n- (%) (A.13)

Definitions of the variables and constants:

y;: logarithm of the number of cycles to failure Nt.

x;: logarithm of the applied stress range Ag.

ay: intercept on the axis of log(INy).

n: number of experimental results included in statistical analysis.

b: regression coefficient.

&: sum of unknown random errors.

Aos50%: stress range at 2 million cycles with the survival probability of 50%.

Aogs9: stress range at 2 million cycles with the survival probability of 95%.

S: sample standard deviation.

10.95,n—k (k=1,2): Student’s t-distribution with the one-sided survival probability of 95%;

k =1 or 2 is applied for the fixed or the calculated b, respectively.

X: mean value of x;.

Sxx: sum of squares about the mean.
The statistical analysis for fatigue detail classification requires the regression coefficient
b equal to the slope of the S-N curve —m, which is set as b = —m = —3 for direct stress.
Only the experimental results that fail with the number of cycles not exceeding the con-
stant amplitude fatigue limit value Np are included in the statistical analysis.




ADDITIONAL EQUATIONS RELATED
TO CHAPTER 4

The empirical equations for the mode I stress intensity factor Kj along an elliptical shape
surface crack (depth a and half length ¢) in a finite-width plate (width b and thickness )

were proposed by Newman and Raju [192] as shown below:

ma
Ky = (Mmom + Myoy,) 6

where
a165 4
Q=1.0+1.464(—) (—<=1
c c

The membrane correction factor:

M = (M) +Mz(§)2 +M3(§)4Jgf¢fw

where a
M; =1.13-0.09—
c
089
27 02+alc
1.0 a o,
M3=05—-——+14(1--)
0.65+alc c
with

a.n . 2
g=1+ [O.1+0.35(;) 11— sin(¢p)]

where ¢ is the parametric angle of the ellipse.
The angle function for the embedded elliptical crack:

fo = (2 cos@)? + sin(@°%
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The finite-width correction function:

fu= [sec(% @)10'5 (B.9)

The bending correction factor:
My = Mm H (B.10)

where the function H is developed by curve fitting using

H=H1+(H2—H1)sin((p)‘7 (B.11)
with
a a_ a
Hi=1-034—-0.11(—)(—) (B.12)
t c t
a a,
Hy=1+ Gl? + Gz(?) (B.13)
—02+ 24062 (B.14)
q=0. ; T0.67 .
in which a
G =-122-0.12— (B.15)
c

a a
Gy =0.55—1.05(=)%" +0.47(=)1 (B.16)
C C
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C.1. ADDITIONAL CRACKS OBSERVED IN THE EXPERIMENTS FOR
DETAIL C1C

In addition to Clc, three other types of cracks are detected, as shown in Figure C.1.
Fatigue cracks are found at the bottom of the deck plate, in the weld, and in the stiffener
(Figure C.1a), at the bottom of the deck plate and in the weld (Figure C.1b), and at the
lower part of the stiffener-to-crossbeam connection (Figure C.1c).

Deck plate

S2, free edge side, South ‘ ) free edge side, South

Stiffener

™.
T

Crossbeam
S2, free edge side

South North

Figure C.1: Fatigue cracks besides type Clc observed from the bottom of the deck plate and the lower part of
the stiffener-to-crossbeam connection (three photos taken at the end of Phase 2 loading).
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A summary of the deck plate cracks besides Clc detected at the bottom of the deck
plate is presented in Table C.1. S1 and S8 had been cut for other studies before the
inspections were performed. Therefore, no information about the cracks at the deck
plate is available for S1 and S8. Fatigue cracks are found at the lower part stiffener-to-
crossbeam connections of S1 S, S2 S, and S2 N at both free edge and in span sides. It is
unknown whether the first two types of cracks are secondary (i.e. occurring as a result of
the Clc type cracks).

Table C.1: Summary of fatigue cracks besides Clc observed from the bottom of the deck plate at the end of
Phase 2 loading.

S1 S2 S3 S4 S5 S6 S7 S8
SIN|SIN|SIN|S|N|S|N|SIN|S|N|S|N
Freeedge | - | - | x x | x| x x x -]
In span - -] x x | x| x x | x| x| -] -

C.2. FATIGUE CRACK PROPAGATION PROPERTIES OF THE STIFF-
ENER WEB

Material properties used in the Paris’ equation are obtained using Compact Tension
(CT) specimens following ASTM E647-15 [239], see Figure C.2. Fatigue crack propagation
of the 6 mm thick stiffener web of the full-scale specimen is obtained using the 4 mm
thick CT specimens. Cyclic loads with a nominal stress range of 150 MPa and a load ratio
R =0.1or 0.5 (2 specimens for each load ratio) are applied via the steel pins. The crack
length is counted from the notch to the fatigue crack front which is measured by the
Direct Currents Potential Drop (DCPD) technique.

