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ABSTRACT

FractureMechanics process &WeldedJoint is a very vast research area and has
many possibilities for solution and prediction. idtigh the fatigue strength (FAT) and
stress intensity factor (SIF) solutions are rembri@ several handbooks and
recommendations, these values are available omly femall number of specimens,
components, loading and welding geometries. Théladla solutions are not always
adequate for particular engineering applicationsrédver, the reliable solutions of SIF
are still difficult to find in spite of several SlRandbooks have been published
regarding the nominal applied SIF. The effect dfideal stresses is still the most
challenge in fatigue life estimation. The reasomhest the stress distributions and SIF
modified by the residual stresses have to be ewtnmarhe stress distribution is
governed by many parameters such as the mateys joint geometry and welding
processes.

In this work, the linear elastic fracture mecharfldsFM), which used crack tip SIFs
for cases involving the effect of weld geometryuged to calculate the crack growth
life for some different notch cases.

The variety of crack configurations and the comperf stress fields occurring in
engineering components require more versatile tmolsalculating SIFs than available
in handbook’s solutions that were obtained for regeaof specific geometries and load
combinations.

Therefore, the finite element method (FEM) has based to calculate SIFs of
cracks subjected to stress fields. LEFM is encoethe FEM software, FRANC,
which stands for fracture analysis code.

The SIFs due to residual stress are calculatedisrwork using the weight function
method.

The fatigue strength (FAT) of load-carrying and #ioad carrying welded joints
with lack of penetration (LOP) and toe crack, respely, are determined using the
LEFM. In some studied cases, the geometry, materagerties and loading conditions
of the joints are identical to those of specimansathich experimental results of fatigue
life and SIF were available in literature so three EEM model could be validated.

For a given welded material and set of test comiéti the crack growth behavior is
described by the relationship between cyclic crgrckvth rate, d/dN, and range of the

stress intensity factorAK) , i.e., by Paris’ law. Numerical integration dfet Paris’



equation is carried out by a FORTRAN computer rwaitiThe obtained results can be
used for calculating FAT values. The computed Sillésg with the Paris’ law are used
to predict the crack propagation. The typical crisigths for each joint geometry are
determined using the built language program by Wwactt calculations.

To incorporate the effect of residual stresses,féigue crack growth equations
which are sensitive to stress ral@re recommended to be used. The Forman, Newman
and de Konig (FNK) solution is considered to be iti@st suitable one for the present
purpose.

In spite of the recent considerable progress imtdira mechanics theories and
applications, there seems to be no, at least tauki@or's knowledge, systematic study
of the effect of welding geometries and residusdssies upon fatigue crack propagation
based completely on an analytical approach whexestk due to external applied load
(Kapp) is calculated using FEM. In contrast, the SIF dueaesidual stresse&y) is
calculated using the analytical weight function Inoet and residual stress distribution.
To assess the influence of the residual stressetherailure of a weldment, their
distribution must be known.

Although residual stresses in welded structures @mdponents have long been
known to have an effect on the components fatigeirdopmance, access to reliable,
spatially accurate residual stress field data amatdd. This work constitutes a
systematic research program regarding the conaepthé safety analysis of welded
components with fracture mechanics methods, tafgldre effect of welding residual
stresses upon fatigue crack propagation.
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Die Bewertung einer Schweil3naht ist ein grof3es dhorsgsgebiet und hat viele
Moglichkeiten  fur Losungskonzepte und Vorhersage@bwohl fur die
Schwingfestigkeit und die Spannungsintensitatsfaf@iF)-Losungen in verschiedenen
Handbuchern Empfehlungen ausgewiesen sind, sirsk diéerte nur flr eine geringe
Anzahl von Proben, Komponenten, Belastungsfélle Siclaweiligeometrien verflgbar.
Die vorhandenen LoOsungsansatze sind nicht immer gpezielle technische
Anwendungen geeignet. Dariber hinaus sind zuvegkissewahrte Losungen von
Spannungsintensitatsfaktoren immer noch schwietidizden, obwohl verschiedene
SIF-Handbucher mit Hinweis auf den anliegenden naten SIF verdffentlicht sind.
Der Einfluss von Eigenspannungen ist eine der grofHerausforderungen bei der
Lebensdauerabschéatzung. Aufgrund der Tatsache, idfmdge der Eigenspannungen
sowohl die Spannungsverteilung als auch der SlIFangsErt werden, muss eine
Abschéatzung erfolgen. Die Spannungsverteilung wircth viele Parameter beeinflusst,
wie zum Beispiel den Werkstoff, die Nahtgeometne den Schweil3prozess.

In der vorliegenden Arbeit wurde fiir die Berechnweg Ermidungsrisswachstums
unter verschiedenen Kerbfallen das Konzept deratiedastischen Bruchmechanik
(LEBM) verwendet, welcheX-Losungen fur die Rissspitze bei unterschiedlichen
Fallen der Schweil3geometrie berlcksichtigt.

Aufgrund der Komplexitat der Risskonfigurationenduder Spannungsfelder in
praxisrelevanten Komponenten werden weitere Hilfihizur Berechnung von
Spannungsintensitatsfaktoren benétigt, welche derkdmmlichen Ldsungen in
Handbuchern erweitern.

Deshalb wurde die Finite Elemente Methode (FEM) Z@erechnung von
Spannungsintensitatsfaktoren an Rissen verwendet. LEBM wird in der FEM-
Software FRANC berucksichtigt.

Die aus Eigenspannungen resultierenden Spannuegsitétsfaktoren wurden mit

Hilfe der Gewichtsfunktionsmethode berechnet.



Die Ermudungslebensdauer (Schwingfestigkeit) vagenden und nichttragenden
Schweil3nahten mit ungentgender Durchschweiungl@zgsweise Kerbriss wurden
mit Hilfe der LEBM durch Integration der ZyklischédRisswachstumskurve ermittelt.
Zur Validierung des FEM-Modells konnte in einigemtersuchten Fallen auf
experimentelle Ergebnisse zur Lebensdauer und zufm &is der Literatur
zuruckgegriffen werden, wo identische Geometrienatdvialeigenschaften und
Belastungsverhaltnisse der Naht vorlagen.

Unter Vorgabe des Werkstoffes und der Prifbedingongwurde das
Risswachstumsverhalten mit dem Zusammenhang veswRthstumsgeschwindigkeit
da/dN und zyklischem SpannungsintensitatsfakitkK mit dem Paris-Gesetz
beschrieben. Eine numerische Integration der Raegchung erfolgte Uber ein
FORTRAN-Programm. Die damit erhaltenen Ergebnisseind s als
Ermudungslebensdauer (Schwingfestigkeit) verwendldaie berechneten SIF'en
entlang der Paris-Geraden werden zur VorhersageR#esvachstums benutzt. Die
typischen Risslangen fir jede Nahtgeometrie wurdé@nHilfe des eigens integrierten
Programmes ermittelt.

Zur Berucksichtigung des Einflusses von Eigenspagen wird empfohlen,
Risswachstumsgleichungen zu nutzen, die empfindlishdas Spannungsverhéltnis R
reagieren. Fur die vorliegende Zielsetzung gilt déisungsansatz nach Forman,
Newman und de Konig (FNK) als der am besten ge&gne

Trotz der jungsten, betrachtlichen Fortschritteden bruchmechanischen Theorien
und Anwendungen sind systematische Studien zunuSsitler Schweil3geometrie und
der Eigenspannungen auf das Ermudungsrisswachgtumelchen der SIF aufgrund
extern anliegender Beanspruchungéf,f mit der FEM berechnet wurde, in der
Literatur kaum vorhanden. Im Gegensatz dazu wurde 8IF infolge von
EigenspannungerKf.y mit Hilfe der analytischen Gewichtsfunktionsmetbound der
Eigenspannungsverteilung berechnet. Um den Einflass Eigenspannungen auf das
Versagen einer SchweilRverbindung abzuschatzen, deuss Verteilung bekannt sein.

Obwohl die Wirkung von Eigenspannungen auf das HEum{sverhalten in
geschweil3ten Strukturen und Komponenten schon lbeigannt ist, ist der Zugriff auf
verlassliche und prazise Daten von raumlichen Epgannungsfeldern begrenzt.
Bezlglich einer konzeptionellen Sicherheitsanalyse geschweildsten Komponenten

mit bruchmechanischen Methoden begrindet dieseitfelmeen systematischen Ansatz,

Vi



um den Einfluss von Schweil3eigenspannungen aufBdadidungsrisswachstum zu

verdeutlichen.

Vi
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NOMENCLATURE AND ABBREVIATIONS

Notations Meaning
a Crack length.
aj Initial crack length.
a Final crack length.
Ao, As and A Polynomial function of weld size.
2'”' Aun Por, and Polynomial coefficient in Newman’s equation.

,n
BEM Boundary element method.
B Attached plate thickness (Cruciform joint).
BSI British Standard Institution.
C Material depend constant (Paris’ law).
c The mean fatigue crack growth rate coefficientesponding

mean to 50% survival probability value.

The characteristic value corresponding to 95% satvi
Cchar aH
probability value.

Cesa Materials depend constant (NASGRO Equation).
da/dN Crack growth rate.
E Young's modulus.
FEM Finite element method.
FNK Forman, Newman and de Konig.

f

FATmean (FAT95%)
FATchan (FAT50%)
f(a/t)

f(t)

FAT

FCG

h

H

HAZ

HwW

K

AKapp

AK

Kmax O Kmax,app
Kmin or Kmin,app

Kt

Kic

Ki

Ki

Newman'’s effective stress ratio.

The fatigue strength corresponding to 50% suryivabability.
The fatigue strength corresponding to 95% suryivabability.
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Chapter One
INTRODUCTION

1.1. Background and Motivation of the Research

Engineering structures and components consistngfesior several parts which connect
each to other by joining processes. These partmameifactured by several processes such
as casting, forging, rolling and extrusion etc. Toenponents can be fabricated by joining
theses parts by riveting, bolting or welding thetptogether.

Welding is today the most common joining methodrfatallic structures. Its industrial
application is extremely important and many of ldrge structures designed and erected in
the last decades would not have been possible wtithodern welding technology. Typical
examples are steel bridges, ship structures, agd tfshore structures for oil exploitation.
The strength analysis of welded structures doesleaate much from that for other types
of structures. Various failure mechanisms havedawoided through appropriate design,
choice of material, and structural dimensions. Besiriteria such as yielding, buckling,
creep, corrosion, and fatigue must be carefullyckbé for specific loading conditions and
environments. It is, however, a fact that weldedtpare particularly vulnerable to fatigue
damage when subjected to repetitive loading. Fatigracks may initiate and grow in the
vicinity of the welds during service life even kg dynamic stresses are modest and well
below the yield limit. The problem becomes veryrmonced if the structure is optimized
by the choice of high strength steel. The veryaadsr this choice is to allow for higher
stresses and reduced dimensions, taking beneftteediigh strength material with respect
to the yield criterion. However, the fatigue strgm@f a welded joint is not primarily
governed by the strength of the base material ef jfining members; the governing
parameters are mainly the global and local geonwdtiize joint. Hence, the yield stress is

increased, but the fatigue strength does not ingrsignificantly [1]. This makes the
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fatigue criterion a major issue. The fatigue sttengill alone give the requirements for the
final dimensions of the structural members sucblates and stiffeners as well as welding
processes and geometries.

Welding processes lead to deformation and creaifdocal and global residual stress
fields. Moreover, they are the source of crack-likefects. Although of these
disadvantages, welding is one of the major tootspfoduction of components, machines
and constructions, respectively. It is a cost sgand weight reducing process.

Weld crack-like defects such as the weld toe amdwield root cracks are partially
present in welded engineering structures. Thetgli evaluate the effect of these cracks
on fatigue life of the welded joints is necessdny.carry out this evaluation, linear elastic
fracture mechanics (LEFM) is recommended and higtthactive.

There are special problems in the fracture mecBassessments of welded components
that are the lack of the information on the localch action of the welding joints and the
residual stresses that were induced during the imgeldTherefore, up to date these
assessments are based on conservative limits ok demgths and in most cases, the
residual stress distributions are not taken intmant.

The assumption of high residual stress distribgtipnoduces mostly too short lives
which are not in correlation with the real expenma results. In addition, the assumption
of an incorrect crack length leads to serious respretations.

Researches to date are based mainly on experimessts to evaluate the fatigue
properties, which mainly require high time and dostase of testing lot of welded joints
and materials. Little attention is paid on the gtiedl modelling of fatigue and fracture

behaviour.

1.2. Fatigue Failure

Fatigue is defined as damage accumulation duedilatsg stresses and strains in the
material. Therefore, fatigue cracks do occur in dedl details that are subjected to
repetitive loading. In significant structural itentisey may lead to failures with severe
consequences [1].

Fatigue is the main cause of damage, followed lugs that can be designated as

accidental damage. Figure 1.1 shows a fatigueréadtia propeller shaft in a shuttle tanker.
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The fracture occurred in the intermediate parthef shaft. The crack started from the
surface of the shaft due to a weld arch strike. fetigue surface is characterized by its
smooth appearance with almost no plastic strain. sAveral stages during crack
propagation, marks which are due to low stressatiaris are left as traces on the fatigue
surface. These so-called beach marks correspomthanges in the fatigue loading; the
crack front will make a mark during the time ofwlgrowth due to smaller stress cycles.
These marks are analogous to the dark winter fimgsd in the cross section of a tree. As
can be seen, the beach marks have a typical séptieal shape indicating the position of
the crack front at various stages during the cradpagation. When the fatigue crack has
reached the size of about three-quarters of thé& siemeter D = 360 mm), the final
fracture has occurred due to lack of the remaihigagment of the shaft cross section. It is a

ductile fracture governed by the maximum occurghgar stress [1].
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rupture
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Figure 1.1: Fatigue failure in a propeller shaft in a shuttenker. Crack has initiated from
a weld arch strike at the surface [1]

In welded structures, welds are the critical cotinaes in fabrication structures because
crack-like defects are more commonly present invedds than in the parent material.
Moreover, material properties and stresses assdcwith welds are more variable than in
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parent material. Thus, failure is more likely tococ at welds. In 1968, a catastrophic

failure occurred in a 350 MW turbine at the intedia¢e pressure loop-pipe to steam chest
weldment in U.K. The failure was traced to the einterential cracking at the interface

between the 1 Cr-1 M0-0.3 V cast steam chest am@ & Cr-1 Mo weld metal. The crack

was believed to have been introduced during thé theatment operation or within a short

time of commissioning of the turbine. A fracture ahanics approach was adopted to
analyse the safety of the components and thosedfoon suitable were replaced. Thus,

application of fracture mechanics can be appliedhim broad area of determining the

acceptable defect’s size.

In the same time the incidence of fatigue crackiag become a problem of critical
importance. Welded joints have normally complicatgbmetries and are subjected to
complicated service environments and stress camditivhich may finally lead to early
fatigue cracking.

Fatigue and fracture analysis of cracks are thezefd great practical interest and
require the accurate determination of the strese sit a crack tip which is defined in terms
of the stress intensity factor, SIF for the caselemnanalysis. They are necessary for

calculating the fatigue life.

1.3. Failure of Welded Joints

Welds can introduce severe stress concentratiorishwtiiffer from one structural
element to another [1, 2].

Figure 1.2 compares the fatigue performances &3t steel plate, and the same plate
with a hole or two stiffeners welded longitudinalllyatigue strength (FAT), which is
conventionally given as 2 million cycles, passespeetively from 260 MPa (plain plate)
and 180 MPa (bored plate) to 70 MPa for the wejded [2]. To eliminate the possibility
of rupture, a large safety coefficient can be apliThen the welded structure becomes too

large and is not competitive. Hence, the advantafjgacture mechanics will be taken.
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Figure 1.2: Fatigue life curves for various details [1, 2]

Welding operation result in the existence of stresscentrated areas where fatigue
crack may originate and expand from. Welded joebrgetries, internal defects (lack of
penetration, LOP) or external defects (undercuégy siclusions), and loading types will
determine the crack path (CP) and fatigue life dfpacific joint. The most traditional
welded joints are described below.

1.3.1. Butt Welded Joints

Figure 1.3 shows transverse butt welds. Two plategoined via a transverse welding

perpendicular to the load axis [2]. This joint iglely used in welded structures.

Figure 1.3: Fatigue cracking of a transverse butt weld [2]
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For this type of joint, the fatigue crack startshee weld toe and propagates through the
thickness of the sheet, perpendicular to the logtiion. The crack is thus not the result of
a defect including welding or bad properties of tleposit metal, but the consequence of
stress concentrations at the weld toe.

In this type of butt welded joint, the influencetbé shape of the weld bead is important
for determining the endurance characteristics ef jtsint. This depends greatly on the
welding conditions.

Other types of butt joints are longitudinal buttldge The load is parallel with the
direction of the welding. The fatigue performandetliese welds is better than that of
transverse joints. However, this is not always ¢hsee. Therefore, this thesis presents a
procedure for determining fatigue strength of ddfe joints.

Figure 1.4 shows that the crack in this type oft®igenerally starts at the level of a
welding stop and restart, for examples, while clampan electrode, or starting from a
deformation on the weld bead surface. A good fatigtrtength of longitudinal joints can

only be obtained if they are continuous, and tleeeeif welding interruptions are avoided.

_|0On a welding stop

On a welding restart On a bead wrinkle

(CF L] ccccc:c%cmc

Figure 1.4: Fatigue cracking of a longitudinal butt weld [2]

1.3.2. Cruciform Fillet Welded Joints

There exist two types of cruciform joints, accoglio whether the weld beads transmit

the load or not, i.e., load-carrying and non-loadying cruciform joints, respectively.
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1.3.2.1. Non-Load Carrying Fillet Weld

Figures 1.5(a) and 1.5(b) show the fillet weld whioes not transmit the load in the
solid metal sheet. In this case the crack startheatveld toe and propagates through the

thickness of the plate in a plane perpendiculdnab of the applied stress [2, 3].

@ e o)

Figure 1.5: Fatigue cracking of a non-load carrying fillet wel2]

There is no advantage in making assemblies witht fivelds parallel to the stress
direction (see Figure 1.5c¢). The crack then sw@trthe bead end and leads to a low fatigue
strength. On the other hand, continuous longitudiiiket welds present significant

improvements in endurance over intermittent filedds [2].

1.3.2.2. Load-Carrying Fillet Weld

In this type of joint, the entire load is transmdtby the weld (see Figure 1.6a). In
addition to the stress concentration zones locati¢lde weld toe there are zones of actually
angled internal notches at the weld root. In gdn#ra crack starts there and then
propagates in the deposited metal in an obliquexction compared to the load direction.

The fact of increasing the throat thickness, bhieker weld or a better penetration, is
not always enough to ensure that the fatigue cetaits, this time, at the weld toe. In
general, completely interpenetrating bead (seer€i@u6b) notably improve the endurance

properties.
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Figure 1.6: Fatigue cracking of a load-carrying fillet weld [2]a) root crack; (b) toe
crack

1.4. Concept of Fracture Mechanics Methods

With the consideration of welding as the major mdtlof fabrication, cracking in the
heat-affected zone (HAZ) and weld metal has becanserious problem particularly in
large and continuous structures. The inevitableking in weld joints makes the estimation
of initial crack length &) to be very important to calculate the time ofgaé crack growth
propagation (FCG). In particular, the fact thaigaé cracks initiate very readily at the weld
toe, virtually eliminating a crack initiation pedaand giving a fatigue life which is spent
largely in crack propagation [4].

The weld cracks are induced due to various facteos. example, one of the major
problems in the welding of steels is the type aicking which is generally known as
hydrogen induced cold cracking. At high carbon leyéhe HAZ cracking was severe
because of the formation of brittle martensite assailt of rapid cooling in welding. In the
presence of hydrogen gross cracking is inevitabhe combination between the residual
stress and corrosive media also produce a crachilhed stress corrosion cracking.

Regardless the reasons for crack formations, fraatuiechanics is mostly used in life
prediction of a welded structure with an existingaok or under assumptions of the
presence of a crack not found by non-destructiseng.

The initiation phase is assumed negligible for wdlgoints in the fracture mechanics
approach and the life calculation is based upanessintensity factor SIF, which accounts

for the magnitude of stress, crack size and joatéits geometries.
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Regarding the first crack nucleation phase, itasgible to use a local, cyclic stress
strain approach at the weld notch to calculatetitine to crack initiation. However, the
same practical result can be obtained by a frachaehanics approach using a fictitious,
small, initial crack size [1].

It is to be interested that these small, initiaaks must be regarded as fictitious cracks
chosen to make LEFM describe the entire fatiguegs®. They are not real, physical
cracks (flaws, intrusions) created by the weldimgcpdures. It is therefore difficult to
relate the derived model to actual detected flamthé weld. Furthermore, the initial cracks
are often so small that LEFM is not applicablejdgpvalues being frona= 0.01 to 0.05
mm [1], or even 0.15 which is recommended by I1IVW33]. This crack size is close to the
microstructural features of the material. Ordinatyuctural steel qualities often have a
grains size near 0.01 mm. Therefore, it is to belemized that it may be dubious to apply
LEFM at crack depths of less than 0.1 mm. Beforis #tage the crack initiation
phenomenon is probably better modeled by the Caffith Manson equation. This equation
is based on a local stress-strain approach [1].Jfinéegral method and Paris’ crack growth
law have used also to predict crack growth ratekidantical fatigue behaviour in short
crack propagation. Nevertheless, fracture mechappsoach is used in this work, and the

evaluation of the ability of this tool in fatiguéel calculation is presented.

1.5. Residual Stresses in Welding

Residual stresses are internal forces in equilbrilhemselves. These stresses are
produced due to various manufacturing processe$ ssc forging, casting, rolling,
machining, cutting, heat treatment, surface treatmieardening and shot peening. The
formation of some microstructures such as bainitd martensite lead also to residual
stresses. Moreover, residual stresses develop alueet welding processes which are
concerned in the current work.

Residual stresses are important in fatigue lifegsst corrosion resistance, dimensional
stability and brittle fracture. In general, the eeff of residual stresses may either be
beneficial or detrimental, depending on magnituglgn and distribution of the stresses
with respect to the load-induced stresses. Tereslielual stresses are detrimental and often

in the magnitude of the materials yield strengthe Tensile residual stresses will reduce the

10
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fatigue life of the structure by increasing thewgtio of a fatigue crack, while compressive
residual stresses are very beneficial and will elese the fatigue crack growth rate [5-9].

In welding the residual stresses are developedtadu®n-uniform thermal expansion
caused by the local heating of the structure. Tiedd ystress is strongly temperature
dependent, so the maximum stress at any point én ntietal depends on the local
temperature. The temperature will vary in threeafisions as the weld progresses, through
the thickness, across the width of the weld ancha@lthe length. This gives rise to a
complex stress distribution throughout the weldnvemich will be further complicated as a
weld subsequently is deposited.

Residual stresses will never contribute to failloyeplastic collapse but they will make a
significant contribution to failure by brittle frage (linear elastic fracture), or stress
corrosion cracking in susceptible environments.sTtauassess the influence of the residual
stresses on the failure of a weldment, their distron must be known.

It is duly expected that in a notched specimen oty the phenomenon of the
redistribution of welding residual stresses wittigiae crack extension occurs but also the
phenomenon of the relaxation of welding residuedsst with the fatigue loading might
possibly occur at the same time and this would mthleeproblem quite difficult [10].
Therefore, the effects of applied stress rag,j in correlation with residual stress ratio
(Re9 and residual stresses distribution have to bestigated.

1.6. Objectives and Scope

From the design point of view, fatigue propertiésvelded structures such as the initial
crack length, the final crack length, crack growtita and fatigue strength cun&N or
Wohler curve) should be determined accurately. Thenfatigue life of welded structures
can be correctly evaluated. Unfortunately, the vadlie of crack lengths and crack growth
properties according to notch cases are not knafficiently for most cases.

The welding standards contain descriptions of abemof possible weld geometries,
with limits for the accepted dimensions of the d&fe The fatigue life calculation of
different weld classes as based on fracture mechapproach requires fixed values of
crack length and SIFs. The latter can be calculdterto applied load and due to residual

stress.

11
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Limited work is published for the calculation ofFSlunder residual stress fields [11]
and the effect of residual stresses on the cramktbyrlife.

The aim of this work is to calculate the fatigueesgth of notch cases using fracture
mechanics based method and comparison with théi@wuof the International Institute of
Welding (1IW) [3], Eurocode 3 [12], Germanischepit Aktiengesellschaft (GL) [13] and
British Standards Institution (BSI) [14].

The fatigue strengths have been calculated basedabwalues of crack length for each
notch case that is calculated in this work. Moreptiee distributions of residual stresses
and their influences on crack growth life were deieed. In addition, the correlation
between the residual stress distribution effectlaad ratioR was investigated.

With the current fracture mechanics models, difiereotch cases could be defined
including fatigue strength that is called FAT (fmte strength at 2 million cycles) and
residual stress distributions. The fatigue strerigtrunknown notch cases not listed yet in
the standards can be calculated under the effediffefent weld geometries and different

residual stress profiles.

1.7. Outline of the Thesis

This study includes fatigue life calculations anoimparisons with literature using
fracture mechanics methods and is divided intackapters.

Chapter One gives a brigftroductionto the main topics of the thesis.

In Chapter Two, a comprehensiléerature Reviewfor fatigue life of welded joints,
fracture mechanics approach and residual stresspeesented. The focus lies on LEFM
(linear elastic fracture mechanics), which is usedhis thesis. Thévlodeling of Welded
Joints and SIF Calculatioare thoroughly described in Chapter Three.

In Chapter FourFatigue Life Calculations and Verificationanalytical techniques and
procedures that are used to predict the fatigwedifvarious structures are described in
detail.

Data published in the open literature and the fetigpst results are presented as a part of
comparisons and experimental verifications in tbarth chapter. Re-analysis and re-
calculation of notch cases in the literature armhaards are shown also in the fourth

chapter. A discussion dResidual Stresses in Welded Joirgsgiven in Chapter Five.

12
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Finally, Conclusions and Recommendations for Future VWoekpresented in Chapter Six.
The evaluation of design codes is restricted to,lB®S, Eurocode 3, and GL

recommendations.

1.8. The Present Work

The fatigue testing of welded joints and large escstfuctures is time consuming and
expensive. Therefore, the analytical procedures softivare have been developed to
predict the crack initiation, crack path and pradamn time. However, the initiation time
for cracks in weld joints is neglected in fractumechanics approaches by supposing an
initial crack length.

Linear elastic fracture mechanics can then be tsexhiculate the propagation portion
of the total life by integrating the crack growthate (&/dN)-stress intensity factorAK)
relation from a specific crack size to the criticahck size at fracture. However, the
application of ordinary fracture mechanics paramsetike K-factor to very small cracks
(below 1 mm) is criticized (particularly in fatigue

For each case the geometry is modeled and SlIFebdagned to calculate the fatigue
life. The weld joint geometry with an initial crade modeled in the FEM program
FRANC2D. In this program a crack is propagated matiically or step by step according
to the maximum stress direction. For every cracigtle, the SIFs were calculated. The
results have been used to determine the SIF asidonaf crack length for the particular
case in form of a polynomial function with suitabteder. These FE results were
benchmarked for the effects of mesh size, mesh tyygsh density, crack increment and
effect of symmetry to evaluate the reliability @ireent FE mode in SIFs calculations.

The introduced function has been used for calagatine fatigue life by using fracture
mechanics method. The life was assumed to be &disthen the crack reaches half the
sheet thickness; however, the final crack length megligible effect on fatigue life. All
steps of the procedure were described thoroughtyariollowing chapters.

The following points summarize procedures of theent approach:

1. FE modeling that gives accurate stress intefesdiprs.
2. With knowledge of the stress intensity factdrditierent crack depths, it was possible to

make curve fits between SIF and crack length, #edoulateK, (a) for different loading

13
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due to the linear relation betwekpand load. Also the effects of crack increment ams$im
elements have been studied to give satisfactonjtses
3. Insert the polynomial equation into fatigue lfemula (d&/dN-AK) and carry out the
numerical integration to calculate the expectedfet life of the specimens and construct
the fatigue life curveEN).
4. Carry out the backward calculations for thegiagi life curve as compared with known
cases from the standards for the value of fatigwength life (FAT). Crack growth
parameters are fixed which give coalescence betieefatigue life curve from the current
calculations and those from standards.
5. Determine the initial crack length for differemitch cases and reveal the typical length
which would give satisfactory results for specifipes of cracking joints and loading
conditions. Crack growth parameters and final crieigths have been fixed while the
initial crack was manipulated. Final crack lengtaswchosen to be equal to one-half of the
plate thickness.
6. Investigate the effect of the residual stresgeshe crack propagation life based on the
calculated parameters from point 5.
7. Investigate the effect of applied stress raRg,d and residual stress ratiéds) on
fatigue life by incorporating them in addition tesidual stress distributions into the fatigue
life formula.

The incorporation all above steps in one approaab the task of the current work.

These approaches are validated and compared thtbedbllowing chapters of this work.

14
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Chapter Two
LITERATURE REVIEW

2.1. Introduction

With welded joints, stress concentrations occuthat weld toe and at the weld root,
which make these regions the points from whichytadi cracks may initiate. To calculate
the fatigue life of welded structures and to analylze progress of these cracks, fracture
mechanics technique is used.

In most cases, the welded components are desigsiad &N nominal curves which
predict only the fatigue life of the component. Hr, in weldment, the fatigue crack
propagation was more significant and takes a ntgjofitotal fatigue life.

Since the crack initiation occupies only a smalitipn of the life it can be assumed
negligible. The fracture mechanics method is sletdbr assessment of fatigue life and

inspection intervals in weld structures.

2.2. Fracture Mechanics of Fillet Welded Joints

The inevitable parameter in fracture mechanictesstress intensity factor (SIF) which
is used in fatigue life calculation. SIF tightlyikwith the fracture mechanics to predict the
stress state near the tip of a crack caused bgnateeload which should take into account
the residual stresses in conjunction with geometry.

Nyk&nen et al. [15] investigated the fatigue bebawf 12 common types of welded
joints parametrically and the tools which wouldallmore precise assessment of the effect
of dimensional variations on the fatigue strendgtAT) were given [15]. They mentioned
that in parallel joints toe cracks and lack of pemteon (LOP) are frequently encountered
defects in fillet welded joints. Toe cracks occecause of the stress concentration in the
weld toe region, while LOP results from inaccedsibof the root region during welding.

15
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In this Chapter, the summery of the 12 types ofdeeljoints and the predicted FAT
with the parameters are shown in Table 2.1. Inghveslded joints, the initial crack length
equal to 0.2 mm was assumed using Paris’ law naalentegration which is carried out
automatically by the FRANC2D/L program [15]. Thenpth is typical when arc welding is
used. The root crack was varied depending on tgeedeof penetration. The different weld
gaps between the two plates were assumed. Tablsh@®s the Paris’ constants and
conditions for the 12 welded joints presented ibl@a2.1, whereCcnar and Crean refer to
crack growth rate coefficient corresponding to 9%%d 50% survival probability,
respectively. No effect of residual stresses aralr thistributions were investigated in
Nyk&nen'’s study.

Table 2.1: Common types of welded joints used in Ref. [15]

Joint types Geometry Predicted FAT (MPa)

Single  fillet
welded T-joint

with  partial 7(\; B
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penetration W I‘ A It
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777777

T
Corner  joint 3t 56 wV( h ) o)’
with  partial FAT 08 = = {—— (—j f
penetration oos ;ADOB’ ( pj (t - pj t

4t
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Table 2.2: Material data for 12 welded joint reported in REf5]

Initial crack

Material data

Approach

0.2 mm (toe crack)
LOP (root crack)

Cehar =3E-13,m=3
Cieat1.7E-13M=3

Paris’ law numerical integration.
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From literature [16-18], it is evident that most thie investigations on fatigue life
prediction of the fillet welded joints are based toe failure. Some other studies have
considered the fatigue behavior of fillet weldeihjs failing from the root region.

Motarjemi et al.[19], Balasubramanian and Guha [20], Frank and€fi$hl], Usami
and Kusumoto [22]have also studied the fatigue behavior and SIFrofilorm and T
welded joints of carbon steels failing from thetr@dOP).

Motarjemi et al[19] evaluated SIFs at the crack roots of T anaitoum welded joints
with LOP defects by FEM using ABAQUS package to Iy the different joint
geometries. They found that the SIFs for crucifevetded joints were nearly always higher
than those for the comparable T-welded joints.

Fatigue failure typically takes place at sites igfhhstress in either the base material or
weldments. Weld toe contains the stress conceorasite and small crack-like
discontinuities [4, 23-26]. Such cracks tend toabeng the line normal to the transverse
stress.

Considering fatigue crack growth in welded jointee percentage of the crack
propagation phase in the total fatigue life depevely much on the quality of the weld
comprising; weld geometry, initial defects in theldy weld residual stresses and local
stress conditions. Since welding defects can fretipexist in the vicinity of weldments,
local stress concentrations around discontinuiied weld defects are fairly common.
These crack-like defects begin to grow almost imatety when subjected to external
cyclic fatigue loads, so that, for welded jointse total fatigue life is mainly dominated by
the crack propagation phase. Moreover, weld detbatswere the source of crack initiation
and growth were characterized. Internal disconti@sliinclude porosity, entrapped oxides,
and lack of fusion sites located in the longitudliiieet welds and the groove welds [27].

Therefore, fracture mechanics approach assumesxibence of an initial crack. It
can be used to predict fatigue life and strengtthefgrowth of the crack to its final siag
For welds in structural metals, crack initiatiorcopies only a small fraction of the life and
it can be assumed negligible [8, 28]. Therefores thethod is suitable for assessment of
fatigue life, inspection intervals, and crack-likeld imperfections that are likely present in
weld joints. Initial cracks used in fatigue analysee often in the range of 0.05-0.2 mm
[29]. However, Engesvik [30] has also analyzed tague life of welded joints and
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concluded that it may be dubious to apply LEFM edck depths less than Orfhm.
Nevertheless, this value can vary depending onviiding operation parameters, geometry
and materials properties. Lindgvist [31] showedarim specimen’s fracture surface after
it was fatigue tested and afterwards broken upb#&bly there were several small cracks
along the weld toe. When the cracks grew in theation normal to the applied load, they
united into one large semi-elliptical crack. Foadecarrying cruciform welded joints, lack
of penetration (LOP) is considered to act as ihiteck. Initial crack,a is usually
measured or approximated to 0.1-0.2 mm for weldbld 2.3 shows the parameters used in
Lindgvist’s study [31].

Table 2.3: Material data and geometry reported in Ref. [31]

Geometry Initial crack Material data Approach

Cruciform weld joint with toe crack | 0.15 mm (tog] Cgpa =5.21E-13mM=3 Paris’ law

crack) Chear2.3E-12m=3 numerical
integration.

BS7910 [14] recommended the initial flaw sgeetween 0.1 and 0.25 mm. The life is

assumed to be finished when the final crack reabbkghe sheet thickness [31, 32].

Nykéanen et al. [15] mentioned that for toe cracksally perpendicular to the plates an
initial crack lengthg; of 0.2 mm was assumed. They mentioned this lermgbettypical for
arc welding and in case of LOP crack, the rootlcraas varied depending on the degree of
penetration.

In fillet weld joints there are two locations whete crack may initiate and propagate
(see Table 2.1). First at the weld toe and secomth the root or LOP region. The root
crack length or partial penetration depth (LOP)yplan important role in fatigue life. The
first crack will propagate through the base plateesgas the second one will propagate
through the weld throat [3, 33, 34].

Branco et al. [4] showed experimentally that thiégtee cracking for transverse butt,
cruciform welds and non-load carrying fillet weldatiachments usually initiated at a weld
toe and propagated through the plate thickness.dblaf35] stated that a fillet weld has
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small sharp defects along the weld toe from whatgtie cracks propagate. This effect
combines with the stress concentration so thataigue life is effective in propagating the
crack.

In most cases toe cracks have been considered ,[82336, 37] because they are easier
to observe with the naked eye as well as with dgeepration tests. In addition to high
stress concentration, the tensile residual streasedocated in this point. The tensile
residual stresses of yield strength magnitude eatishe weld toe regions reducing the
fatigue life [24].

Singh et al. [38] presented the findings of a stoflyhe axial fatigue performance of
AISI 304L load-carrying cruciform joints which fadl in the weld metal with and without
cryogenic treatment. The fatigue properties of ggrocally treated samples have shown
improvement due to strain induced martensite thahéd during cryogenic treatment and
the associated generation of compressive strasske weld metal.

Hou et al. [39] mentioned that a crack depth of50r8m was commonly used as
terminate of crack initiation phase. Many straigemplaced along the weld direction in T-
joint, near the weld toe and the size and locatibinitiated surface cracks by was detected
change in the strain gages readings. They claimaddracks with a depth of 0.5 mm or
even smaller could be detected. They recordedotia fatigue life of the T-joints and the
crack propagation life from a crack depth of 0.5 neonthe finalfailure. They showed that
fillet weld joints like T-joint have high stressmeentrations at the weld toe. Therefore, it is
easier to initiate a crack from the weld toe, heribe value of initial number to total
number of cycleN,/Nt) become smaller.

Balasubramanian et al. [20] analyzed the influerafetsvo welding processes, namely,
shielded metal arc welding (SMAW) and flux cored aelding (FCAW), on fatigue life of
cruciform joints containing LOP defects

Finally, it should be mentioned that the lists afigue strength of fillet welded joints
failing from toe and root cracks, respectively, presented in the International Institute of
Welding (IIW) [3, 34], Germanischer Lloyd Aktiengg#ischaft (GL) [13], and British
Standard Institution (BSI) [14].
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2.3. Crack Propagation Curve

The fatigue of welded joints is a vast area anégimany possibilities for research. It
has been found from experience that most commduréai of engineering structures such
as welded components are associated with fatigaek ggrowth caused by cyclic loading.
Engineering analysis of fatigue crack growth igjérently required for structural design,
such as in Damage Tolerance Design (DTD) and raekidite prediction when an
unexpected fatigue crack is found in a componerngineering structure. For analysis, the
fatigue life of welded structures can be dividetbitwo parts: crack initiation phase and
propagation phase. The initiation life is defineg the number of loading or straining
cycles,N;, required to develop a crack of some specific, gizelhe propagation stage then
corresponds to that portion of the total cyclie |il,, which involves growth of that crack
to some critical dimension at fractui@®, HenceNt=N;+N,, whereNry, is the total fatigue
life. Therefore, fatigue crack propagation behavsotypically described in terms of crack
growth rate or crack length extension per cycléoafling (d&/dN) plotted against the SIF
range AK) or the change in SIF from the maximum to the mumn load (see Figure 2.1)
[28].

The first region (I) in Figure 2.1 is referred ® the near threshold region. It indicates a
threshold value, below which there is no observakdek growth. The second region (Il) is
a linear region, which is known today as the Pda® region. During this period, fatigue
crack growth (FCG) corresponds to stable macroscogck growth. In the third region
(ll1), FCG is very high as it approaches instapiind point of fracture. There is little FCG
life involved and it is primarily controlled by tHeacture toughnes¥(c). The main part of
the log-log plot of @/dN versusAK that is of most concern in most works is the Paris
region (Region-Il). This region describes the crgobwth behaviour using the relationship
between cyclic crack growth rate/dN, and the stress intensity rangé& [9, 40].
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Figure 2.1: The crack propagation rate versus the SIF rand§ [4

The central portion of the crack growth curve (Regil) is linear in the log-log scale.
Linear Elastic Fracture Mechanics (LEFM) conditi@ssentially deals with crack
propagation in this region, which is commonly déssu by the crack growth equation
proposed by P. C. Paris and F. Erdogan and popladwn as the Paris’ law, was given
in Ref. [28] as shown below:

da _ m
N C(aK) (2.1)

whereC andm are material dependent constants AlKds the range of SIF.

It should be noted that Paris’ equation developed 963, only represents the linear
phase (Region-Il) of the crack growth curve [8].tAs SIF range increases approaching its
critical value of fracture toughnedsf, the fatigue crack growth becomes much fastar tha
that predicted by Paris’ law. Forman proposed thikwing relationship for describing

region-Il and 1l together [8]:
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da__ C(aK)"
dN  (1-RK,-AK

(2.2)

whereR is the stress ratio, equaldgiv/omax

Note that the above relationship (2.2) accountsfi@ss ratioR effects, while Paritaw
assumes thataddN depends only oK. Based on the above relationship, fatigue crack
propagation life can be predicted by integratinghbsides of these functions if a suitable
SIF solution is obtained.

It is to be emphasized that fatigue crack growthagign which is sensitive tB like
NASGRO equation is recommended to use, or addedtris’ model the crack closure
phenomenon or any other model accounting for thte sif affairs at the crack tip.

The equation is used in the most recent releasieeofrack growth prediction program,
NASGRO. The NASGRO equation is written as:

o)
da_ . Hl_fJAK} LAk (2.3)

dN ~ FAL1-R

whereCesaandn are empirical parameters describing the lineaioregf the curve (similar
to the Paris’ model), anplandq are empirical constants describing the curvaturfatigue
crack growth rate (FCG) data that occur near tloleskRegion-l) and near instability
(Region-IIl), respectively. The Newman'’s effectisgess ratioff, the threshold value of
SIF range for a giveR, (AKy,) and the critical SIFK,) are presented in Chapter Four. The
unit for the fatigue crack growth rate (FCGY/dN is mm/cycle, and the SIF rang& is
MPa (m}*2

Research to date used the modified Paris’ or Forfamnand incorporating them with
residual stress intensity factor and total SIFalzualate lives which consider only the linear

region of crack growth curve.
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2.4. Simulation of Fatigue Crack Growth

In spite of the fact that several SIF handbookshasen published, it is still difficult to
find solutions adequate to many welded configuraif®?7, 41]. This is mainly due to a
wide variety of complex welded geometries, loadggtems and the suitable solutions are
not always available.

When no analytical solutions are available, severadieling methods may be used. The
most modern ways to solve the SIFs are Finite Etr{leE) or Boundary Element (BE)
software. Automatic meshing during the crack groistimcluded in some software.