16.00- ==

@17.50|
i (H7/K6 V} 4200
1925 ~ (+-10.3)
(+-103) | A

e 2.00
2.00

4
(+1-] 0.3)

/

217.50
(H7/K8)

~ 70.00 ~17.50
(+/- 0.3)

87,50
(+- 0.3)

i

Figure C.2: Experimental setup and dimensions of the 4 mm thick CT specimens manufactured from the 6 mm
thick stiffener web (unit: mm).
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Figure C.3 shows the crack propagation measured from the experiments and pre-
dicted by the analytical equations available in [239]. The predictions use different C,
whereas m is fixed to 2.88. Among them, the experiments with the load ratio R = 0.1
lies between the predictions with C = 2.5 x 10713 or C = 3.0 x 10713 (units in millimetre
and Newton). Higher propagation rates are observed when R = 0.5. Note that the crack
propagation direction, i.e. the angle of the crack and the rolling direction, may cause
an approximately 20 % deviation [240] in the propagation rate, which is not further dis-
cussed in this study.

40 -
—EXP, R=0.1, test 1
35 - |=———EXP, R=0.1, test 2
——EXP, R=0.5, test 1
30 | EXP, R=0.5, test 2
= = :m=2.88, C=2.0E-13 1 1 !
o5 ||~ ~ 'm=288, C=2.5E-13 i ! !
*m=2.88, C=3.0E-13

Crack length [mm]
N
o

15
10
5
0 |
2.5
Number of cycles [-] x10°

Figure C.3: Comparison of the experiments and the predictions using the analytical equations available
in [239].
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D.1. MONTE CARLO SIMULATION WITH THE BILINEAR PROPA-
GATION MODEL FOR DETAIL C1A

Monte Carlo simulations for detail Cla with the bilinear propagation model available
in [24] are carried out in this section. Table D.1 summarises the variables and probabilis-
tic functions used in the simulations. In the bilinear propagation model, a transition
point is set at AKy. Different material properties C;( o and m;(c), and Cg(c) and mi( o are
assigned for AK < AKy (Stage A), and AK > AKj (Stage B), respectively. Considering the
applied load ratio R = —1 and the existence of high residual stress at the surface of detail
Cla, the values of R < 0.5 and R > 0.5 are used for the propagations in the crack depth

and the crack length, respectively. Other parameters are the same as those in Table 4.3.

Table D.1: Variables and probabilistic functions for Monte Carlo simulations with the bilinear propagation
model (units: mm and N).

Variable Density function Mean value CoV

agp Lognormal 0.15 [64] 0.66 [64]
ag/ co Lognormal 0.62 [64] 0.40 [64]

c!l Lognormal 1.21 x 10726 [24] 0.98

cl Lognormal 4.80 x 10718 [24] 0.98

m} Deterministic 8.16 [24] -

m} Deterministic 5.10 [24] -

c? Lognormal 3.98 x 10713 [24] 0.98

c? Lognormal 5.86 x 10713 [24] 0.98

mg Deterministic 2.88 [24] -

m? Deterministic 2.88 [24] -
AKya Deterministic 363.00 [24] -
AKyc Deterministic 196.00 [24] -
AKn Lognormal 170.00 [126] 0.20 [126]

By Lognormal 1.00 [197] 0.05 [197]

[

Kmat Weibull 2250.00 [198] 0.25 [198]
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Statistical analysis is carried out using either the generated samples by Monte Carlo
simulations with the bilinear propagation model or the experimentally obtained results,
as shown in Figure D.1. The statistical results show excellent agreement between the
Monte Carlo simulations and the experiments. The predicted stress ranges at 2 million
cycles with Ps = 95% and Ps = 50% (95% and 50% exceedance fractions) are 150 MPa and
203 MPa, respectively. The differences of the values between the Monte Carlo simula-
tions and the experiments are within 7%. The predicted stress at 2 million cycles with
P = 5% (5% exceedance fraction) is 273 MPa, exactly same as the value based on the
experiments.