The finite element method (FEM) has been widely leygd for solving linear elastic
and elastic-plastic fracture problems. The evatuatif SIFs in 2D geometries by FEM is a
technique widely used for non-standard crack caeméiions. As regards to through
thickness weld toe cracks, no 3-D analysis redwdige yet been reported to the author’s
knowledge.

Over the years, the complexity of problems incrdasignificantly and that makes it
important to convert and provide a more useful metithat can be used for fatigue
problems.

Although the complexity of models has increased® fiist applications were for
relatively simple purposes such as the determinatid SIFs for different crack
configurations and different joint geometries.

Andersen [7] presented models of 2-dimensional kcrsimulation. In addition, the
effects of residual stresses have been studiedy ubm FE-based optimization program
ODESSY. The stress intensity state at each locatidhe crack tip was used to predict the
direction of the next crack increment. The proceduarolved re-meshing of the domain
containing the continuously changing crack geomatrg a model for prediction of the
crack growth direction. Thus, the procedure wadusesimulate the crack growth. The
obtained results showed a reasonable agreementewjt@rimentally obtained data. The
weakness of the approach was the missing abilith@te-meshing algorithm to produce a
high quality mesh in the domain around the cragk ti

The main problem of using FE-based software isttasimulation of the crack growth

is very time consuming. While the main problem g€BE method is that the engineers are
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not familiar with this method and the solving oEtBE model is not as fast as the FEM
[42].

Caccese et al. [23performed FE analyses on the cruciform-shaped ddstles to
ascertain the stress concentration factor for uarghaped fillet geometries. The ANSYS
FE program was used for this purpose. Results @fAG analysis were processed using
several analytical methods and these data were tosedtimate the relative change in
fatigue life due to the geometry of the fillet. &nit is desirable to use these methods with
a multitude of weld profiles, the FE method was sgho for the analysis procedure to
determine the stress concentration factor.

In ANSYS, to model the crack a small cut in themgetry is performed. This means that
there is a relatively small distance between thiatpaat the opening of the crack. In all
models, the growth of the crack is perpendiculathi horizontal sheet. Crack growth is
simulated by moving the crack tip key point inte tmaterial. Moreover, the crack can be
difficult to mesh because the elements must béivelg small near the crack tip. In order
to get around that problem the total area of tleests divided into smaller areas. Since the
elements around the crack tip must be relativelplsiand larger elements are used far
away from the crack it is extremely time consuntmgse these small elements’ model.

Problems may occur in the transition area betweealler and larger elements. This is
done by creating a box around the crack tip, camgi small elements. Although large
efforts have been made to control the meshes, soegesome bad elements appear around
the box.

Therefore, Karlsson [32] found that using a smadliement side length on the global
areas, 0.2 mm instead of 1 mm, the badly shapedesies disappear. The calculation time,
however, is about 10 to 20 times longer and theutatied SIFs improve less than 1.5%.
Since several geometries are to be calculatedsa@weser mesh is used to save time.

Boundary Element Analysis System software (BEAS¥3][which is now a simple
extension of the standard stress analysis is prediby engineers. Simply select the shape,
size, and location of the crack and BEASY will angdically re-mesh the model to include
the crack and compute the stress intensity data.

Moreover, BEASY not only provides stress intensifita but can also predict how the
crack will grow and provide the automatic crackwgtto re-meshing which is automatically
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performed by BEASY where necessary. The procedutaghly automated with a crack
growth wizard guiding the user. High accuracy histily, SIF and crack growth data have
been approximated using standard reference sotution

Fricke et al. [44, 45] performed BEM analysis usitigg code BEASY where the
displacement method is used for the SIFs solutime crack propagation has been
calculated based on Paris’ crack growth law usigcomputed SIFs along the crack front.
It can be seen that the highest crack propagatioars at two points namely at the end of

the root gap and close to the corner.

2.5. Fracture Analysis Code

The FE program (FRANC2D) was developed by the QbrReacture Group from
Cornell University, USA [46]. FRANC provides highetme saving and is more familiar
with application and mesh generation.

The analysis was undertaken based on the assunygdtian initially isotropic elastic
material, in which a crack was subsequently allow@dorm and grow according to a
fracture criterion. Therefore, it combines with B&A by the easy crack modeling and
meshing.

In FRANC there is no reality for using the box whis used in ANSYS and there is not
necessarily to use the fine mesh near the cradkeieby saving time. It can be shown that
FRANC has advantages over other FE software tauledée SIFs. It can be applied for
mechanical component crack growing in addition feil cengineering applications.
Moreover, FRANC2D can be used to represent thekagaometry in a fuselage, and to
simulate crack interaction with various structued@ments. However, Mashiri et al. [25]
discussed the nature of 2-dimensional models agyl dssume that undercut is continuous
throughout the whole length of the weld toe. TH®wd give a conservative value of
fatigue crack propagation life as compared to wmaktiform joints under tensile cyclic
loading where cracks can initiate at multiple psiatong the weld toe of the cruciform
joints and propagate before coalescence occurs.

The simulation of fatigue assessment method by REEMg FRANC2D depends on
SIFs. The analysis can be undertaken using a veddithe program downloaded from the

website and by using the support documentationigeoly
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Nykéanen et al. [15] evaluated the two-dimensiomaitd element models of the joint
using plane strain linear elastic fracture mecharfidEFM) calculations. The as-welded
condition was assumed with the result that no craitkation period was considered and
stress ranges were fully effective. In a wide \gradf cases crack growth problems can be
solved within the frame of linear elastic fractmnechanics (LEFM). This is the case when
the yield zone at the crack tip is small with retge both the crack size and the remaining
ligament. By characterizing subcritical crack growising the concept such as stress
intensity factorK, it is possible to predict the crack growth rafeaoweld under cyclic
loading, and hence the number of cycles necessarg €rack to extend from some initial
size, i.e., the size of pre-existing crack or crhic& defects, to a maximum permissible size
to avoid catastrophic failures [15].

Hee et al. [47] showed that the FE program, FRAN@2Bble to predict the growth of
cracks for dam structure. The initially isotropi@stic material was assumed, in which a
crack was subsequently allowed to form and growomteg to a fracture criterion. In
welded joints, the same assumptions are exploited.

FRANC2D program is highly interactive and has ardisendly working environment.
The Cornell Fracture Group [46] has also developedhore advanced FE program,
FRANC3D for simulating 3-dimensional fracture grbwtThis program is capable of
modeling multiple, non-planar and arbitrary shapestks as well as unstable cracks which

have a non-linearity motion during the growth.

2.6. Factors Affecting the Fatigue Strength of Weld  ed Joints

In welded structures, local stress concentratioimasitable due to structural geometry
or discontinuity. Therefore, the fracture occurghaise stress concentration points.

Although fatigue crack growth are negative charmdsties of materials, many factors
have to be taken into account when fatigue craokvtir data (curves) are to be measured
or to be applied for fatigue life prediction, esiadlg in welded joints [8]. Some of such

factors are described below.
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2.6.1. Weld Geometry

The local stress concentrations due to weld geaeseaind irregularities at the weld toe
and crack-like defects are known to have influemcéatigue strength.

Fatigue life of a weldment is influenced by the ema, environment, welding
techniques, weld quality, connection details arelgaometric profile of the weld. Welded
joints are regions of stress concentration whetigua cracks are likely to initiatf23].
Geometry is one of the primary factors that contiioé fatigue life. Accordingly,
procedures that improve weld geometry profilesdducing stress concentrations will have
a beneficial impact on fatigue life. Most fatigutelimprovement methods implemented to
date are post-weld operations.

Ferrica and Branco [48] investigated the effectaeld geometry factors on the fatigue
properties of cruciform and T-weld joints. The déswshowed that the thickness of main
plate and the radius of weld-toe are the most itapbrfactors for the fatigue properties of
welded joints.

Kainuma and Mori [49] carried out experimental dat tests on load-carrying welded
cruciform joint specimens to study the effect ofldvehape on fatigue strength of load-
carrying cruciform joints failed from root. They®hed that the fatigue crack originated
from the weld root and propagated into the weldainieta direction roughly perpendicular
to the applied load. This direction coincided wiitlat of the unwelded line. A failure line
leaning approximately 45° toward the unwelded livess generated by the final and static
failures. A fatigue crack propagation analysis jmnts with various weld shapes, plate
thickness values, weld sizes, and weld penetradiepths was also performed, and a
quantitative fatigue strength evaluation methodtfa joints was derived. Kainuma et al.
[49] found that the plate thickness has a more rkafde effect on the fatigue strength in
non-load carrying cruciform fillet welded jointsém joints where a fatigue crack initiates
from the weld toe. In these cases, the fatiguengthedecreases inversely to the 1/4th
power with the plate thickness. As demonstrated/abiiie degree of the thickness effect in
non-load carrying cruciform fillet welded jointsfiéir from that in load carrying joints that
fail from the weld root. This is because the thiegs affects different mechanisms in the

two joints. When a fatigue crack originates fromweld toe, the thickness affects the stress
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concentration at the weld toe, but when a fatigueelc originates from a weld root, the
thickness affects the initial crack size.

Kainuma and Mori [49] also studied the effect ofefidifferent weld shapes, an
isosceles triangle, scalene triangles with longgrléngths on either the main plate side or
the cross plate side, and concave or convex cuegtin order to determine the influence
of the weld shape on the fatigue strength. Thetedt#hat one type of fatigue cracks
originates from the weld roots of load-carryingefilwelded cruciform joints. The main
conclusions were the fatigue strengths of jointhwsicalene-triangle-shaped welds with a
longer leg length on the cross plate side, jointk woncave welds, or joints with convex
welds were similar or slightly greater than tho$gomts with isosceles triangle-shaped
welds for a given weld size. Compared with thegiai strength of these joints, the fatigue
strength of joints with a scalene-triangle-shapetdwvith a longer leg length on the main
plate side was high. As the weld penetration deptineased, the fatigue strength also
increased. This latter effect was evaluated byyapglthe idea that the weld penetration
depth reduced the plate thickness.

Nguyen et al. [50] studied the effect of importhatt weld geometry parameters e.qg. tip
radius of undercut at weld toe, weld toe radiuankl angle, plate thickness and edge
preparation angle, and the effect of initial crggometry on the fatigue crack propagation
life by using LEFM. A simple mathematical model Haen developed to predict the co-
influence effect of the above-mentioned weld geoyparameters on the fatigue stress
rangevs life (SN) curve. This model gives an explanation for therall effect of weld
geometry parameters as the main reason of scag@omenon in fatigue testing practice.

Nguyen et al. [37] showed that the fatigue lifetioé welded joint is increased as the
weld toe radius increases. Moreover, the fatigtee df the welded joint is increased by
decreasing the values of flank angle. They havevshihat significant effects occur in
specified range for weld toe angle and toe rad@stside these ranges, insignificant
improvement is obtained. Weld toe radius and tageaare kept constant to study the effect
of plate thickness on SIF for transverse butt wdidshows that the value of SIF is
increased as the value of plate thickness incred$es can explain the well known effect
of plate thickness in reducing the fatigue lifeaoiveld joint. The fatigue life is significantly
increased as the plate thickness decreases froonm®2to 9 mm. However, the
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improvement of fatigue life due to the decreaseplate thickness from 20 to 9 mm is
insignificant. It means that for the lower rangeptdte thicknesses (less than 20 mm), the
effect of plate thickness is ignorable.

Caccese et al. [23] evaluated the effect of welsthggtry profile on fatigue life of laser-
welded HSLA-65 steel. Results are presented ofiforme-shaped fatigue specimens with
varying weld profiles loaded cyclically in axialngon—compression. Better quality control
of weld geometry is possible with laser welding pamed with more conventional
techniques such as SMAW and GMAW. They have shdwanhthe use of a combined laser
and gas-metal-arc welding (GMAW) weld procedureultssin a substantially improved
geometric profile of a longitudinal fillet weld. Wds with improved geometric profile can
result in much better fatigue life than the sanze sveld with other profiles.

Branco et al. [4] showed that fracture mechanicsdeting confirmed that the
differences in weld toe geometry were consisterth vihe differences in fatigue life
actually observed. Weld toe radius appeared todre significant than weld toe angle.

It has been known that fatigue crack growth behavad welded joints highly depend
not only on the materials and load conditions ks @n weld geometry such as weld toe
angle,f (whered=180-), weld toe root radiuspj, plate thicknesst), width of the weld
bead (), height of the weld bead], and () is the plate length as shown in Figure 2.2

[8].

Ao

Figure 2.2: Weld geometry parameters at butt-weld joints [8]
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Ferrica and Branco [48] investigated the effectweld geometry factors on the fatigue
properties of cruciform and T-weld joints. The iesshowed that the ratio of thickness of
main plate and the radius of weld-tdé) are the most important factors for the fatigue
properties of welded joints. As the thickness @it@s is reduced, the fatigue strength and
life will increase in the case of T and cruciforaints. These results have been confirmed
by other researchers [51, 52] studied GMAW as weklolgtt welds in 25-30 mm AA5083-
O, AA5083-H116, AA5456-H116 and AA5456-H117 alumimalloys. The investigations
concluded that the angle at the toe of the reiefment is the most critical factor in the
determination of the fatigue life of as welded jeiand actual maximum stress at the weld
toe.

The removal of weld reinforcement may increasef#tigue life, whether exposed to
air or seawater, if care is taken to prevent serfdefects during the bead-removal process.
Niu and Glinka [53] derived an empirical relati@gcounting for the stress concentration
Kiat weld toe, by FE methods [8, 28] as follows:

t 0.469
K, =1+ 0.512‘90'572{—} (2.4)
Yo

whered is the weld toe corner (théh=180 -y) angle in radian, is the plate thickness, and
p is the weld toe root radius (see Figure 2.2).

Figure 2.3 shows the stress concentration factoa dsnction of weld angle and
thickness for a weld toe radius equal 1 mm. It sla®wvn that the stress near a notch tip is
dependent mainly on the stress concentration f&Gtahe notch tip radiug, and the weld
toe corner anglé. Therefore, it can be concluded that any changdke weld toe radius
mostly affect the stress concentration fadtgrand the stress field in the close vicinity of

the weld toe.
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Figure 2.3: Stress concentration factor as a function of waidle (radian) and thickness
(mm) for weld toe radius equal to 1 mm

The welds with their reinforcement removed were enggnsitive to porosity compared
with the weld with reinforcement intact, althoughetformer gave longer life than as
welded joints when porosity level was lower. Inativords, when a relatively higher level
of weld inner-defects such as porosity, inclusidask of fusion and LOP, exist in a
weldment, welds with bead reinforcement removed myibit shorter life than those of
welds with bead on. This situation could be fatriye for weldments with a high level of
weld inner-defects, for example weld repaired stngs. Therefore, the as-welded joints
can exhibit different fatigue crack growth performa behavior compared to that of the
weld with bead reinforcement intact, dependinghandituation.

Motarjemi et al. [54] studied for cruciform jointhe effect of attachment thickness,
main plate thickness, weld leg length, and initi@P size on fatigue life by integration of
the Paris’ law. For T-welded joints, the effect different support span has also been
investigated. The results are reported as fatidaeclirves for both types of joints. All the
curves show higher fatigue life for T-joints thaor fcruciform joints. The studied
parameters include the attachment and main platknigss B and T, respectively), weld
leg length k), support span) (for theT joints only) and initial lack of root penetration

size (&). The details of the parameters covered in thidysare shown in Figure 2.4.
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Figure 2.4: (a) Cruciform and T welded joint geometry; (b) simplypgorted condition
[54]

Taylor et al. [55] studied the thickness effect atbwed that the weld in thicker
section have short fatigue lives at the same stnessinal. Thinner plates have higher
fatigue life than thicker plates.

Lindgvist [31] performed facture mechanics analyssisig FEM and according to the
requirements in the British Standard to calculdte fatigue life. The FEM analyses
indicated that the fatigue life for the 6 mm speminwas about twice that of the 12 mm
specimen.

The National Institute for Materials Science (NIM[SB] presented a data sheet on
fatigue properties of non-load-carrying cruciforrelded joints of SM490B rolled steel for
welded structure under different plate thickness (Bigure 2.5). These data showed that

the fatigue life increases with decrease the platkness.
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Figure 2.5: Non-load carryingcruciform welded joint

Branco et al. [4] used the TIG and plasma weldm¢he joining of thin sections, less
than 10 mm thickness. This may introduce an adatibenefit from the fatigue viewpoint,
since fatigue strength is expected to increase wittecrease in plate thickness. Superior
fatigue performance was confirmed for TIG and plagransverse butt, cruciform and non-
load carrying fillet welds of carbon-manganese Istaié joints failing from the weld toe.
Weld details, which failed by fatigue cracking etweld throat, showed no influence of
welding process. Fracture mechanics modelling coafd that the differences in weld toe
geometry were consistent with the differences tigéee life actually observed. The details
of the test specimens are given in Figure 2.6. T8eywed that the radius appeared to be

more significant than weld toe angle.
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Figure 2.6. Details of the tested welded joints: (a) butt weldsm one side (TIG and
plasma); (b) butt welds from both sides (MMA andr6mG); (c)cruciform fillet welded
specimens designed to fail in a plate at weld toen{load carrying attachments) and
failing a weld throat (load carrying) [4]

2.6.2. Weld Defects and Metallurgy

Weld defects are those imperfections or discortigaiproduced in the weldments
because of the weld process, such as porosity, Is@@, inclusions, incomplete fusion,
misalignment, undercut, weld profile etc. Thesedngdfects can significantly influence the
local stress field in the vicinity of welds wheretivelded component is subjected to cyclic
fatigue load. In most cases, weld defects leadeiere stress concentrations and thus
accelerate fatigue crack growth. Several worksistuthe effects of LOP on the fatigue
behavior of welds. They concluded that LOP defeats seriously reduce the fatigue life of
both types of weld, those with the reinforcemenadh and those with the reinforcement
removed. They reported that the effects of intediatontinuities on fatigue performance
of welds with reinforcements are minimal. The effetweld reinforcement is so marked
that only critical defects would affect the fatigbehavior and this is related to the loss of
cross section area. Porosity only becomes a fadien the reinforcement is removed.

Weld toe cracks are often found in many importaetded structures. The ability to

assess the effects of these defects on fatiguefitbe welded structures is therefore of
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practical significance. To carry out this assessmiens necessary to have reliable SIF

solutions.

2.6.3. Materials and Welding Techniques

Chemical composition and condition of welding miasr including base metal and
fillet material can directly affect fatigue crackogvth rates of welded joints [57]. Different
materials have different mechanical properties ahdracteristics under cyclic loading.
Phase change will occur in most kinds of steelsnwdbjected to the welding process and
residual stresses are introduced by these phasgeha areas like the weld toe and heat-
affected zone. Generally these residual stressesttebe tensile stress on hot spots and
hence reduce the fatigue performance of weldedgoin

The magnitude of this influence is dependent ontype of material. However, in the
case of austenite stainless steel and 5083 alumaidloys, no phase change occurs and
hence no residual stresses due to phase change @ti®ugh the latter may suffer
substantial strength loss due to heating during whedd process. Different welding
processes also have different effects on the fatigroperties of welded joints. Some
welding methods such as submerged arc welding daeeey heat input in the weld joints,
producing higher thermal residual stresses. As imeed previously, defects introduced
during the weld process such as undercut, lackdh, lack of penetration, misalignment,
porosity and poor profiles can also have a sigaifidnfluence on the fatigue properties of

welded joints [8].

2.6.4. Weld Residual Stresses

Residual stresses are known since many years asfdhe most critical factors which
can significantly influence the fatigue propertaswelded joints. Many researchers have
reported on the basis of their experiments thanhgnitude of the highest tensile residual
stress may approach the yield strength of the panaterial in some critical locations of
weldments [5].

Previous investigations [24, 37] indicated thatWiRS have also significant effects on
the fatigue crack initiation phase and the eadgstof crack propagation.
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2.7. Residual Stress Effects on Fatigue Life of Wel ded Joints

Residual stresses are stresses that remain in cemizoafter the applied external load
is removed. Residual stresses in engineering stestoccur from welding and other
manufacturing processes such as rolling, forgind aasting. These stresses have a
significant influence on the fatigue lives of stiwal components [5].

Weld residual stress (WRS) introduced by the wejdmmocess can come from the
expansion and shrinkage of weldments during heatiycooling [24], misalignment and
microstructure variation in weldments and heataéid zone (HAZ). Residual stresses in
weldments have two effects. Firstly, they produodtion, and second, they can be the
cause of premature failure especially in fatiguectiure under lower external cyclic loads
[8].

It has been confirmed that WRS is quite large arndbe tensile in the vicinity of the
weld, where their magnitude is approximately edadhe yield strength of the weld metal,

as shown in Figure 2.7.
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Figure 2.7: Typical longitudinal WRS distribution at butt wd@B]: (a) mild steel; (b)
aluminum alloy; (c) high alloyed structural ste@]

Some researchers confirmed that the tensile rdsithegses could significantly decrease

the fatigue properties of welded joints. It hasrbebhown that tensile residual stresses in
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welded structures can be as high as the yieldgitnesf the material and have a detrimental
effect on the fatigue behaviour. On the other haod)pressive stresses on the surface of
weldments could have a favorable effect on fatigfeeand they can significantly improve
the fatigue strength of welded structures [5, 9, 59

Itoh et al. [58] studied the effect of residualess on fatigue crack propagation rate in
longitudinal welded residual stress field and fotinakt the effect of crack growth rate in a
weld residual stress field could be evaluated ims$eof the effective stress intensity range,
based on the measurement of effective stress aatiocrack opening ratio. The effective
SIF and the effective stress ratio can be appbepredict the fatigue crack growth rate in
both tensile and compressive residual stress liigldsing base material’s crack growth rate
data with different stress ratios.

Other works investigated residual stresses on thekcinitiation phase only such as
Teng et al. [24], who studied the effect of residsteesses on the fatigue crack initiation
(FCI) life in high cycle fatigue of butt welded pas. They found that the localized heating
caused by welding and subsequent rapid coolingcease tensile residual stresses at the
weld toe of butt-welded joints. These tensile realdstresses were considered one of the
major influences on fatigue strength.

O’Dowd et al. [60]determined the SIF value for cracks of differemesiat the weld toe
due to the weld residual stress using the FEM. Tdiey compared the SIFs for the stress
distributions provided in R6 and BS7910 and fromtren diffraction measurements along
the weld toe line which determines the stress filtdctly from the measured elastic strain
for three mutually perpendicular stress componémésverse, longitudinal and normal
stress), see Figure 2.8 The three stresses ammabtaom three strain components using
Hook’s law. Very dense mesh has been used neawdlktoe of the T-plate weld joint.

All calculations were carried out using the comnarEE software package, ABAQUS.
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Figure 2.8: Geometry of T-plate and weld [60, 61]

2.7.1. Crack Closure and Effective SIF

When a specimen is cyclically loaded betwd&mx and Knin, the crack faces are in
contact belowK,,, the stress intensity factor at which the crac&msp Figure 2.9lustrates
the crack closure concept and shows that the poaotfiche cycle that is beloW,, does not
contribute to fatigue crack growth. The effectiyé g&ange is defined as follows [28]:

AKef‘f = Kmax - Kop (25)
The effective stress intensity factor ratio is [28]
AKeff (Kmax - Kop)

= = 2.6
&ﬁ AK (Kmax - Kmin) ( )
The modified Paris-Erdogan equation is derived2a$ [
da m
— =C|AK 2.7
o = ClKe) @7)

Eq. (2.7) has been reasonably successful in ctioelaf fatigue growth data for various

metallic materials at differefR ratios.
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Kmm

Figure 2.9: Definitions of effective SIF and crack closure agpt [28]

In case of residual stress, two approaches, intexiby Glinka and Elber edited by Wu
[28] have been frequently employed to account ler eéffect of residual stress on fatigue
crack growth via crack closure. One method useduakSIF ratio as follows [6, 28]:

Rres = (Kmin + Kres)/(Kmax + Kres) ¢Rapp (28)

MK, =K __(1-R) (2.9)

max

HereKmin,app Kmax,app@NdKres denote the values of the minimum and maximum Sikesto
the applied loading, and the SIF introduced byrdsidual stress field respectiveRes is
defined as the residual stress ratio. Nominal agp$tress ratidR or Rapp is the ratio of
KmiKmax This approach requires the residual stress bligtan and is associated with the
SIF calculation which is also dependent on theytegticrack length. It has been known that
the welding residual stresses are distributed éoresiderably non-uniform manner and are
redistributed during the process of cyclic loadargl fatigue crack growth. Therefore, Wu
[28] mentioned that it is difficult to apply thispproach for effective SIF evaluation
because of the difficulty in capturing the actu&lding residual stress (WRS) field during
fatigue crack growth. The other method is to usedtfiective stress intensity factor range

(AKes) determined from the crack opening rafid)(as [28]:

AK,, =K, xR (2.10)
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where,
R' = (Umax - Jopen)/(amax - Jmin) (211)

with gopen being the measured crack opening stress in theuedsstress field. In applying
this approach, accurate determination of éh@nis necessary for the effect of WRS and

crack closure to be correctly estimated.

2.7.2. Determination of Residual Stresses

Residual stresses can be measured by differenbitpeds classified into destructive,
semi-destructive and non-destructive measuring oasti{mechanical, optical, ultrasonic,
X-ray or neutron diffraction and analytical).

Many researchers have pointed out that, for wejdads, weld geometry factors and
weld residual stress (WRS) can significantly affdue final crack growth data in the
corresponding fatigue experiments, see Ref. [9].

Assis et al. [62] presented the experimental resofitresidual stress measurements by
X-ray tensiometry. Both longitudinal and transversteess components (parallel and
perpendicular to the weld seam, respectively) weeasured in the seam weld, the heat-

affected zone (HAZ) and in the base metal neamttld region, see Figure 2.10.
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Figure 2.10: Residual stress distributions on the front facehef welded plate with linear
weld seam: 1-longitudinal stresses; 2-transversesses [62]

The high tensile residual stresses are induceceld metal as it contracts during cooling
and have a detrimental effect on fatigue life undelic loading [59, 63].

The presence of compressive residual stress invéh@ metal was able to increase the
fatigue strength because compressive residualsssdsave a beneficial effect on fatigue
life [5, 38, 44, 4559, 64].

Shen and Clayton [63] studied the fatigue behaofdillet welded ASTM A515 steel.
They mentioned that under tension-tension cycladloonditions, residual stresses did not
show a significant effect on the fatigue strengtfillet welded specimens. Under tension-
compression cyclic load conditions, the stresevell specimens showed a significant
increase in fatigue strength over the as-weldedismns.

Cordiano [64] made a determination of the influen¢esarious mechanical finishing
procedures on residual stresses. He had meas@reesidual stress by hole drilling.

Under pulsed tension (tension-tension) when higésstconcentration factor, there was
little difference in crack propagation for un-weldeas welded and stress relieved
specimens. In this case of tension-tension, nacefiéresidual stress on fatigue life was
found, while in tension-compressive cyclic loads stress relieved specimens exhibited
superior fatigue life. Cordiano [64] also foundttkize tensile residual stresses do not have

a significant effect on fatigue life of all type v$ed pulsating load (tension stress or zero to
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maximum tension range). While under reversed cyolatl, the effect becomes apparent
and increases with decrease the stress range ®Isuin

Nguyen et al. [37] studied the effect of residaaksses and weld geometry on the
fatigue life of butt welded joints by developing amalytical model using LEFM,
superposition and FE approaches. They aimed tothadheoretical explanations for the
improvement of fatigue life due to the compresse®dual stresses introduced by various
post-weld surface treatments and improved weld @#gmbecause of the theoretical
analysis of the effect of compressive residual ssee and weld geometry on the
improvement of fatigue life of welded structuressl not clear. The residual stress
distributions are not measured but assumed basedimbers of studies related to residual
stresses in as-welded and shot peened welded.joints

O’Dowd et al. [60] obtained the residual stresseswelded ferritic steel T-plates,

determined using neutron diffraction.

The measured data for the T-plate are shown inr€iguLl. It has been found that the
transverse residual stress distribution for diffiérplate sizes and yield strength are of
similar shape and magnitude when normalized ap@tey and peak stresses are on the
order of the material yield strength. The magnitefie¢he peak transverse stress is about
450 MPa (approximately 60 percent of the mateiigdystrength) and occurs at a distance,
y, about 5 mm from the weld toe (see Figure 2.11fs &orresponding to this residual
stress field due to a crack of varying size atviiedd toe will be calculated and discussed in

Chapter 5 in relevant comparisons between the mwerk and the Refs. [60, 61].
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Figure 2.11: Residual stress distributions for the high stréngfeel T-plate, Grade SE702
[10]: (a) stress in MPa and (b) normalised stre§€[61]

Servetti et al. [65] predicted fatigue crack growtte in welded butt joints. They
presented a simple method for predicting fatiguekrgrowth (FCG) using base material
coupon test data and the effective stress rataxtount for the residual stress effect. FEM

was used for calculation the SIF due to the ap@rmediresidual stress field.

2.8. Superposition Method

A quantitative assessment of the influence of aduesd stress field on failure can be
made by applying the principle of superpositionctdculate an effective stress intensity
factor, Kegr.

Stacey and Webster [66] quantified the influenceesidual stress distributions on the
SIFs developed in thick-walled cylinders containiimg cracks and they evaluated the SIF
caused by residual stress fiekdes using the superposition principle.

Nguyen, Wahab and Maksymowicz et al. [37, 67, 68Jedoped an analytical model
using LEFM, FEA, dimensional analysis and supetposiapproaches to determine the
effect of residual stresses, weld geometry and nenden the fatigue life of butt welded
joints.

Ramesh [6] found that the effects of the compressesidual stresses obtained from
overloads and cold expansion of holes are includethe calculation of fatigue crack

propagation by using the superposition method. Superposition method can account for
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residual stresses by a superposition of appliedresidual SIFsK,,, andKesrespectively,
to give the total SIFKy under mode-I conditions [6] i.e.:

K, =K, +K (2.12)

app res

With the assumption that the applied cyclic stid®ss not significantly alter the state of

the residual stress during crack propagation,dted SIF range is [6]:

AKT = (Kmax)T - (Kmin)T = (Kmaxapp + Kres)_ (Kmin,app + Kres)
= Knaxapp =~ Kninapp = AKapp

maxapp min,app

(2.13)

andRes is the residual SIF ratio as stated in Eq. (2.8).

The SIF range does not change since the SIF fremrébidual stress is negated, but the
residual SIFs have an effect on the stress ratemch, fatigue crack growth is predicted
using the following correlation [6]:

da

o= KR, (2.14)

2.8.1. Residual Stresses Distribution

Profiles for residual stresses are presented uttstral integrity assessment procedures
for European industry (SINTAP). The aim of SINTABcdment (Task 4) [69] is to
propose a single reference source for residuadsireofiles taken from open literature and
SINTAP project. The profiles presented in SINTAIR arore realistic than those proposed
in the recent codes (except BS 7910 [14]) butstiiservative [69].

Lee et al. [70] carried out reviews of through kimess transverse residual stress
distribution measurements in a number of componenanufactured from a range of
steels. They considered the residual stressesdutenl by welding and mechanical
deformation. The geometries consisted of weldedalegoints, pipe butt joints, tube-on-
plate joints, tubular Y-joints and tubular T-joinés well as cold bent tubes and repair

welds.
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Lee et al. [71] determined the residual stresgidigions for plate T-butt welds from a
detailed FEA of the welding process and they wemmared with those of the measured
data for validation. The residual stress distrilmsi from the analyses and measurements
were shown to be in similar shape. The distribgtiorere found to be below the master
curve (upper bound curve) for the residual stretisatswere previously determined from a
statistical analysis for a range of weld geometard materials. A failure assessment for

the T-butt weld with cracks under residual strasgibdutions has been carried out.

2.8.1.1. R6 Distributions for T-Plate

In the R6 procedure, two approaches for definirgidteal stress profiles in welded T-
plates are provided, depending on the availablemmdtion about welding conditions [61].
If the welding conditions are known or can be eatid, then the residual stress profiles
will be given according to the size of the plagtime (o) [61]. If the welding conditions are
unknown, then BSI7910 polynomial distribution funas are provided (see Eq. 2.15).

More details are found elsewhere [61, 69].

2.8.1.2. Polynomial Distributions for T-Plate and B utt Welds

If weld informations is unavailable then the BS79ddlynomial distribution is used
[61]. BS7910 provides two transverse residual stdistributions for T-plate joints. The
first transverse residual stress distribution igodynomial function representing an upper

bound fit to experimental data and is given by dL5) as follows [69, 70]:

ol o, =(097+23267a/t)-24125a/t) +42485a/t)’ - 21.087a/t)") (2.15)
The transverse through thickness profile of buttd&és given as follows [69]:

ol g, =(1-0911a/t)-1453¢a/t)? +8311%a/t) ~21505a/1)" +24414a/t) ~9634a/t)’) (2.16)

This distribution is here referred to as BS79107]10’he second distribution follows
that in R6, with the distribution depending on #iee of the plastic zone [61]. The distance
ro represents the size of the yielded zone (mm).

If ro <t, wheret is the plate thickness (mm) as shown in Figurethéh:
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Ji (2.17)

k
rr= |—2
g, v

0o

wherek is a material constant that depends on the caoaffie of thermal expansion,
Young’s modulus, density and specific heat of aemat (Nmm/J),oy is yield or 0.2%
proof strength of the parent metgljs arc powery is weld travel speed angdis process
efficiency (fraction of arc power entering plate le=at). Typical values df andy for a
range of materials are provided in the R6 documétusferritic steels the values provided
arek = 153 Nmm/J, ang= 0.8, more details are found in Ref. [61].

When the plastic zone sizg calculated by Eq. (2.17) is less than the basée pla
thickness, the residual stress is taken to beoththe parent material yield stress level at the
weld toe, reducing linearly to zero over the siz¢he yielded zone as in R6. If Eq. (2.17)
results in a plastic zone greater than the bage plalth, the stress is taken to be equal to
the yield strength across the whole specimen tleis&f61].

This distribution as a function of the welding cadimhs and of the mechanical
properties of the materials was preferred becaumseléss conservative than the first one
(polynomial function from experimental measuremgf@s].

The recommended transverse residual stress pfofiline tubular T-joints is the same
polynomial function as that provided for T-platelege(Eqg. 2.15). Lee [61] mentioned that
the BS7910 provides a more conservative residuesstprofile than R6 for the T-plate
while R6 is more conservative for the tubular Thjoi

2.8.2. Residual Stress Intensity Factor

Fracture assessment for cracks will generally regthie linear elastic SIF due to the
weld residual stress and variation of weld geomatry any additional primary mechanical
loading.

It is well known that fatigue performance of a wesldstructure depends upon local
effects, such as local stress fields, defect carditand material properties. Since the
defects of welded structures are in most caseggere, the crack initiation phase can be

neglected.

48



Chapter Two Literature Review

LEFM principles can be used to evaluate the fatigaek growth behavior and thus, to
predict fatigue life of welded structures. In order appropriately assess fatigue crack
growth process in welded joints it is necessamyttain accurate results for SIF solutions in
the crack propagation phase [8]. Generally thef@if crack in a welded joint depends on
the global geometry of the joint which includes theld profile, crack geometry, residual
stress conditions and the type of loading. Theggfthie calculation of the SIF, even for
simple types of weldments, requires detailed amalysthe several geometric parameters
and loading systems. The two approaches that hagtyrbeen used till now for assessing
SIFs for crack in weldments are weight function moettand the FEM. The weight function
method is an analytical technique for deriving SHfem knowledge of the stress
distribution in the un-cracked body. The numeriapgproach is based on basic weight

functions applied for SIF calculation:
K = j o(X)m(x,a)dx (2.18)
0

Usually in this equatiorg(x) is the stress distribution over the crack degtiter line for
a body without cracks. The weight functiofx, a) is a unique property for a given body
geometry.

The stress distributior;(x) can be calculated by FE method. Weight functiois a)
have been derived by Bueckner and Ritech are presented in Ref. [5@f 2-D and 3-D
model edge crack and surface semi-elliptical cradinite thickness plate, respectively.

Equation (2.18) reflects the fact that when a crslitk over a highly-stressed area (i.e.,
a(X) is high), the material ahead of the crack froilk &t as an alternative stress path, i.e. it
will be highly-stressed locally. The results fron8d analysis are shown in Figure 2.12

[1]. F(a) is shown for a plane plate and T-butt joint.
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Figure 2.12: Geometry functions for semi-elliptical surface dman plates and in T-butt
joints [1]

Concerned about the effects of weld profile geoyné&ictors on local SIF evaluation,
Niu and Glinka [53] developed weight functions 4D models with edge and surface
semi-elliptical cracks in flat plates and platesrmgorners. Although the derived functions
exhibited validity against available literature aat is still an approximation method
because the 3-D nature of weld geometry is ignoBaked on the Bueckner's weight
function, Ngugen et al. [72] created a semi-elligkicrack model for the SIF calculation on
butt weld joints considering all weld geometry paeters. Using this model and Paris law,
a fatigue life of butt weld structures can be eateua.

As a numerical approach, weight function methodpiire huge calculations, which is
time consuming and inconvenient for practical eaging applications, the applications of
the FEM to determine crack tip stress field hasettgped rapidly in recent years. The
method has great versatility and enables the asatysomplicated engineering geometry
and three-dimensional problems. It also permits uke of elastic-plastic elements to
include crack tip plasticity. Basically, two diffaxt approaches can be followed in
employing finite element procedures to arrive & thquired SIF. One approach is the
direct method in whiclK follows from the stress field or from the displamnt field
around the tip of fatigue cracks [72].
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Residual stress intensity factoksdy) are necessary for the fatigue life and crack gnow
prediction. K,es is usually obtained by using weight function samlntby applying the
residual stress field on the un-cracked comportgnt [

A general SIF solution to the problem of a cradgiaating from an angular corner in a
finite thickness plate (see Figure 2.13) has béesndoy Glinka and Niu's weight function
[53] and this solution has been widely applied telded T-plate joints. However, this
weight function has only two terms in the approxima and it is only valid for the relative
depth &/t) <0.5 [41]. Moreover, O’'Dowd et al. [60] mentionedaththe range of
applicability of the weight function in Ref. [53§ irestricted to somewhat limited weld
geometries and the T-plate of Figure 2.13(b) falltside this range. Therefore, they used

FEM to determine the weld residual stress intenfsityor for cracks of different sizes at

weld toe.

—
)
- ]

(b)

Figure 2.13: a) An edge crack originating from an angular carnie a finite thickness
plate [60]; b) geometry of SE702 T-plate weld. All dimensionsnm (mot to scale) [41]

Lee et al. [70] determined the residual stressiligion to calculate SIF for T-plate and
tubular T-joints using FEA software package ABAQUS.

A method for the determination of weight functioredevant to welded joints and
subsequent calculations of SIFs was proposed byahiuGlinka [53]. The weight function
for edge cracks emanating from the weld toe inlau-welded joint has been derived by
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using the Petroski-Achenback crack opening disphere function cited in Niu's work
[53]. The weight function makes it possible to stuafficiently the effect of weld profile
parameters, such as the weld toe radius and welé,aon SIFs corresponding to different
stress systems. They found that the local weld g&amnparameters affect the SIFs more
than the local stress fields in the weld toe nexghbod.

Guo et al. [41] derived the SIF weight function #osingle edge crack originating from
the T-plate weld toe from a general weight functform and two reference SIFs. They
proposed to apply the weight function to the paddkde geometry (see Figure 2.14).
Weight function method is used to calculate SIFalbige the exact solutions are not always
available [41, 53]. Therefore, this method is oftesed because it enables the SIF for a
variety of loading conditions to be calculated by@e integration of the product of weight
functionm(x, a) and the stress distributiaiix) expression Eq. (2.18) [41].

The coefficients of the weight function are giv@imne weight function together with the
stress distribution on the crack plane obtainednfféEA was used to calculate the SIF
solutions. The validity of the weight function fdhe T-plate was verified by the
comparison with the numerical data and results ftosmn FEM. Good agreements were
achieved. The derived weight function is valid fbe relative deptla/t < 0.8. It is also
shown that this weight function is suitable for t8d#= calculation for the cracked laser-

welded padded plate geometries (see Figure 2.-dBrigeneral loading conditions.

Figure 2.14: The padded plate geometry on fuselage [41]
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Applied SIF has been calculated from weight functigiven by Niu and Glinka.
However, this weight function is only valid for thelative deptta/t<0.5. Therefore, Guo et
al. [41] presented widely applicable weight funotgolutions with a crack of relative depth
(a/t) up to 0.8 originating from the weld toe. They digke s (X) distribution from FEA
[41].

More recently Glinka and Shen cited in Refs. [43] Mave found that the following
general weight function expression can be usedpfmoximate weight functions for a
variety of geometrical crack configurations subgelcto one-dimensional modestress
field [41]:

12 %
m(x,a):;[wl(l_z} o1 f2-2) ] 219
2 (1_)(] a a a

a
where,a is the crack length anxithe distance along the face of crabk.(i=1, 2, 3) are
parameters which depend only on the geometricdigimation of the cracked body.

In order to determine the weight function(x, a) for a particular cracked body, it is
sufficient to determine the three parametdis M,, andM3 in expression (2.19). Because
the mathematical form of the weight function (2.19he same for all cracks, the same
method can be used for the determination of pamrensil;, M,, andM3; and calculation of
SIFs from Eq. (2.18). The method of finding teparameters was discussed in Ref. [41].
A variety of line load weight functions [72, 74]\Jebeen derived and published already.
The further details of th®l; determination were discussed in Ref. [41].

M, =~/271(3Y,-Y,) - 48
M, =3 (2.20)
M, =3V27(Y, - 2Y) + 16

where,
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2 3 4
Y, = 0.8843+ 4.3274{%] - 39.405{%) ¥ 284572{%) —10381895{Ej

(2.21)
a ° a ® a !
+21164717(?j —2218403'2{?j +955543{?j

2 3 4
Y, = 0.5854+ 1.8114{%) —16.416{%) +116542£‘{%) - 421599{%)

5 6 7 (2.22)
a a a
+848876{?j —876978({?j +370.861{?j

2.9. Conclusions and Discussion for the Current Wor k

Numerous industrial applications require the comsiton of fatigue life of welded
joints. It was found that the most of researchesewmainly focused on experimental
measurements and tests for investigating the fatie and the residual stress effects
which are time and cost consuming. Other researtiased on FEM to evaluate the effect
of residual stresses. Little attention has beemuded on analytical assessments of the
fatigue life calculations of welded joints underetleffect of residual stresses, weld
geometry, and re-calculation the FAT value of natakes.