MC points
s FM| 50%
— = FM5%
= = FM95%
B Bignonnet(1990)
<« Dikstra(2000)

Yuan(2011) \1$ X

Ao, _ [MPa]

2 Nagy(2017)
107 [ Li(2018)
m—— EXP 50%
- =EXP 5% ]
= = EXP 95% ;

10* 10° 108 107
N[

Figure D.1: Statistical analysis for detail Cla using Monte Carlo generated samples with the bilinear propaga-
tion model and the experimental results, both with z4 = 10, 12, 15, or 19 mm [107, 110, 121, 127, 166].
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D.2. FE CALCULATED STRESS DISTRIBUTION OF S2 IN CHAP-
TER 6

Figure D.2 shows the FE calculated stress in the direction perpendicular to the weld toe at
the bottom of S2 under the normalised load F = 1 kN. Stress concentrations are observed
when approaching the weld toe with higher values at the corners, as shown in Figure 6.6.
Following the method designated for the weld toe in TS [27], oy, are approximately

-1.3 MPa and -0.8 MPa at the corners at the free edge side and in span side, respectively.
At the Middle position (M), between the North (N) and the South (S), o, are -0.7 MPa at
the free edge side and -0.6 MPa at the in span side. Under the normalised load F =1 kN,
the stresses in S3 and S4 are very close to the values in S2, whereas smaller values (in
absolute) are observed in S1. These values are not plotted in the current study.
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Figure D.2: FE calculated stress at the bottom of S2 under F = 1 kN.
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D.3. COMPARISON OF THE ELEMENT TYPE FOR DETAIL C3A

Figure D.3 compares the strains computed by the FE models using 8-node linear brick el-
ements with reduced integration (C3D8R) [179] plotted in solid lines or 20-node quadratic
brick elements with reduced integration (C3D20R) [179] plotted in hash lines, with the
measured strains in the experiments. Same colour is assigned to the curves and the
filled region of marks for each compared detail. Higher strain ranges are observed with
C3D20R. The models with C3D20R over-predict the strains for S§ N, S5 N, and S6 N com-
pared with the experiments. The results with C3D8R are used in the statistical analysis
as a conservative choice.
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Figure D.3: Strain distribution from the experiments and the FE calculations using C3D8R or C3D20R in LC B
under the load range of 2 x 1 kN.
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D.4. VALIDATION OF THE WELDING SIMULATION

D.4.1. INTRODUCTION OF THE WELDING SIMULATION

A T-type fillet welded connection is studied in order to validate the welding simulation.
Figure D.4 shows the dimensions and the boundary conditions of the connection de-
scribed in [217]:

A 50 x 130 x 6 mm? steel plate is fillet welded to a 300 x 130 x 6 mm? steel attachment
with a nominal weld leg of 6 mm. One side of the plate is clamped rigidly during the
experiment. Two passes of welding with a speed of 8.3 mm/s are applied, see Figure D.5.
Sufficient cooling time is given between the two welding passes. The welding residual
stress perpendicular to the weld line (in the X-axis direction) at the weld toe side is mea-
sured using the X-ray diffraction, and the displacement at the free edge is measured to
evaluate the angular deflection, see the red lines and the cross in Figure D.5.

4 Ux=Uv=Uz=0

Figure D.4: The dimensions and the boundary conditions of the FE model for the T-type fillet welded connec-
tion used in [217] (unit: mm).

Pass 1 Pass 2

Speed: 8.3 mm/s Speed:8.3 mm/s

The path for residual stress analysis The point for angular deflection analysis

Figure D.5: The welding passes, the path for residual stress analysis, and the cross for angular deflection anal-
ysis used in the FE model of this study, designated following [217].
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The uncoupled thermal-mechanical analysis is used in the FE model [179]. The steps
“heat transfer” and “static” in Abaqus [179] are used for the thermal and the mechani-
cal analysis, respectively. The nodal temperature distribution is calculated in the “heat
transfer” step, which is afterwards mapped to the corresponding “static” step for the me-
chanical analysis. In both types of steps, the weld filler elements are first removed and
afterwards reactivated following the welding procedure using the “element and contact
pair removal/reactivation” technique available in [179]. Specifically in this case, the four
corners circled by the purple colour squares as shown in Figure D.5 are assumed to be
spot welded before the simulation. The remaining elements (weld filler) along the weld
passes are first removed and afterwards reactivated block-by-block (one block is 5 mm
long in the Z-axis direction): first reactivate elements following Pass 1, cool down for
3600 seconds, and then reactivate elements following Pass 2. Spatial constraints, UX =
UY = UZ = 0, are applied in the FE model in the mechanical analysis at two edges as
shown in Figure D.4. 8-node linear brick diffusive heat transfer elements (DC3D8) and
stress-displacement elements with reduced integration (C3D8R) are used in the ther-
mal and the mechanical analysis [179], respectively. Same methods as described in Sec-
tion 7.6 are used in this simulation.