Since weld geometry conditions may differ in vagomeld joints, traditional empirical
relations become invalid in some cases and new Inoa®y have to be created for the new
local stress distribution and to find the accufsite calculations. In line with the traditional
da/dN testing approach, nearly all the preseatd data for welded joints were obtained
by using bead removed specimens, for which clas@aimensional solutions for SIFs
become applicable. It has been reported that wetdegbonents with removed bead have
different characteristics in fatigue crack growtbmpared with as-welded components
because of the redistribution of welding defectd aeld residual stresses (WRS). In most
practical engineering applications, removing welgads thoroughly is impossible or
uneconomical especially for heavy welded structsiesh as those employed on offshore
drilling platforms. Using d/dN data obtained from bead removed specimens fayu@ti
design or fatigue life prediction on as-welded §simay lead to erroneous conclusions [8].

Therefore, the determination of accurate SIF sohgtifor the correct weld geometry
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conditions is of practical significance for struetudesign and fatigue life evaluation of
welded structures as carried out in the currenkwor

Then, the assessment of fatigue life by fractureharics method is presented a useful
tool to avoid catastrophic failure of any structuaad to provide FAT-data.

In spite of considerable fatigue design data whestist for welded joints in the
recommendations, the studies of the effects ofkcopowth parameters and initial crack
length are still not clear and have not been dssdi€nough.

Most researches have presented a limit of rangethéoinitial crack length which will
affect fatigue life. Therefore, the current workegents the crack lengths and
recommendations to use an appropriate length télicrack.

Different crack lengths were assumed, in additr@adctivity of the two types of cracks
(toe and LOP crack) are considered in some litezaite. independent crack growth at the
weld toe and weld root was assumed [15]. Thenlawest FAT values were calculated. In
mind of the author, this consideration will confliwith the statistical nature of fracture.
This nature states that the normal crack in perigalad direction to the load will
participate only in final failure effectively. Maoger, an initial crack length of 0.2 mm will
give a more conservative fatigue life.

In the current work, the gap distance was neglettetiveen two plates to make
constancy in results for different geometries whack used. Some other literature used
different gap distances for some geometries andeaisgfor other, and this distance
according to the geometry was changed.

In the present work, the SIFs were calculated usihggfracture analyses code 2-D
program (FRANC2D) due to limited available solusoof SIFs. FRANC2D simulator
provides reliable SIF solutions and is more famiigh mesh generation. No 3-D analysis
results in welded joints have yet been reportdatiécauthor’'s knowledge.

From the available studies, the effects of welddred stresses on the variation of
fatigue crack growth behavior still remains uncldaowever, these effects are critical for
fatigue life evaluation of welded joints. In orderevaluate these effects on fatigue life of
welded joint structures, SIFs due to residual seedave to be calculated accurately from

the product of weight function and residual strdistributions. In meanwhile, the effects of
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different residual stress profiles and weld georaston SIF and fatigue life still need to be
explained.

The superposition 0Kres and Kapp (i.€., Kmax,apg-Kres and Kmin,apgtKres) can be used.
However, such a superposition will change the taatiR ratio Res#R) but the SIF ranges
(AK) will remain the sameAKt=AKapp). Therefore, it is needed to use the fatigue crack
growth equation which is sensitive Bblike NASGRO equation or add the crack closure
phenomenon to the Paris’ model or any other modsunting for the state of affairs at the
crack tip. Research to date uses the modified 'RariSorman’ law and incorporates them
with residual SIF and total SIF to calculate liwelsich consider only the linear region of
crack growth curve. Little studies deal with NASGRQuation to incorporate residual
stress effects.

Most studies use the residual stresses measuredebgron diffraction or those
calculated from the FEM to calculate tkgs

In mind of the author, up to date no studies ware@d out on the numerical calculation
of Kres for each crack step using the weight function eegidual stress distributions that
are issued in standards.

According to the above mentioned conclusions theedacks in some points which will
be discussed in the current work. Therefore, the @m of this thesis is to calculate the
entire crack growth rate with more analytical agmto using weight function, polynomial
residual stress distributions and calculated intgrack length together with applied SIFs
which are calculated firstly from FRANC2D.

Therefore, the following models are used in calcoihes of the fatigue life. All models
have a theoretically-based calculation of the $tfFE-FRANC2D program as follows:

1. Model-A: Numerical integration of Paris’ law using [IW-ghateristic parameter&(

andm). Then, the backward calculation by manipulatimg initial crack length was carried
out to select the appropriate initial crack lengthturn to determine the FAT values. In this
model and due to linear relation between load dRd t8e calculating SIF was scaled with
different loads. By using the manipulatagthe SN curves and FAT can be obtained for

any new geometry.
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2. Model-B : Numerical integration of NASGRO equation. Theeetfof stress ratidg,
without the residual stresses were studied usiagtack parameters which were calculated
from Model-A.
3. Model-C: Using Model-B with the effect of residual stress&herefore, the residual
stress ratio, residual stress distribution andrésedual SIF have to be calculated in this
case. The latter was calculated from the produtih@fesidual stresses distribution and the
weight function. In turn, different residual strelstributions can be used.

According to the current approaches the new FATeuntkde effects of geometries and

residual stresses can be calculated.
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Chapter Three
MODELING OF WELDED JOINTS AND SIF

CALCULATION

3.1. Introduction

The stress intensity factor range (SIF) is the itable parameter, which must be
studied and calculated in fracture mechanics math@te stress intensity factor, SIF
describes the fatigue action at a crack tip in geohcrack propagation. In this work,
SIFs have been calculated using fracture analyside c2-dimensional program,
FRANC2D [486].

In welded joints, stress concentrations occur at\ield toe and at the weld root
which make these regions the points from whichytaicracks may initiate [19]. These
cracks have been considered in the verificatiormgsses using FRANC2D software in
this chapter.

Calculating the fatigue life of welded structureslanalyzing the progress of these
cracks using fracture mechanics technique reqaineaccurate calculation of the SIF.
The existing SIFs were usually derived for oneipaldr geometry and type of loading.

In this study, the finite element method FEM (FRAXI) was used to calculate the
SIF during crack propagation steps. It is verified be highly accurate, with the
direction of crack propagation being predicted Isyng the maximum normal stress
criterion. A developed analytical approach for ¢oacks in cruciform welded joints has
been used. On the other hand, in case of lack rétpegtion (LOP) a classical equation
from Frank and Fisher [21] is used. The calcula®dd results for some notch cases
have been verified with available solutions fromemmational Institute of Welding
(W) [3, 34], British Standards Institution (B4, 75, 76] and literature.

A fairly good correlation was obtained and the lesshave confirmed the use of
FRANC2D to simulate different weld geometries. Tiesults are shown and the

agreements are pretty good.
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3.2. Two Dimensional Analysis of Welded Joints

This chapter describes the 2-dimensional analysisvelded joints using a FE
program (FRANC2D). The program was developed byQbmell Fracture Group from
Cornell University, USA [46].

The objectives of this chapter are as follows:

1. Describing the details of welded joint analysesigs$tE program.

2. Presenting the possibility of two dimensional maedéb obtain accurate SIF

solutions.

3. Validation of the models by studying the effectnoésh size, mesh type and effect
of crack increment on SIF values.

4. Studying the effects of joints’ geometrical paraengton SIFs.

5. Validation with available solutions from literatufleench marking).

6. Using the validated model to find the SIF for neeometries with insurance of
accuracy.

In the application of fracture mechanics to fatigmeblems, accurate determinations
of the SIF solutions for the case under analysishi& crack propagation phase are
needed in order to use the Paagquation in next steps to calculate the fatiguee lif

Table 3.1 shows the cross-section of some weldéutsjoused in this work.
Discarding major weld defects, fatigue cracks wiiginate from the weld toe, and then
propagate through the base material, or from thd vemt, and then propagate through
the weld throat. More details are presented by tdobeér [3, 32, 34].
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Table 3.1: Fatigue cracking of some welded joints that usethis work

Transverse loaded butt weld (X-groove or V-groovéjh
edges machined or ground flush to plate.

Double side complete weld penetration. Toe crack.

Transverse butt weld with weld reinforcement. Deubkide

complete penetration. Toe crack.

S Wl

Transverse partial penetration butt welds, laclpefietration
(LOP) considered to be as a root crack.

Double side incomplete weld penetration.

Weld toe crack

Weld root crack

Cruciform joint or T-joint, fillet welds or partiglenetration K-
butt welds, toe and root crack.

Load can also be applied at the end of attachae plamain
plate, iny-, or inx-direction, respectively, in case of weld rg
or weld toe crack consideration, respectivélys the weld tog

angle,a is the crack lengthl is the main plate thickness.

“Weld toe crack

N/

g

Cruciform joint or T-joint, K-butt welds, full pettion, toe
crack.

Load can be applied at the end of attached playedirection.
Weld toe crack will be considered in this case.

ot

Usually toe cracks have been considered becaugeatbesasier to be observed with

the naked eye as well as with dye penetration tstisthey are often found in many

important engineering welded structures. Moreothete is a high stress concentration

located at this point [31, 32].
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Shen and Clayton [63] stated that all the crackevi@und to be initiated at the weld
end toe, in the location of the maximum stress eotration site. SIFs for these cracks
have to be determined.

For fracture mechanics treatments, in spite offtwe that several SIF handbooks
have been published, it is still difficult to fingblutions adequate to many welded
configurations [41, 53]. This is mainly due to adwivariety of complex welded
geometries and loading systems.

It is known that the SIF for a crack in welded jsidepends on the overall geometry
of the joint, the weld profile and the type of laagl Thus, the derivation of SIF even
for one type of weldment such as a T-butt, cruaif@and butt joint requires detailed
analysis of several parameters such as plate thésknweld thickness, weld angle, weld
toe radius and loading system.

By characterizing stable macroscopic crack groveihgAK, it is possible to predict
the crack growth rate of a weld under cyclic logdiand hence the number of cycles
necessary for a crack to extend from some initzd,s.€e., the size of pre-existing crack
or crack-like defects, to a maximum permissiblee gizst before catastrophic failures
[77].

3.3. Finite Element Analysis

The analysis was undertaken based on the assungstaminitially isotropic elastic
material for both the base and its weld metal, imiclv a crack was subsequently
allowed to form and grow according to a fractungecion. The advantage of symmetry
was considered to model quarter or half of the detegyeometry.

The FRANC2D is a FE-based simulator for curvilineeack propagation in planar
structures (plane stress, plane strain, and axigtnunstructures). CASCA which is
used for the creation the meshes, is a preprocéssgenerating initial input files for
FRANC2D. FRANC2D program has the ability to analgzeracked body using special

iso-parametric crack tip elements to describe iihgusarity ahead of the crack tip.

3.4. Mesh Description and Boundary Conditions

Figure 3.1 shows one type of the FE meshes useitienpresent study, which
comprises 8-nodded quadrilateral elements. Alsdthendary conditions for T-joint or

cruciform joint and for butt joints are shown.
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One side of the models was supported inxtaé@ection ory-direction and a uniform
stress distribution was applied at the other sidagax-axis ory-axis, respectively. To
prevent the model from performing rigid body mosaand rotation, one node on the
side where the model is supported in xkgirection ory-direction, is also locked in the

y-direction orx-direction, respectively, as shown in Figure 3.1.
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Figure 3.1: Mesh configurations: (a) quarter cruciform mod€h) half cruciform
model; (c) complete butt model; (d) half butt model

3.5. Material Properties

The material used in this study for the base maltemd weld metal was an extra
high strength hot rolled steel with the minimumlgistrength 550 MPa and the tensile
strength minimum 600 MPa and maximum 760 MPa, wspy [31]. Fatigue testing
was calculated for an applied loading such thatnitaximum stress was maintained
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constant at 200 MPa and 104 MPa for cruciform aat Weld joints, respectively,
which fail from the weld toe.

It has to be emphasized in this part, that thetitgad is distributed with a constant
value in tensile direction. Keep in mind that thiput load was as force per unit cross
section, i.e., in MPa.

Values of Poisson’s ratie and the modulus of elasticiywere chosen as 0.293 and
210 GPa, respectively.

Experimentally, many structures are optimized kg ¢hoice of high strength steel.
The reason for this choice is to allow higher stessand to reduce dimensions taking
benefit of the high strength material with respextthe yield criterion. In fracture
mechanics, the fatigue strength of a welded josnnot primarily governed by the
strength of the base material of the joining mermbeElence, the governing parameters
in fracture mechanics are mainly the local and glgeometry of the joint, i.e., fatigue
strength is known to be closely related to the igeegeometrical discontinuity of the
welded joint [77]. Therefore, the similar materad a single joint between the weld
metal and a base metal has been assumed in thasanuThe same steel was used in
case of LOP in load-carrying and non-load carryangciform and butt joints which fall
from LOP with a uniform tensile stress range olM¥Ba and 104 MPa, respectively.

In the absence of specified or measured materrainpeters, the values given below
are recommended to use with fatigue life calcutais characteristic valueSgh,—=3e-
13, andm=3 for steel (units in Nmf{* and mm).

3.6. Solution Procedure

The determination of the SIF for the 2-dimensiaraciform and butt welded joints
has been carried out using LEFM analysis. This otetls well encoded in automatic
crack propagation in FE analyses FRANC2D. In gdnéha behavior of crack path
propagation (CP) in FRANC2D is almost the same aspared with available
experimental results. For every crack length, thkies of the SIF were calculated
during crack propagation steps by FRANC2D progranth wsuitable boundary
conditions, loading, crack growth criteria, andatrdirection criteria.

In the following the FE analysis using FRANC2D &sdribed.
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3.6.1. Mesh Generation

A mesh generating program CASCA, which is distioiivith FRANC2D, was used
to create the initial mesh configuration for FRANZZimulations. Other mesh
generating programs can also be used, providedathrainslator is available to convert
the mesh description to the FRANC2D *.inp form&,[79]. The procedure for creating
a mesh is straightforward, as illustrated in Fig@r2. To begin with, the problem
outline is first created, followed by the divisimi sub-regions within the problem
boundary in Figure 3.2(a). Prior to assigning tyy@etof elements to each of the sub-
regions, the boundaries for all sub-regions areddo into the required number of
segments, Figure 3.2(b). The resulting mesh forgresent simulation is shown in
Figure 3.2(c).

(b)

()

Figure 3.2: Mesh generating procedure for cruciform joint, ®2A program) [46]:
(a) geometry with subdivided areas; (b) subdividegls into segments; (c) generated
mesh

Only one quarter of a cruciform specimen is modeledFE analysis due to

symmetry. The material is assumed to be isotropéal elastic.

3.6.2. Selection of Material Model

A linear elastic material model coupled to a linekastic discrete fracture model was
used in the analysis. For this analysis and basddacture mechanics for which linear
elastic fracture theory is considered reasonableas decided to restrict the analysis of
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SIF solutions to the linear material behavior. Tiegterial assumed to be isotropic linear
elastic for base and weld metal.

3.6.3. Crack Propagation

A crack could propagate both from the weld toe fxnch the root. All calculations
of the present work were made on cracks propagdtorg either the toe or from the
weld root separately.

In order to study the capability of the programstmulate crack growth, an initial
non-cohesive edge crack was placed at the weldbtdbe cruciform and butt weld
joints of the weld-base material interface, whergvas predicted that critical tensile
stresses would occur.

The existence of crack-like imperfections and L@RHe welded joint is normally
considered to eliminate the so-called crack indratstage of fatigue life. Therefore,
most of fatigue assessment of welded joints is eontnated on the crack growth stage of
the fatigue life. Having specified the locationtbé crack, the code was able to predict
the direction in which the crack would propagatgoPto performing the analysis, it
was necessary to specify the magnitude of craalement Aa) and the number of steps
over which the crack would propagate. In the presandy, a crack increment of 0.5
mm was chosen for all cases. However, this valuddcbe changed according to
stability of fatigue life’s numerical integratiorsown in next chapter). The crack
growth was simulated over 10 steps of incrementedépg on the plate thickness.
Moreover, in this study, the crack path was notgaiected, but crack direction was
allowed to change according to the maximum tangkstiess criterion [77]. Moreover,

the auto-mesh function was carried out automaticall

3.6.4. Modeling Procedures

For every crack length, the values of the SIF fagtere calculated during crack
propagation steps by FRANC2D program with suitdimendary conditions, loading,
crack growth criteria, and crack direction criteridne results were used to determine
the SIF as a function of crack leng#y or a particular case. Then, this function was
used to calculate the fatigue life using numericégration of Paris’ equation (see
Chapter 4).

66



Chapter Three Modeling of Welded Joints and SIF Calculation

The SIF from FRANC2D for weld toe and root cracksr&compared with solutions
from 1IW, BSI and others from literature. A goodre@ation was obtained, which
makes it possible to use FRANC2D to simulate d#ifémveld geometries.

The determination of the SIF for 2-dimensional daren welded joints has been
carried out using linear elastic finite element lgsia (LEFE) and the fracture
mechanics evaluation. This method is well encodedutomatic crack propagation in
FRANC2D:

The following steps have been carried out durirggrtin of FE program (see Figure
3.3) as follows:

1. Determining the input crack length and initiatsite.

2. Deleting the region around the crack.

3. Growing the crack to its new location.

4. Setting the minimum number of segments to 1.

5. Placing the rosette around the crack tip.

6. Automatic re-meshing of the region around tlaekr

7. Connecting the new mesh region with the formesim

8. Forward and repeat the steps from the new diaclocation. Therefore, the new
directional line will be drawn automatically by tipeogram to indicate the expected
next direction for the next crack incremeng. Hence, this line seems to be out the
boundary as shown in step 8 of Figure 3.3:

\\‘\\\HH\\\ I\I\\\lllllll :‘\Il\.‘l\..‘\.\“‘ll“

(1) (2) 3. 4)
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Figure 3.3: Crack growth steps done by FRANC2D

The crack growth with angle of orientation for eastep of growing can be
calculated using FRANC2D, also the time and cossaming is lower than for other
FEM programs.

The simulation of cracking processes was carrietl either automatically or
manually as step by step. The former will stophatfinal crack according to first crack
growth steps and increment. The latter will needlétermine the increment for each

single step.

The simulation procedures are validated by comearigith experimental and
numerical data found in the literature.

3.7. Results Convergence

To investigate the convergence of the results, BHahanalyses were performed on

models with different meshes and crack incremeaysstin addition, the effects of mesh
type and symmetry are discussed.
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3.7.1. Influence of Mesh Size

Reducing the computational time is the main fafborchoosing a coarser mesh in
case of bulk geometrical simulations. Karlssamd Lenander [32] stated that the
calculation time increases from 10 to 20 times wille finer mesh with little
improvements in SIFs calculations, and that jusdifthe decision to use the coarser
mesh in using ANSYS [32].

The choice of mesh size is down to the experieridbe user, and unless several
iterations of the same model are analyzed, an appte mesh density is difficult to
define. Therefore, an appropriate mesh size, dgnsiesh ratio of distribution are
recommended to avoid the missing of some elemespecally at the corners and
edges. Moreover, the insufficient capacity of thermmory to solve the larger size
specimen with fine meshes will appear. However,jngrf mesh in the high stress
concentration region is recommended to be used.

Fatigue crack growth simulations of the load-cangyicruciform joint were
performed with different levels of mesh refineméste Figure 3.4) in an attempt to

verify that the computed SIFs were mesh independsnshown in Figure 3.5. The

Tﬁa

dimensions are shown in Figure 3.4(b).
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Figure 3.4: Load-carrying cruciform joint: (a) mesh and boumgaonditions in case of
LOP (FRANC2D); (b) geometrical parameters
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Figure 3.5: Results convergence for the effect of mesh sidedansity.Ac=96 MPa,
a=1.5 mmAa=0.5 mm, B=T=15 mm, h=S=6 mm

In different FEM programs, smaller mesh size isonemended to be used near the
crack expected region. Increasing of time and baldgped mesh elements are the main
problems reported [32]. Therefore, FRANC2D has athgeous over other FEM

programs as shown in Figure 3.6.
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Figure 3.6: SIF results convergence for the effect of meshasizl mesh density,=4.5
mm,Aa=0.5 mmAs=96 MPa, B=T=15 mm, h=S=6 mm
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3.7.2. Influence of Crack Increment

The crack incremema is the crack growth step differencg.{—g;), wherej is the
step’s number. The finer and coarse increments werestigated in case of the
cruciform joint.

The SIFs were obtained by applying the fractureharics method to the FEMhe
results of crack length increments effeat) converge as shown in Figure 3.7. There

are no influences on the stability of results asaghin Figure 3.8.
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Figure 3.7: Results convergence for the effect of differeatlcincrements witho=96
MPa, a=LOP=1.5 mmAa=0.5 mm, B=T=15 mm, h=S=6 mm
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Figure 3.8: SIF results convergence for the effect of diffeceack increments\oc=96
MPa, a=1.5 mmAa=0.5 mm, B=T=15 mm, h=S=6 mm

In order to providing confidence in the analysig very close agreements between
the two types of mesh and increments indicate thase effects on the SIF are
negligible. The crack path direction is in agreemeith LOP. After some millimeters,
the path will be inclined toward the applied logdshown in Figure 3.9.

The simulation procedure is validated by comparingmerical data with
experimental results from literature when the LORqGual to plate thickness (LOB=
see Figure 3.4b), as shown in Figure 3.9(d-f)hla tase, the crack will suddenly curve

toward final failure.
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Figure 3.9: (a) Crack initiation (LOP=B/3); (b) crack growthteps; (c) boundary
conditions of root crack joint; (d, e) current silation (LOP=B); and (f) real
propagation path, (LOP=B) [80]

3.7.3. Influence of Mesh Type

As stated previously, the SIF solutions were nééchdéd by the mesh density or
crack incrementAa size). FRANC2D provides different types of meshesording to
the shape and geometry of specimens as shown ureFig.10. The comparisons
between the Bilinear 4-sided meshes and automatieuniform meshes are shown in
Figure 3.11 for the weld root and the weld toe kriaccruciform joints. The small crack
length is used to have clear effect of the meshldog crack growth path. The
comparison shows quite well agreement. There ardifferences in SIFs for using the

two different types of meshes.
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Figure 3.10: (a) Bilinear 4-sided mesh; (b) automatic mesh
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Figure 3.11: SIFs comparisons between bilinear 4-sided mesh andmatic mesh,
Ao=96 MPa, B=T=15 mm, h=S=10 mm\¢=96 MPa: (a) root crack, & 0.1 mm,
Aa=0.2 mm; (b) toe crack,=20.025 mmAa=0.5 mm
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The trend of these curves (3.11a, and b) littledbferent than in Figure 3.5 and 3.7
because the using of small crack length and diftenesld region geometnjh(andS) as

compared with previous figures for the same crack.

3.7.4. Influence of Symmetry

The advantage of symmetry was taken to model quaftthe complete geometry.
Mashiri et al. [25, 81] found that the percentagérkence in the number of cycles for
fatigue crack propagation life between the simgdifihalf model and a full model is
0.3% using the Boundary Element Analysis Systenwsoé (BEASY). The complete
cruciform joint model with the four crack tips fewo parallel cracks (LOPs) and the
boundary conditions are shown in Figure 3.12. TRAIRC2D FE-based simulation
shows that no differences occurred between quartércomplete models as shown in
Figure 3.13. Therefore, the quarter models are asorgable approximation of the
cruciform joints and can be used to estimate SkFthe fatigue crack propagation life

; Wﬂﬂ Tip2 / !
L1l o™

(a) (b)

for these joints.

,
\

Tip 1

Figure 3.12: LOP in load-carrying cruciform joints: (a) FE mogléb) crack growth
boundary and tips
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Figure 3.13: SIFs comparisons between complete model (fourkctips) and quarter
model (one crack tip), load-carrying cruciform joiwith LOP=1.5 mmAa=0.5 mm,
andAc=96 MPa, B=T=15 mm, h=S=6 mm

If the loading and the cracks are not considerkd, druciform and butt joint are
symmetrical about botk- andy-axes. When the crack is present at only one wad t
the model is unsymmetrical.

Quarter symmetry for cruciform joints has been us&ith 8-nodded quadrilateral
elements. Moreover, half of the geometry can besicened as shown in Figure 3.1(a)
and (b). Same meshes are used for butt weld jastshown in Figure 3.1(c) and (d).
The differences in the SIF between the simplifiealf rand quarter geometry of
cruciform joints are shown in Figure 3.14. In ca$dutt weld joint, the comparisons
between half and complete geometries are showiguré-3.15.

The quarter and half models are therefore reasenalplproximations of the

cruciform and butt joints failing from the weld toe
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Figure 3.14: SIFs comparison between half and quarter non-loadying cruciform
joints, toe crackAc=200 MPa, &0.1 mmAa=0.5 mm, B=T=12 mm, h=S=8.5 mm
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Figure 3.15: SIFs comparison between half and complete trassvbutt weld joints,
toe crackAo=104 MPa, &0.1 mmAa=0.5 mm, thickness=10 mm

3.8. Selection of the Notch Cases

Typical notch cases which are used in this work @nesented in Table 3.1. In
parallel joints toe cracks and LOP are frequemntigoeintered defects.

Toe cracks have been simulated in case of nondaagying welded joints, namely
cruciform and butt welded joints where the weld ateehave been assumed as complete

penetration. The root cracks are found in loady@agrjoints.
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The most conventional joints in engineering streeguare butt weld and cruciform
fillet welded joints. According to the crack typecation and applied load position,
these joints can be classified into load-carryimgl @on-load carrying joints. In the
latter, the fatigue cracks usually occur at thedwek, where the load is applied a long
the x-direction. By contrast, in the former, cracks stdrom LOP where the load is
applied along thg-direction. Due to symmetry, the quarter modell@dtjcan be used.
Figure 3.16 shows the used FE models and the Giitesacking. The high stresses are
located at weld toe transition and in additionhet track tip of LOP. This explains the

reason for crack propagation from these locations.
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Figure 3.16: FE modelling, all cases have a transition radifid anm: (a) root crack in
load-carrying cruciform joint; (b) toe crack in ndoad carrying cruciform joint; (c)
toe crack in butt joint; (d) LOP in butt joint

3.9. Stress Intensity Factor Calculations

The main expression for the SIF is:

K, =Ac (ra)'* £ (b) (3.1)
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The applied stress s andf (b) is the correction factor. The stress intensityrection
factor f (b) is a function of the crack length to thicknesBord (a/t). The analytical
expression fof (b) can be of the tangent or secant type. It istootobvious how to
choose between the tangent and secant expressiestimating the value of parameter

f (b), although the “secant” version appears to be ebre straightforward [82].
b
f(b) = (sec?n:j (3.2)

where the tern{%t) Is given in radians.

Some modifications have been carried out on gearaétrorrection factor as shown
for joints in this chapter. In this work, FRANC2Daw used to calculate the opening
mode SIF using fracture mechanics approach wheeesthess ranges were fully
effective (i.e., the crack remains open duringphepagation period where the initiation
time is discarded). The influence &f on fatigue crack growth was based on the
maximum tangential stress criterion by Erdogan &iid[83]. This criterion assumes
that the predicted propagation path of the faticnaek is perpendicular to the maximum
principal stress and the crack grows under openinge and stress ranges were fully
effective [15].

3.9.1. SIF of Load-Carrying Cruciform Joints

For fillet welds and partial penetration welds, thepenetrated region may be
considered to act as an initial crack (see Figutée&y. The SIF resulting from the un-
penetrated region will depend on the detailed géynaad hence a significant effect on
fatigue behavior is to be expected.

Frank and Fisher [21] derived an empirical formidaobtaining the SIF of fatigue
cracks that originate from weld roots based onr#sailts of FEA. They performed a
fatigue crack propagation analysis using their eiwgdi formula and proposed a stress
range calculation formula to evaluate fatigue gitenHowever, their study examined
only joints with isosceles-triangle-shaped filletelds [49, 84]. The polynomial
expression for SIF rang&K), for a crack at the weld root in case of isosxeleld

shape of a load-carrying cruciform joint develogd-rank and Fishes given below:
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Ao

K = W[Al + Aalw[aSe¢ral2w))? (3.3)

where h and S are the fillet weld leg length on the main and #teached plate,
respectively, and/B is defined as the weld sizd. and B are the main and the
attachment plate thickness, respectivalys half the crack length §LOP) andAos is
the applied tensile stress to attachment plate thl parameters are shown in Figure
3.17. The widthw of the fillet weld as shown in Figure 3.17 is:

w=B+2h (3.4)

Tda

Weld Root Crack
23 .

B e

I
1

eld Toe Crack

et ;

bio

Figure 3.17: Load-carrying cruciform fillet welded joint geomet

A; andA; are functions of weld sizé&/B) given by:

A =0528+3286h/B)-4.361h/B)’ +369€h/ B)® ~1.874h/B)* +041%h/B)° (3.5)

A, =0218+2771th/B)-10171h/B)’ +13124h/B)* - 7.77%h/ B)* +1.78%h/B)*  (3.6)
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The International Institute of Welding (1IW) adogtérank, Fisher formula’s for the
SIF which is valid forh/B from 0.2 to 1.2 and fora(w) from 0.0 to 0.7 [21]. This
formula was then improved by British Standards ifasbn PD6493 [85] and by
BS17910 [86], where the range of the SAK, can be written as:

MK, =M, Ao, | ESed 3.7)
W

The parameteK, is known as the opening mode-I stress intensityrapresents the
strength of the stress surrounding the crack hf. is the stress concentration
magnification factor which is defined as the ratiothe SIF of a cracked plate with a
stress concentration to the SIF with the same edhcglate without the stress
concentration [77].

M, = a( 220 28] 38)

The values ofAy, A; andA; for equal leg length fillet welds and unity rabb main

plate to attachment plate thickness are as fol[@®k

A, = 0.956- 0.343(9 (3.9)

h % h\’ h)*
A =-1219+ 6.21({—) —12.22({_j + 9.70{-) - 2.74{-) (3.10)
B B B B
2 3 4
A, =1.954- 7.935@) +13.29€{Ej - 9.54;(ﬂj + 2.51:{% (3.11)
B B B B

The limits of validity for this formula are withitne following range:

B_1 02M12  and, 01?07
T B w

In all above formulas, the unity leg lengths haeer assumed€S). Motarjemi et
al. [19] calculated numerically the SIFs for crucifoand T-steel welded joints using
ABAQUS. SIF results of the cruciform joint werestily compared with the above
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formula for the case of equal attachment and méate pthickness ratioB(T= 1).
Results were then calculated for welded joints \Bith < 1 where the above formula is
no longer valid. No analysis was carried out B6f > 1 as this is not a recommended
configuration.

The investigations of the effects of other weldgpaeters, such as weld toe length on
both plates are indistinct. These effects havebeen studied and need therefore to be

investigated.

3.9.2. SIF of Non-Load-Carrying Cruciform Joints

The cruciform weld joint with equal attachment andin plate thicknesB(T=1) is
shown in Figure 3.18. The non-load carrying crutifqoint is made from the welding
of stiffener plate (attachment plate) perpendicutathe main plate (loading plate).
Sheet thickness was taken as 12 mm. The advantagyenmetry was taken to model
quarter of the complete geometry. Heags the initial crack length located at weld toe,
h is the weld leg length over main plate side an@h+B.

For an elliptical crack at the toe of a fillet wettjoint, the range of the SIF can be

written as [26]:

AK, = MY pg/a (3.12)
@

In Eq. (3.12) M, is the stress concentration magnification factar,is the nominal

tensile stress range applied on the main plateaasithe crack depth [77].
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Werta Root Crack

Weld Toe Crack

Figure 3.18: Non-load carrying cruciform fillet welded joint geetry

¢, 1s the complete elliptical integral defined as [26]

712 a2 1/2
@ = J' {1—[1—?jsinzqo} dg (3.13)
0

where ¢ is parametric angle of ellipse.
In this analysis theévl, -factor functions are based on continuous edgeksratence,
the crack aspect ratio is ze@2c = 0, andg = 1 [77]. The correction ternY, for a

double-edge crack in a plate under tensile loadiw, (3.14), given by Brown and

Srawley [87] was applied:
2  2a
Y =198+ 036(§j - 2.1z(§j ; 3.4z(§j 02095 (3.14)
T T T T

T is the main plate thickness. For fracture meclmarieatments Maddox [26]

introduced an alternative concept ldf, as a magnification of the SIF, which would be

present for a crack of the same geometry but withioel presence of the weld. Further
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work on M, values for cracks at weld toes has been carrietbypuie [88], Thurlbeck

[89] and Bowness and Lee [90].

[IW introduced a systematic set of formulas kiy values for different welded joints
[3, 32, 34]:

k
M, = 1($j M, <1 (3.15)

2
C, = 0.8068 - 0.1554 (TEJ + 0.0429 (Té) + 0.0794 (Tﬂj (3.16)

_ S s\’ h
k=-01993-0.1839 > |+00495 ~ | +0081% = (3.17)

whereh andS are the weld leg length on main and attachmen¢ gide, respectively,
andB are the main and attached plate thickness respgctinda is the initial crack
length from weld toe. By substituting the solutioh M, from Eq. (3.15) and the

correction term from Eq. (3.14) in Eqg. (3.12), tBE¥- can be calculated for cruciform

joint fails from the weld toe, as shown in sect®h0.4.1.

3.9.3. SIF of Transverse Butt Weld Joints having To e Crack

Butt weld joints with the thicknedsequal to 10 mm have been simulated. The weld
bead heightHl) and the weld bead width\{) were 2 and 10 mm, respectively. Herés
the weld toe radiug) (/=180-) is the weld toe angle, see Figure 3.19.

Ao

Figure 3.19: Weld geometrical parameters at transverse buttyaeht, toe crack
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For the validation of the prediction results, thage of SIF for the welded specimens
was calculated using the following empirical Eq18 [91]:

MK = Aovra(112- 023a/t)+1055(a/t) - 2172a/t) +3039a/t)’) (3.18)

where Ao is the stress ranga,is the crack length andis the thickness of the plate.
The results from Eq. (3.18) were compared with ¢haistained using FRANC2D.

3.9.4. SIF of Transverse Butt Weld joints having LO P

Insufficient accesses of weld metal in groove fdutt weld joint will create a
LOP defect which is considered to be the sourceratk propagation. Figure 3.20
shows this defect. Traditional path of crack ismalto the applied load. [IW listed this
type of notch case under class 217 as incomplelé penetration. The simulation of
flush welded in both sides is not important.

Theses aspects will be discussed in case of t@ksizecause the flush weld bead
height will cause decline in fatigue strength (&apter Four). In the mind of the
author, the weld bead geometries have no effeatrack path and SIF calculations in
case of LOP. In the literature, few studies fos tiype of defect in butt joints have been
presented. This might be due to the consideratidhi® configuration as unacceptable
from the design point of view. The root side of theld is frequently neglected in the
design process as pointed out in Ref. [36] andheoretical solutions are monitored

until now.

p——————,
— initial crack —)| I LOP

———
(@)

(b)
Figure 3.20: (a) Transverse butt weld joints with LOP; (b) FBadel without overfill

vy
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3.10. Results and Discussion

The crack growth simulation and SIF calculation presented in the following

sections for cruciform and butt welded joints.

3.10.1. Cruciform Fillet Weld Model

Particularly, there are competing sites for initiatof fracture at the weld toe and at
the weld root for fillet weld joints. At these p&sn a high stress concentration occurs
which makes these regions the easier points frormhaflatigue cracks may initiate [19].
It is important to recognize that for both fractared fatigue, the cracks may initiate and
grow in the vicinity of the welds during servicélieven if the applied stresses are well

below the yield limit.

3.10.2. Stress Distribution

Figure 3.21 shows the stress near the weld toegusleéo 364 MPa whereas the
applied load is 200 MPa.

The maximum and minimum principal stress distribasi for uniform load
distributions of cruciform without crack are shownFigure 3.21 for uncracked edge.
The local stress will increase with existence ofack because of the local stress field at
the crack tip of 0.1 mm will be more severe. Fig@t22 gives the principal stress
distributions in case of presence of an edge crack.

A maximum tangential stress criterion was usedréaligt the crack growth direction
under mixed mod&; -K;, conditions, so that according to this criteridme track path
direction will change automatically and was not-peéected. In the FRANC2D, the site
and curved crack growth path of continuous toe ksawere taken into account as
shown in Figures 3.23 and 3.24, respectively. Ndymhis kind of non-load carrying

welded attachments always fails from the weld oeteown in Figure 3.25.
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High stress concentration
and crack initiaon site

@)

-6.416

-16.00

B
(b)
Figure 3.21: (a) and (b) Maximum and minimum principal stresgstrtbution for

cruciform joint (MPa) without toe crack, respectivelhe stress at weld toe is 364 MPa
for applied load equal 200 MPa
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1112.

1001.

Crack initiation site

@)

(b)

Figure 3.22: (a) and (b) Maximum and minimum principal stresgribution (MPa) in
existence of edge toe crack/&1 mm), respectively. The local stress at wetd was
exceeded due to local edge crack
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Crack initiation site
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Figure 3.24: Crack propagation steps at weld toe of cruciforeldyoints
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Figure 3.25: Crack deformation of cruciform weld joint

3.10.3. Butt Weld Model

The same steel was used for welding the butt weloiats. Weld toe crack initiated
and grows through the sheet thickness of 10 mm.

Figure 3.1(c, and d) shows the modelling and bondanditions of butt weld joint
that are used to calculate the SIF. Figures 3.263R7 show the crack initiation and

propagation, respectively. The final crack defoiiorats shown in Figure 3.28.

Figure 3.26: Screenshot from FRANC2D crack tip at weld toe0al mm

(TP 1

Figure 3.27: Screenshot from FRANC2D of the crack growth dioecttoe crack
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Figure 3.28: Screenshot from FRANC2D of the crack growth dioactvith mesh: (a)
final crack propagation; (b) crack deformation afadlure of butt weld joint

3.10.4. Results of Verifications

Cruciform joints and butt weld joints are the mostventional weldments which are
used in engineering structures. Accurate predistmincrack shape changes and fatigue
lives require accurate SIF estimates because gbdher-law nature of the fatigue life
crack growth law. It has to be emphasized thatatles have a transition radius of 1

mm, as suggested by different investigations [32].

3.10.4.1. SIF of Non-Load-Carrying Cruciform Joints

Existing SIF solutions are mostly derived from 2Zpldne stain models containing
edge cracks [8].

The results of the analytical solution for the d¢imren joints with equal main (web)
and attached (flange) plate thickness are plotideigure 3.29, based on the correction
terms Eq. (3.14), and, , Eq. (3.15) from 1IW together in Eq. (3.12), seet®on 3.9.2.

This solution is compared with the direct calcaas of SIF as a function of crack
length from FRANC2D. It can be seen that the dgwedoapproach is consistent with
the solution from FE for cruciform joint failuredim the weld toe as shown in Figure
3.30.
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Figure 3.29: SIF as a function of crack length for crucifornildee from weld toe joint
as compared with FEMA+=200 MPa, B=T=12 mm, h=S =8.5 mm,;=8.1 mm,
Aa=0.5 mm
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Figure 3.30: SIF values for cruciform joints failure from theshd toe calculated using
FRANC2D compared with developed analytical approaetculation (Eq. 3.12).
Ac=200 MPa, B=T=12 mm, h=S=8.5 mm;=8.1 mmAa=0.5 mm

According to Ref. [77], the correction terv) was given for double edge crack in a
plate under tensile loading. Therefore, the polymbfiorm of this term (Eq. 3.14) will
make a difference in SIF solution (Eg. 3.12) as parad with current FE solution
(FRANC2D). Moreover, Eq. (3.12) was developed famselliptical surface crack in a

plate under tension as presented in Refs. [26, 77].
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FRANC2D has predicted the solution for edge craickha weld toe of cruciform
fillet weld joint. This single edge crack has af@iént crack path according to the
assumption of maximum stress criteria. The crackihealined at first with respect to
the applied load and then turned to direction nérimahe applied load (see Figure
3.24). Therefore, the differences started at thggnméng of crack propagation and after
some millimeters, there are some consistencies anthlytical solution and the two
solutions become closer for larger crack depths Esgure 3.29). The reason is that the
crack path will become similar to the behavior odle edge crack in a plate under

tensile loading.

3.10.4.2. SIF of Load-Carrying Cruciform Joints

From literature [16, 17, 18] it is evident that mo&the investigations on fatigue life
prediction of fillet welded joints are based on theld toe failure. Some other studies
have considered the fatigue behavior of fillet veelctruciform joints failing from the
root region.

In studies [19, 20, 21, 22, 54, 84, 92] the fatipedravior and SIF of cruciform and
T-welded joints of steels failing from the root (BPhave been studied.

The maximum stress intensities develop when theeptd the crack path is normal
to the direction of the primary tensile stress. BiEs for cruciform joints with LOP
were calculated using FRANC2D and were comparetl safutions from Frank and
Fisher [21], BSI 7910 [14, 85] and lIW [3, 34] aace compared in Figure 3.31.

To study the effect of curved crack path and cogeece of results, two FE solutions
have been used. In the first solution, the SiFscateulated only for initial crack step,
e, a=1.5, 2,5,75,9, 10, and 11.5 mm, where thekcgaowth plane still straight
forward. In the second solution, the SIF was cal®d, when the initial LOP crack is
allowed to grow to its final length (fronaZLOP to failure) i.e., the crack growth plane
is curved. The comparison of both solutions in FgB8.31 shows that the solutions
from BSI 7910 are more realistic and have quitedgagreement with FEA, more than
[IW solution. The latter solution is worse becatise non-modified SIFs equation was
used.

The first FRANC2D calculation is more consistenthwihat from BSI up to the
finally calculated crack length, however, the fIFRRANC solution assumed a straight

line crack path normal to the applied load.
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The second calculation from FRANC shows a gooditih BSI up to a crack length
equal to the plate thickness=@/2) where the crack is normal to the applied load a
has a straight path. Over this length, the comparies a little bit diverged because the
crack will be inclined with respect to the origimack path.