D.4.2. RESULTS OF THE WELDING SIMULATION

Figure D.6 compares the angular deflection and the residual stress in the X-axis direction
between the EXPerimental investigation (EXP) and the Finite Element Analysis (FEA). A
very good agreement is observed for the residual stress. The FEA gives an approximately
13% over-prediction for the angular deflection. It can be concluded that the welding
simulation used in the current study can be applied for welding residual stress analysis.
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Figure D.6: Comparison of the angular deflection and the residual stress in the T-type welded connection be-
tween the EXP from [217] and the FEA in the current study.
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D.5. VALIDATION OF THE J-INTEGRAL CALCULATION

D.5.1. INTRODUCTION OF THE FE MODEL

Figure D.7 shows the FE model of the CT specimen used for the J-integral calculation.
The dimensions are the same as those in the specimen described in Figure C.2. A 15 mm
(from the notch to the crack front) through-thickness crack is inserted into the model,
see the red line in Figure D.7. Spatial displacement in the Z-axis direction (UZ = 0) is
applied at the front and back sides in order to prevent buckling. The 60° circular sector
areas of the upper and lower holes (as shown in green) are linked to the reference points,
which are located at the centre of the holes. Monotonic force is applied via the reference
point RP-1 in the positive direction of the Y-axis with an increment of 1 kN until the max-
imum force of 30 kN. The reference points RP-1 and RP-2 are constrained as UX = UZ =
URX =URY =0and UX=UY =UZ=URX=URY =0, respectively. 8-node linear brick ele-
ments, type C3D8 [179], are used with local refined mesh size of 0.2 x 0.2 x 0.2 mm3. The
domain integral technique is used for the numerical calculation of J-integral in the FE
method [179, 241]. Contours 1 to 10 are used for the J-integral calculation. Either linear
elastic or elastic-plastic material is used in the FE model with the elastic modulus (E) of
210 GPa, and the Poisson’s ratio (v) of 0.3. Equation (D.1) defines the power plastic hard-
ening model. The oy/E and N in the FE model are set to 0.002 and 0.1 following [242],
respectively.

{a/ E, o=<o0y D.1)
€= 1/N -
(oy/E)(olay)", o>0y
Where ¢, 0, and oy represent strain, stress, and the yield stress, respectively.
Front
RP-1
Contour
1510
Back

Figure D.7: The FE model of the CT specimen used for the J-integral calculation (see Figure C.2 for dimensions).
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D.5.2. RESULTS OF THE FE CALCULATION

Figure D.8 compares the J-integrals calculated by the Abaqus embedded algorithm with
the values calculated by the author’s post-processing algorithm using Contour 5 with ei-
ther linear elastic (E) or elastic-plastic (EP) material property. Excellent agreement is ob-
served between the two algorithms. The EP case gives significantly larger J-integral than
the E case when the applied force is larger than 21 kN. Figure D.9 shows the J-integral cal-
culations using Contours 1 to 10 at the force of 10 kN, 20 kN, or 25 kN. The results from
Contours 3 to 10 are constant in both cases. The maximum differences of the J-integrals
calculated by the Abaqus and the author’s algorithm using Contours 3 to 10 at 30 kN are
0.41% and 0.85% for the E and the EP cases, respectively. It can be concluded that the au-
thor’s algorithm calculates the J-integrals accurately for both elastic and elastic-plastic
materials.

5000 300 ®
O EP-Abaqus Py O EP-Abaqus
x  EP-This study 250 X EP-This study

4000| O E-Abaqus O E-Abaqus ®
= X E-This study = | x  E-This study ® ®
£ £ 200 ®
= L ® = ®
2 3000 2 ®®
= s 150 ® %
82000 8 2 ©6®
£ £100 g
5 34 - @g

L @
1000 ® 50 0%
®®
® ®
® ®®
0 “ﬁ®§®®®®®® ; 0 nmm®®® | | | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Force [kN] Force [kN]

(a) global view (b) close-up view

Figure D.8: Comparison of the J-integrals calculated by the Abaqus and the author’s (this study) algorithm
using Contour 5.
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Figure D.9: The J-integral calculations using Contours 1 to 10 at the force of 10 kN, 20 kN or 25 kN.
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