Since the author found negligible variation betwdlem two FRANC2D solutions
and the modified SIF solution from BSI 7910, itpi®©posed to use FE for calculating
the SIF range in various shapes failing from thet gap.

The most important results are that the solutioosfBSI and 1IW have ignored the
real effect of crack path inclination as shown iomparison between the second
FRANC solution and those from BSI and IIW in Fig@®&1.

100 I L I 1 I | T [ T _ _ _ - __ L - ____1 —_ _

90 -~ FRANC2D, curved crack plane - =1~ --—~~" - .

--FRANC2D, fixed crack plane
—+-BSI7910

SIF (MPa.m"?)
a1
o

o

5 10
Crack length (mm)

Figure 3.31: Comparisons of different SIF solution§¢g=96 MPa, B=T=15 mm,
h=S=6 mm, &1.5 mmAa=0.5 mm

The above comparisons may lead to differencestigul life according to which
SIF solutions are used. IIW presents a lower vafusIF. BSI and FRANC2D show a
good coalescence in SIF solutions. The fatigue dibenparison between these SIF

solutions will be presented in Chapter 4 to shoswtéffect on fatigue life.

3.10.4.3. SIF of Transverse Butt Weld Joints having  Toe Crack

The comparison of results obtained for the buttdwelshown in Figure 3.32. It can
be seen that the results from FEM is close to #silts obtained from Eq. (3.18).
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FRANC2D compares well with empirical equations appears to be more realistic

because different deviations from ideal geomet#@sbe realised.
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Figure 3.32: FRANC2D and empirical solutions of SIF for butiadv@int according to
Broek [91],A0=104 MPa, &0.1 mmAa=0.5 mm, thickness=10 mm

3.10.4.4. SIF of Transverse Butt Weld Joints having

LOP

The crack is simply propagating in direction norrtaithe applied load due to the

nature of these defects and this butt joint. THe t&ditionally increases as the crack

length increases as shown in Figure 3.33. Thera@effects of weld bead dimensions

on the SIF results for this type of joints, i.@e effect of weld bead height and width.
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Figure 3.33: SIF of transverse butt weld joint having LO®=104 MPa, &=LOP=1.1
mm,Aa=0.5 mm, thickness=10 mm
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In the present work, the poylnomial equation coblkel useful to develope a
geometrical function in case of LOP, as follows:

f (a/t) = (55.48dar)" - 56.82art)’ + 26.004an)’ -6.0104a/)+0.9679  (3.19)
Then the SIF range is:
K = Aov7m(55.48%ar)" -56.824an)? +26.004a/t)’ - 6.0104a/t) +0.9679 (3.20)

where Ao is the stress ranga,is the crack length €LOP) andt is the thickness of

the plate.

3.11. Effect of Geometry in Load-Carrying Cruciform Joints

Table 3.2 lists different geometrical parameters were used includirgtdadment
and main plate thickness, weld size, shape, and toe leg léndih fMoreover, the un-
penetrated line LOP was treated as initial crag).(2A uniform tensile stress range of
96 MPa was applied to the end of the attachment plate to conselerack growth
propagation from LOP.

Table 3.2: Geometrical parameters for load-carrying cruciform welded®i

B,(mm) | T,(mm) | 2a, (mm) | h,(mm) | S,(mm) | Ly, (mm) | L,, (mm)
(LOP)

15 15, 25 3 6, 10 6, 10 150 150

3.11.1. Effect of Weld Shape

Due to the variation of throat thickness, the leg length eltharS, will be varied
(see Figures 3.17 and 3.18). According to Orjaséter [93], the dasigength increases
with the leg length, however, the influence of the leg lengtthig case is difficult to
determine.

The weld shape usually depends on the welding position ading conditions.
Sometimes, the weld is shaped like a scalene triangle, or it hascaveoor convex

curvature. Hence, the applications of available solutions are limited.
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The validity of Frank and Fisher equation has been comparedrEitAnalysis in
case ofh/S=1 andB/T=1 where this equation can only be used as referred in Refs. [19,
84, 89]. Therefore, the present study aimed to investigate the efffecequal weld toe
length on main and attached plate on SIF. Moreover, the abiliggd=RANC2D has
been shown.

Figures 3.34 and 3.3¢how the comparisons between SIF calculated by FRANC2D
and those calculated from BSI (modified Frank, Fisher formula) foresesdriangles
shape fillet weld $=h) and plate thickness rati®/T) of unity. It can be seen that the
calculated results have very good agreement with BSI as discunsdbd previous
section. It shows that the increasing of weld size will decrdaseStF as shown in
Figure 3.34 (a, and b).

In fact, the BSI solutions were estimated only fstS and B=T. Therefore, the
current simulation showed that the empirical formulas are unabled appropriate
SIF solutions in case of unequal leg lengtisS], however, the ratio di/B andS/B still
being within (0.2-1.2), as shown in Figure 3.35. Hence, thediiions are considered.

It can be concluded that the leg length on the main plate Isidas a significant
effect on SIF in the case of load-carrying cruciform joint more thanahthe attached
leg length,S. The SIF increases as leg length on main plate increases asiatégure
3.35. The same results of leg length effects have been obtaine@ iof 88§ as shown
in Figures 3.36 and 3.37.

5 | |+ FRANC2D < 25 |+ FRANC2D
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c 20 A [ 7]
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g 15 - J
=
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Crack length (mm) Crack length (mm)

(a) (b)

@]

Figure 3.34: Calculated SIF for B=T=15 mm, 2a=3 mm, isosceles triaagweld
shapeAs=96 MPa: (a) h=S=6 mm; (b) h= S=10 mm
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Figure 3.35: Calculated SIF for B=T=15 mm, 2a=3 mm, non-isoscelemgies weld
shapeAs=96 MPa: (a) h=10 mm, S=6 mm; (=6 mm, S=10 mm

3.11.2. Effect of Plate Thickness Ratio

The analytical formula from BSI and IIW are no longer able to deterrthe SIF
solutions wherB#£T. The comparison with FEM for plate thickness rd&i@ < 1 are
presented in Figurd.36.

In isosceles triangles fillet weld shape there are no big differencesdretequal
plate thicknesseB/T =1, (see Figure 3.34) and non-equal plate thicknd®Jes 1 (see
Figure 3.36). For design reasons, usually the &lfio> 1 is not considered [19].

It can be concluded that the effect of plate thickness on SIF agddadirength is
less significant as compared with the effect of leg length. Thhgcause the thickness
affects different mechanisms in fillet welded joints in two typesracks, the weld toe
crack and the weld root crack. When fatigue cracks originate from a toedhe
thickness affects the stress concentration at the weld toe. Iasiminly the thickness
affects the initial crack size (LOP) when a crack originates from a wetd Therefore,
assuming of constant crack length (constant LOP), the effectsckhélsses are less.
Unless the increasing B will increase LOP, then the fatigue life will decrease.

No specific studies deal with the calculations and comparisongFodsSbased on
FE, IIW and BSI to investigate the reliability of proposetliBons to use in fatigue life
laws. Moreover, in knowledge of the author, FRANC was not eggb fillet welded

joints cracking until now.
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Figure 3.36: Calculated SIF B=15, T=25 mm, 2a=3 mm, isosceles tlemgveld shape
Ao=96 MPa: (a) h=S=6 mm; (b) h=S=10 mm
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Figure 3.37: Calculated SIF B=15, T=25 mm, 2a=3 mm, non-isoscelesglies weld
shapeAs=96 MPa: (a) h=10 mm, S=6 mm; b) h=6 mm, S=10 mm

3.12. Conclusions

The main objective of this chapter is to show the reliabilitfRANC2D program to
calculate SIF in fillet welded joints. This factor will be usedctdculate fatigue life.
Several formulas were used to calculate SIF via crack length.

SIF at the weld toe and weld root of cruciform and butt weldedsjdhave been
evaluated using the FEM where the influence of the weld geometrina@porated in
the solutions. Meanwhile, the analytical SIF solutions Heaen derived for transverse
butt joints having LOP.

The assumption was used that in the as-welded condition the renaekns open
during the loading cycle due to the tensile residual stressesdchysvelding are high
enough. Therefore, the SIFs range corresponding to the nornagsd gange is effective
and independent of thB-ratio of nominal stresses. To include the effect of crack
closure, other SIFs due to residual stresses should be calculatddbesdiscussed in
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Chapter Five. The FRANC2D software and quadrilateral elements were tosed
calculate the SIF of the joints from elementary of fracture mechanics.

This program has the ability to analyse a cracked body and toluketwosi singularity
ahead of the crack tip. Thus, it can be concluded that for specific mmajgégation, the
SIF can be calculated under mode-I loading conditions. The efficiehthe current
calculations was demonstrated for two examples of joints. In theemrestudy, a
developed analytical approach for toe crack in cruciform joints has usszh Frank
and Fisher’s formula was used in limited geometries in case LOP.

For the LOP forms of root cracks recommendations were given ttheseodified
solution from BSI 7910 instead of that from IIW. The reasortHerdifference between
these two solutions (BSI and 1IW) is that IIW uses the oldnk, Fisher formula
whereas recently BSI modified this formula. These difference effectbeavifiresented
in Chapter 4 in fatigue life calculations.

The new modified solution from BSI is compared with that froRARC2D and
good agreements have been observed. However, FRANC2D has advantagesth
solutions because it provides good crack path descriptions arsidess the curved
crack path. Hence, a more accurate SIF solution has been obtainedratkegath
orientation angle has been investigated by using two crack @tigagnanners.

In the case of other geometries, the current solution of FEbevdldequate to be used
due to the limitation in available analytical and empirical sohgi The effect of weld
toe length on main plate and cross plate was not sufficientlytigaesd and explained
in literature. Therefore, this is an other purpose of the present wafioidin shows the
effect of leg length on the SIF and crack propagation of fillet @e|dints.

The main findings of the weld geometry effects are as follows:

1. The increase of weld size in isosceles triangles fillet weld shdpdegrease the
SIF.

2. The weld leg lengthh and S have a major effect on SIF. The new ratgh)] was
presented for SIF calculation in root crack of cruciform joints. Thelagions showed
that the value of SIF is strongly affected by the leg lengtthermain plate side. The
increasindhwill significantly increase the SIF.

3. The effects of unequal plate thicknes€4 (< 1) were studied, and there are no

effects of plate thickness ratio on SIF solutions for load-carmgtingiform joints.
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Chapter Four
FATIGUE LIFE CALCULATIONS AND

VERIFICATIONS

4.1. Introduction

Fatigue life prediction of welded joints is very complex, cosihg time consuming.
This is due to its complex geometry, number of stress condentrg@ints, and
heterogeneous weld metal properties. To avoid the costly and coprplexdure, fatigue
life estimation of a joint for structural applications followse t&N type of approach
covered by recommendations and standards such as IW [3, 34]18515, 76] GL [13],
and Eurcode [12] etc. Though these recommendations have a considiighks design
data set, the studies of the effect of crack growth param@tarslm, initial crack length
determinations and stress intensity factor calculations of weldedusesi@re still not clear
and have not been discussed enough.

To assess appropriately fatigue crack growth life of welded joints, necessary to
obtain accurate results for the stress intensity factor (SIF) indle& propagation phase.

In the previous chapter, the SIFs of weld notch cracks were calclptE®RANC2D
program and the results have been verified. There is often a considerailat of scatter
in fatigue data even when carefully machined standard specimens g séme lot of
material are used. Therefore, a reduction factor is often applied $Nlaeirves to provide
conservative values of fatigue strength for the design of coemperthat are called FAT
class, listed in 1IW, and are measured at two million cycles. Merethe fatigue life, and
the fatigue strength FAT of load-carrying and non-load-carrying wejdeds were
analyzed using linear elastic fracture mechanics LEFM.

Therefore, the aim of this work is to develop procedures to fiméhihial and final crack
depth for welded geometries, and in turn to determine the FAT-vdludsis work, FAT-
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values for some notch cases are calculated. Table 4.1 shows the rggoomsetd in this
Chapter. The geometry details also can be found in Table 3.1.

Thus, the new recommended limits of FAT for new geometries istadl yet in
recommendations can be calculated according to backward calculations. Engthk |
parameters are determined. It will be shown that the calculated féditigseare in very
good agreement with the existing experimental results.

Table4.1: Welded joints used in this chapter

Transverse butt weld

The weld edges machined or ground flush to pRtaible side

complete weld penetration with toe crack.

Weld reinforcement with double side complete peat&tn with

toe crack.

Lack of penetration (LOP) being considered as & cosxck.

20

Cruciform joint or T-joint

Toe and root crack being considered dependinghenldad
Weld toe crack

AN

application side.

Weld root crack
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_AD~_ Toe and root crack can be considered dependinth@road

Weld toe crack | application side.

A

Al

4.2. Fracture Mechanics Analysis

At present, there are two primary approaches used for predicting fategnamely, the
fracture mechanics approach and t8eN curve approach. Figure 4.1 describes the
relationship between these two approaches [23]. Fracture mechaniostig nsed in life
prediction of a structure with an existing crack, and is basedupoly crack-growth data.

The initiation phase is assumed negligible for welded gointthe fracture mechanics
approach and the life is based upon a SIF, which accounts ofageitode of stress at

crack tip, crack size and joint geometries.

Crack initiation I Crack Propagation
» N
S-N curve I Fracture Mechanics
a Total Fatigue Life >

Figure 4.1: Relationship between the characteristic S—N curve and fractehanics
approaches [23]

The stress value used in some guideline is the so-called norrgsd Evel which is a
stress value remote from the weld. This stress is then connecteel weld class system
using a factor for the actual type of weld and quality level. Inggal this is a good

system, but there are many practical difficulties involved inyapg the system due to the
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difficulties and impossibilities to define in complex structukelsere many points for stress
concentrations and different loading conditions are present §32, 3

For complex welded structures with many attachments and loadsjréanechanics
based methods can be used to determine fatigue strength of aswankotch case of
welded connections. The actual weld toe geometry is considerednaimitial crack is
assumed. Moreover, th&N model cannot deal with the presence of cracks; therefore,
fracture mechanics is an indispensable tool in situations where aisietected and sized
[1].

Finally, to be able to use the nominal stress method, the cwstemture must be
similar to one of the structures available for the methodsaNMjnments and defects must
lie within the weld class, which means the nominal stress meshaaly applicable to the
toe side of the weld, and the root side of the weld is frequeptijeated in the design
process [36]. In case of welded root cracking, it is usuallyaossible to measure the stress
in the vicinity of the initiation point since the crack inittat location is embedded inside
the weld [94].

All the above mentioned drawbacks using the nominal stress methdebign can be
avoided if local methods are being used. There are at least two suwdmehe so called
effective notch method and linear fracture mechanics, which both praven to work
well. In these methods, the results are taken in direct connectitimetaveld and all
drawbacks in the nominal method are avoif8&#] 36].

The above-mentioned local methods are typically more accurate thanntireahstress

method, especially as the geometric complexity of a structure iesteas

4.3. Fatigue Life Calculations Using Paris’ Law

Several equations are proposed by different researchers, usually semholby-
empirical, to correlate fatigue crack growth rate data with the range sintjle parameter
AK, the range of SIF. Among the proposed equations, Paris—Erdetmtionship is
commonly accepted and used in practice for a wide range of model [77]. This
equation is also recommended by IIW to calculate fatigue life el stnd aluminium
welded joints and is still in use today for many applications
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g—z =C(aK,)" (4.1)

where @&/dN is the crack growth rate per cyce,andm are material constants determined
from a curve fit (@/dN-AK curve) to the test data, and is the range of the SIF opening
mode [15]. The SIF will be calculated from a FEA as describeti@nptevious chapter.
Paris’ law can be used when it is known that the welding procgssduces inherent
surface crack-like flaws at the weld toe, i.e., along the fusion ke these lines are
brittle and at the weld root. These flaws are regarded as initiatedscravhich is a
somewhat conservative assumption [31].

The calculated fatigue lives are compared with the real experimental tels.rés
addition, a fracture mechanics analysis based on accepted standarts as @ reference.

With this local stress fracture mechanics approach, Paris’ equatiomecarsed to
appropriately predict the fatigue crack propagatinand fatigue lifeNr of a welded
structure.

The total lifeNy of a welded joint consists of two phases, namely the crad#tioit life
N; and the crack propagation lif, where the initial crack grows to a certain point and
affects the safety of the structure.

Furthermore, crack initiation in fracture mechanics is defined as aerurhloycles that
cause a certain length of crack. Hence, because of welded joints mayndoherent
crack-like defects, discontinuities and stress concentration pthetsyack initiation life is
assumed to be negligible.

In this work the determination of the number of cychsuntil failure is done by
integration for the crack growth relation from the initial cracktdgp;) up to reaching a

critical crack depth at break-through){wvith the use of the Paris-Erdogan equation:

ay

da TdN:J- da

N=—e———= — 4.2)
C(AK,) 5 ; C(AK,)
The SIF range inside is:
AK, =YAo (4.3)
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where Ao is the applied stress rangejs the crack length, and is the correction factor
mentioned in Chapter Three as a functiof{at).

TdN :é]ﬁle (4.4)
° ! {YAa(m)z}

Thus, the number of cycles for one increment is:

1 [%“'2) -3 ‘1'?)}
m
2

CY™(Ao)" 2 1-

N =

(4.5)

In the above equations, the geometry fadtts assumed as constant, since the inclusion
of a function of &t) within the integral sign will usually lead to armulation that cannot
be integrated analytically. Moreover, the integmtcannot be performed directly since the
geometrical factor changes with Therefore, to calculate the geometry factom the
above formulas, the SIF has to be evaluated. Bha®one numerically by using the FEM.
Then, according to SIF, the number of cydlesan be calculated for different loads.

Paris’ equation (Eq. 4.1), which is used to calufatigue life in FRANC2D, is very
simple and may not be appropriate for some masgmainzero load ratios, and very high or
very low SIF ranges. Moreover, the simple applaanf Paris’ equation does not take into
account the effects of residual stresses and aiaskire, where the latter effects are being
included within the stress ratiR. Thus, in many cases, it is more appropriate toutate
the extract SIF vs. crack length history within AR®&2D, and use this information with a
more sophisticated growth model [78, 79].

Then, other growth equations can be used as ForWatker and NASGRO. Finally,
the addition of the crack closure phenomenon tssPaodel is successfully solved.

In practice, Paris’ law is more straightforward arety often sufficiently accurate to
solve the fatigue life equation by splitting thexck growth history into a series of crack

incrementsAa) in whichAais determined according to the stability of bl curve.
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Through dividing the crack path inta)(increments, between the initial sizeand the
final sizea, then the number of cyclég for each increment (between the s&end the
sizeg+Aa) can be calculated. The crack length vector atclitzed SIF are transferred to
Excel and integrated numerically according to Ef2), Then, the total lifeN can be

calculatedoy summation of thé&|; for each increment as:
n n Aa
N=DN =Y 2 (4.6)

wherej is the steps number. Thus, a numerical integrdtoa crack growth rate is carried
out at various stress levels, and the resultst@fua life are recorded to determine Hél
curve. This original model (Model-A) is still useatlay for many applications.

More advanced models essentially build on the Pagsation by addressing mean
stress effects, threshold behavior (Region-l) @dN-AK curve, the instability asymptote
(Region-Ill), and fatigue crack closure effects.eTNASGRO equation is a full range

model that mathematically includes all three regiohFCG curve (Model-B).

4.4. Fatigue Life Calculation Using NASGRO Equation

The superposition method originally is based onptieciple of LEFM [65]. Under the

cyclic load and residual stresses, the SIF randesapss ratio are calculated as:

AK = (Kmax,app+ Kres)_ (Kmin,app + Kres) = Kmax - K in — AK (47)

Rres = (Kmin,app+ Kres)/(Kmax,app+ Kres) (48)

Therefore, under cyclic loads, onB,s changes due to the presence of residual stresses.
Considering the welding residual stress effectahginal NASGRO equation is expressed
as:

dN 1-R

[1_ AK, j”
da = CES{(EJAK} L\ AK ) (4.9)
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wheref is Newmans effective stress ratio axid, is the threshold value &K for a given
applied stress ratiB=Kn,WKmax The parameteCesp and the exponents p, q determine
the shape of theaddN curve.Kqax is the stress intensity factor at the maximum lfmada
givenR ratio, andK; is the critical stress intensity factor which tekto the thickness of
the specimens; more details can be found elsevj88}e

The solutions, then, use implemented SIF solut{&&dM) and crack growth concepts to

propagate the crack until failure occurs. The Newshaquation fof is defined as:
f=A,+AR+A R+A R (4.10a)
For R>0, and for —¥R<0 as;

f=A,+AR (4.10b)

The polynomial coefficients are defined as:

T Ya
A, = (0.825- 0340 + 0.050'2{005{5 Smaxlaoﬂ (4.11a)
A, =(0415-0071)S,./ o, (4.11b)
Az,n =1- Ab,n _A.Ln _A3,n (411C)
An=2A”A,tA,"1 (4.11d)

where ¢ is a material constant, its value varies form ripgi@ane stress to 3 for plane stain;
Shaxis the peak stress of a stress cycle,arid the material flow stress (i.e., the average of
the tensile yield and ultimate strengths) [96].

NASGRO equation incorporates fatigue crack closunalysis for calculating the effect
of the stress ratio on the crack growth rate ucdestant amplitude loading.

The threshold stress intensity factor range in @), AKy, IS approximated as a

function of the stress ratid®, the Newman’s closure functiofy the threshold stress
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intensity factor range & = 0, AKj, the crack lengthg, and an intrinsic crack lengta,, by
the following empirical equation:

P (1+CuR)
AK, = AK,| —2 ] { 1 ] 4.12
) lenien 32

The values ofCi andAKq are stored as constants in the NASGRO materials, fandag
has been assigned a fixed value of 0.0015 in. 81.08m). The materials data necessary
for the used materials are obtained from AFGROWalokte [97] and Ref. [98] (see Table
5.1 of Chapter Five). The SIF due to maximum apbplicead is defined as:

mm=é¥§ (4.13)
whereAK varies betweenK, andKmax

The current calculation using Model-B becomes mawmplex for structures which
have the distributions of residual stresses. TleeoiNASGRO equation under the effect of
residual stresses (Model-C) will be discussed enrntéxt chapter.

4.5. Parameters of Crack Propagation Life

The problem that arises to determine the fatigie i to choose the appropriate
parameters oC, m, a, and a. Some studies have presented a range of lengtthése
crack-like defects in welded joints, and they hgixen conservative values of lives. Due to
the complex joint geometry, a number of stress eotration points and heterogeneities of
weld metal properties exist in addition to the efffef residual stresses.

The accurate crack lengths and growth parametess hat been established yet. And
this is one of the purposes for the present work.

Traditionally, the fatigue design of welded joifids structural applications has used the
SN curve type of approach based on experimental tee$oit different weld geometries
[54], included for example in Eurocode 3, BSI79B&5400, BS7608 [12, 14, 75, 76] and
[IW [3, 34] where the initial crack length is noneasurable yet and no guidance is found.

However, initial cracks used in fatigue analysesdaiten in the range of 0.05-0.2 mm [29].
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Nevertheless, these values can vary depending enwelding operation parameters,
geometry and materials properties.

Engesvik [30] has also analyzed the fatigue lifavefded joints and concluded that it
may be dubious to apply LEFM at crack depths leags 0.1mm. In other literatureg; is
usually measured or approximated to 0.1-0.2 mmvidds [31].

BS7910 [14] recommended the initial flaw siagbetween 0.1 and 0.25 mm. The life is
assumed to be finished when the final cragkeaches one-half of the sheet thickness [31,
32]. Therefore, in this work, trails are carried taiclamp down on bogus sizesapanday.

The parameters;, anda; are determined when ti@ andm were fixed. Moreover, the
actual weld toe geometry is considered and aralratack is calculated.

4.6. Selection of the Notch Cases

Cruciform and butt welded joints are the most ugeaimetries in engineering structures.
The factors that presently inhibit the full use asticiform components are the lack of
standard and suitable specimen design. This aspecw being addressed through FEM
program with help of fracture mechanics approacbugh this work to find the values of
the fatigue life and initial crack depths for cfoecm weld geometries. The new
recommended limits of FAT and initial crack grovg&rameter are calculated.

There are two locations of crack initiation thaiséxat cruciform joints with fillet welds,
at the weld toe, transition between weld and plkatel at the weld root, see Figure 4.2. The
first crack will propagate through the base platbereas the second one will propagate
through the weld throat [3, 33].
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Attached

2a

Il a'  Main

2a=LOP

Figure 4.2: Cruciform fillet welded joint

The cruciform weld joint geometry with ratio of athment plate to main plate thickness
B/T=1, is shown in Figure 4.2, whepeis weld toe radiusg and 2 are the initial crack
length located at weld toe and LOP, respectivBlis the attached plate thickness anis$
the main plate thickness. The advantage is takesyofmetry to model quarter of the
complete geometry. Two specimens are modelled;load-carrying cruciform where load
acted at the end of main plate and load-carryingitorm joint where the load acted at the
end of attached plate (see Figure 4.2).

In the same manner, two butt welded joints areutaied; first butt joint with toe crack
and second butt joint with LOP. In latter LOP isismlered as a root crack. By contrast, in

former toe crack is considered to start from thé&wee.

4.7. Backward Calculation of Fatigue Strength

In this chapter, fatigue life calculation proceduiege carried out using a simple form of
Paris’ law as based on fracture mechanics method. Wittwlketge of the SIFK, at
different crack depths, it is possible to make polyial curve fits ofK; (a). Numerical
integration for Paris’ law (Eq. 4.1) is carried auging a polynomial equation to establish
the a-N curve. SIFs at different loading have been sctdethlculate the expected fatigue
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life for different stress ranges and to develop $d curve. A FORTRAN language
program is developed to carry out the numericagrdation of Paris’ law at various stress
ranges. The initial crack length is changed to detracteristic and mean FAT values. In
this work, these calculations are referred to Motlel

If the correct constants for steel (DOMEX 550 M@Hhastrength hot rolled steel with
the minimum vyield strength 550 MPa and the tensttength minimum 600 MPa and
maximum 760 MPa, respectively) were not availatie, BS17910 [14] and IW [3, 34]

recommendations were used, as shown in Table 4.2.

Table 4.2: Characteristic values of recommended materials peeters for steel. Units
used are in N and mm

BSI 7910 Iw

Cos0=5.21x10"% andm=3 Coso=5x10" andm=3

Most of fatigue results are distributed and scattearound the mean life value and
further away. If these data are plotted, it willivbaa bell-shaped curved. The standard
deviation STDV) is given for data that are distributed normaiccording to W, all
fatigue resistance data (FAT values) are givenhasacteristic values, which are assumed
to have a survival probability (reliability) of d&tast 95% (i.e., 5% failure probability)
within two standard deviations equal to 0.178 dal®d from the mean value of a two-
sided 75% confidence level [3]. The initial crac&ngith should be considered in
determination of fatigue life of welded joints. Ehgsis is laid on how to choose initial
crack length,a with the fixed crack growth parameterS, (and m). With the backward
calculations the initial crack length value hasrbdetermined which coalescence with the
FAT95% according to characteristic value®andm. In case of FAT50%, a new value of
C50% is needed to be determined, which is equ@ld?0+2STDV. Both curves of these
FAT values are plotted, as shown in Figure 4. Jgisle straight line equation with slap

i.e.,:
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LogN = LogC—-mLogFAT (4.14)
Then the characteristic fatigue strength FAT95%aisulated by:

FAT95%: Log(2x10°) = LogC95% — mLogFATO5% (4.14.1)
The mean fatigue strength FAT50% is then:

FAT50%: Log(2x10°) = Log(C95% + 2x STDV) - mLogFAT50% (4.14.2)
Finally, theSN curves are obtained (see Figure 4.3) according to:

N = (FAT95%/Ao)™ x (2x10°) (4.15)
N = (FAT50%/Acg)™ x (2x10°) (4.16)

The mean values of materials constants calculatéuis work are given in Table 4.3 for
steel (DOMEX 550 MC steel [31]). The value©0%is only 8.5% larger than that from
BSI 7910 which is given equal to 2E-13 [14]. Thesdues can be used to calculate

FAT50% for new notch cases.

Table 4.3: Mean values of recommended materials parameterstéal. Units used are in
N and mm

BSI 7910 Current work

Cs00=2x10" andm=3 Cs0s=2.17x10" andm=3

According to the current procedures using ModelbaAckward calculations), the crack
length value is changed just to fit the curve ofTPA% which is plotted using Eq. (4.15),
as shown in Figure 4.3. Then, these determinedesaft, m) from Table 4.1 and initial
crack length from the backward calculations carused to find FAT95% for new notch

cases which have the same crack classificationtd (tee or weld root crack). Curve of
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FAT50% is plotted using Eq. (4.16) and value<C60% andm equal to 2.17E-13 and 3,
respectively (see Table 4.3).

Log o

4 (Mmean+2STDV)

m Experimental data

EAT50%

N\

FAT95% —
(mean-2STDV)

¥
2e06 LOQ N

Figure4.3: S-N curve

4.8. Results and Discussion

SIFs and fatigue life have been calculated for eelgbints using fracture mechanics.
The joints are assumed to be free from residuaks#s, undercuts and other weld defects.
The fatigue test results for joints which failedrfr weld toe and LOP are taken from the
works of Lindqvist [31] and Singh et al. [84], respively. The effect of residual stresses

will be discussed within the next chapter.

4.8.1. Fatigue life Calculations

In the following, theS-N curves of characteristic and mean fatigue life, BB% and
FAT50%, respectively, are shown. FAT50% refers te experimental mean fatigue
strength value that is applied during the real isentime for steel structures using the
calculatedC50% equal to 2.17E-13 amd=3 (i.e., 50% failure probability, 50% survival
probability). The current numerical integrationenef to the backward calculation using
Paris’ law.

The initial crack has been determined which gives d¢redible coalescence with FAT
95% class from the recommendations. The valug isf0.1 mm for the crack initiated from
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the weld toe, whileg; is equal to the un-penetrated line for the joinésing LOP or
incomplete melting.

To verify the current calculations (Model-A), thesults are then compared with
experimental data. It is found that these initi@ak lengths of each case are uniform and
have been confirmed for all types of joints. In kast, final cracks defined in many
researches to be equal to one-half of the patkribss. In case of LOP, thewas set to be
0.8x (leg length on attached plate side) + (attdcpkate thickness)/2. The coefficient
multiplying leg length is varied between 0.6 an® (49]. In all casesa has a less
significant effect on the fatigue life [31, 40], carthe variation can be considered as

negligible.

4.8.1.1. Cruciform Weld Joints having Toe Crack

To determine fatigue life curves for the particulgld details, various standard groups
are put together into categories with similar fagigoehaviour. The compiled results are
from fatigue life testes in several large experitabmvestigations carried out in Europe,
where the applied stress ranges are in the redi80 to 105 MPa and the thickness of the
plates is from 16 to 38 mm and stress r&ibetween 0 and 0.3 [1]. Lingvist [31] tested
experimentally 12 mm non-load-carrying cruciformesimens under tension made of the
steel DOMEX 550 MC, which is an extra high-strenigth rolled steel with minimum yield
strength 550 MPa. The tensile strength is minimWA Pa and maximum 760 MPa,
respectively. The weld toe radius is set at 0.6 Mhe model started with the initial crack
a from the weld toe. The initial crack will grow iregth regularly. The reported test results
are compared with calculated results from backwaidulations procedure used in the
current study.

Fatigue life calculation is defined as the stageenvlthe crack has reached its final
length, which is defined in many researches to duelketo one-half of the parts thickness
[31]. In this work,as values equal to one-half of the sheet thicknesslapted. In addition,
these values ads have been verified which give the fix number ofleg in thea-N curve,

i.e when the increase in fatigue life was negligid5]. Figure 4.4 shows thatis about
5.2 mm in case of sharp weld toe (no radius). Tddaesofas increases to approximately 6
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mm when the weld toe radius increases to 0.6 mneoirirast to the influence ef, the

fatigue life is not as sensitive to the valueshefd;.

8
|| =—Toe radius=0.6 mm
1| — -Toe radius<0.6 mm
61| — -No weld toe radius ’ j
g : With radius=0.6 mm d I
E 4 /7
0] 1 With radius <0.6 mm —r'—b/
i /7 7
2 No radius |—pr =/
il 7
0- —_——— w
0 25000 50000 75000 100000
N (Cycle)

Figure4.4: Crack length as a function of number of cycleswalted using Paris’ model

The possibilities to study the effect of local gextp have been demonstrated (see
Figure 4.4), where the effect of toe radius ongiai life calculation is shown. Decreasing
the weld toe radius makes the stress concentratim@ obvious, and thus decreases the
fatigue life. In the recommendations, the valudatigue strength FAT did not include the
effect of weld toe radius. Hence, the current datian (Model-A) presents an advantage
to calculate the effect of different weld geomedriezhich have not been listed yet in the
standards and recommendations.

The SN curve, Figure 4.5, shows the backward calculatesmsompared with [IW for
class 413 [3] for an incompletely penetrated loadyeng cruciform joint. The FAT95%
class 413 in absence of toe radius is close tatinently calculated values as based on
fracture mechanics. The initial crack length iscaddted and identified for this case equal
to 0.1 mm, because this value gives good resuitgpaced with FAT95% (63 MPa).
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Figure 4.5: S-N curves for incompletely penetrations crucifgoimt having toe crack
(&=0.1 mm, Gna=5E-13, m=3) compared with case 413, FAT63 from [B\34]

The results of a fully penetrated load-carryingctiarm joint failing from the weld toe
(FAT 95%, 71 MPa, class 412) are presented in Eigus.
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Figure 4.6: S-N curves for full penetration cruciform jointuiag toe crack (&0.1 mm,
Ccham=5E-13, m=3) compared with case 412, FAT71 from [BN34]

From Figures 4.5 and 4.6, it is noticed that thee/®f initial crack 0.1 mm is creditable
for the case of toe crack in two types of crucifgoimts. The currently calculated life is
located between these two lives. The calculated@s|ivcharacteristic and mean life
(FAT95% and FAT50%, respectively) are presenteBigure 4.7, in comparison with the

values from IIW.
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Figure 4.7. S-N curves for incomplete penetrations crucifowmtj having toe crack

(&=0.1 mm, Gha=5E-13, Grear 2.17E-13, m=3) compared with case 413, FAT63 from
W [3, 34]

4.8.1.2. Transverse Butt Weld Joints having Toe Cra ck

The toe crack case is verified for transverse Wettl joints with toe crack as shown in
Figure 4.8. The initial crackg is equal to 0.1 mm. The complete penetration feenb

assumed and only toe crack is considered.
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Figure 4.8: S-N curves for full penetration transverse buttdMeaving toe crack (0.1
mm, Gna=5E-13, Grear 2.17E-13, m=3) compared with case 213, FAT80 fitw [3,
34]

4.8.1.3. Cruciform Weld Joints having LOP

The other type of crack is formed during the fadtimn where a non fused gap will
initiate the crack called lack of penetration LOMe LOP size has a strong effect on the
fatigue life of load-carrying cruciform joints.

Germanischer Lloyd Aktiengesellschaft GL [13] presel some recommended values
of fatigue strength for welded metal in load-camgyfillet welds at cruciform or tee joint in
case of LOP. These values from GL are based osttless range in weld throat, and differ
from that in IIW. FAT values for steel are 36 MR throat thickness > (plate thickness/3),
and 40 MPa for throat thickness < (plate thickridsdRegardless of the weld size, IW
stated that FAT for steel is 45 MPa [3, 34].

The FAT values from GL in case of load-carryingaiform joint have provided more
realistic results, as compared with calculated emlin this study. Figures 4.9 and 4.10

show the comparisons of these FAT values with theeat approach (Model-A). The
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fatigue strength increases with a decrease of sietl(throat thickness) due to the effect of

the stress concentration.

1000 F=arrrmpE e R R e e e T o b s e
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Figure 4.9: S-N curves for incomplete penetration cruciformnjohaving LOP
(2a=LOP=7 mm, Gna=5E-13, Gnear 2.17E-13, m=3 and throat thick>t/3) compared
with type No. 23, FAT36 from GL [13]
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Figure 4.10: S-N curves for incomplete penetration cruciformngjohaving LOP
(2a=LOP=4 mm, Gna=5E-13, Gnear 2.17E-13, m=3 and throat thick<t/3) compared
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with type No. 23, FAT40 from GL [13]

Recall to the discussion in section 3.10.4.2 of &lEulation of load-carrying cruciform
joints where the difference between FRANC2D, BSd éiw was presented (see Figure
3.31). Figure 4.11 shows the fatigue life curvestii@se different SIF solutions. IW shows
a higher FAT solution in this case as compared vB®l and FRANC2D (fracture

mechanics).
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Figure 4.11: S-N curves from different SIF solutions in incosbglpenetration cruciform
joint having LOP, Gha=5E-13, m=3), 2ai=LOP=3 mm, B=T=15 mm, h=S=6 mm

4.8.1.4. Transverse Butt Weld Joints having LOP

For butt weld joints welded from both sides, itdsficult to ensure that full root
penetration is achieved. Fatigue failure from tledaroots may result in unexpectedly low
fatigue strength [15]. Therefore for the same hbuetd joint, FAT for LOP is lower than
that for toe crack (45 and 80 MPa, respectively@e in mind that the latter FAT80
considers the full weld penetration (no LOP).

The SN curves of butt weld joints with LOP are preseriteffigure 4.12. An agreement
is obtained whem, equals to the LOP defect which existed in the b@gom Weld overfills

are not taken into consideration.
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Figure 4.12: S-N curve for transverse partial penetration bwld joint having LOP
(LOP=2a=2.2 mm, t=10 mm, LOP/t=0.22 £=5E-13, Gnear 2.17E-13, m=3) compared
with case 217, FAT45 from IW [3, 34]

Nyk&nen et al. [15] predicted FAT classes for commeelded joints. The predicted
fatigue strength of transverse butt weld is cakadaising Eq. (4.17) as follows [15]:

FAT o5 = Szi Aoos; ["?PT [\'/"v)h (tjq [\g’)d () (4.17)

Dimension variables of the butt weld are shown iguFe 4.13. The variables are the
degree of weld penetration, LOP, weld heightd,, weld widthsW;, W,, and weld leg
heightsH1, H2. The weld shape was chosen so, a2l = Wo/2I = W/2I andH/W; =
Ho/W, = H/W.

The coefficients Aog,; corresponds to the DOB being evaluated.b;, ¢, di are
exponents as listed in Ref. [15].

To make a valid comparison between current theutation (Figure 4.12, where=10
mm, LOP=2;=2.2 mm, and LOP/t=0.22) and Né&kenen [15] (whe&5 mm), the constant
ratio LOPt=0.22 was used to be constant between them. Fglileshows the comparison
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between the current work and Eq. (4.17) for the difterent thicknesses 10 mm and 25
mm as used in the current work and Nykanen’'s wogkpectively. The calculated FAT
from the current work using Model-A shows good etation with predicted fatigue
strength (FAT) from Nykanen (Eq. 4.17).

These results are approved with the current appraamg the calculated crack length
and SIF from this work.
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Figure 4.13: Transverse partial penetration butt weld with raoacks only [15]
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Figure4.14: S-N curves comparisons in case of LOP of transvieust weld, LOP/t=0.22
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The FE direct simulation for butt weld joint fromykinen (Figure 4.13) is carried out
using FRANC2D where the thickness=25 mm. Then,#dE calculated and Eq. (4.18) is

developed to be used in Paris’ numerical integnapiaogram.
K =0.2914a)* - 5.8122a)° + 45.709a)? —10086(a) + 34457 (4.18)

The initial crack equals to the LOP is assumedgubliodel-A, with Paris’ law constanta

= 3, andCehar = 3 E-13 (@/dN in mm/cycle andAK in Nmnmi®?) as used by Nykanen [15],
the fatigue life curves are presented in Figurés4Good agreement between the two
solutions is shown in this case.

It is to be emphasized that the predicted FAT fiem (4.17), are calculated fet/W =
0.1, W2l = 0.5 andt = 25 mm. This mean that for the unequal weld disian WA W,
l1#l2), EQ. 4.17 is not able to find a corresponding FAMerefore the recommendation to
use the current approach (Model-A) with the calmdgparameters will take an advantage,
because only SIFs with are needed to find an appropriate FAT for differg@ometries
(see Figure 4.15).
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Figure 4.15. S-N curves using Eq 4.17 and the current appradtbdel-A) for LOP of
transverse butt weld, thickness=25 mm=R®P=5.5 mm, LOP/t=0.22
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4.9. Experimental Verifications

From literature [16, 17, 18], it is evident that sh@f fatigue life predictions of fillet
welded joints are based on toe failure. Some athaties [20, 22, 84, 92] have considered
the fatigue behaviour of fillet welded cruciformnts failing from the root region.

For fillet welds, the high stress concentratiorates at the weld toe due to the fact that
these locations are rarely sound and usually weatdroentains flaws, crack-like defects
and stress concentrations. Therefore, the presehtee weld toe radius inevitably will
reduce these concentrations of stresses near tbeaee

The effect of the toe radius is not included in Fadlues from IIW and BSI 7910
recommendations. This will provide a good exammleevaluate the current approach
(Model-A) from this work. Lindqvist [31] conductetie fatigue test for toe crack in a non-
load-carrying cruciform weld joint having 0.6 mmetwadius. The reported results are
compared with the current approach (Model-A) urtdasion mode only.

In this study, the new value of FAT95% for non-lozatrying fillet weld having toe
radius have been calculated equal to 71 MPa.

The new calculated FAT value is higher than thaimfr IW recommendations
(FAT95%, 63 MPa) due to the effect of improved loesgeld geometries and stress
concentration.

To verify the predicted value, the mean or desigrve is drawn as shown in Figure
4.16. The mean curve fatigue life (FAT50%) caltedais based on FAT95%$2DV.
FAT50% is compared with reported test results ftondqvist [31]. An initial crack length

equal to 0.1 mm was adopted.
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Figure 4.16: Calculated fatigue life compared with experimentasults reported by
Lindgvist [31]. Non-load-carrying cruciform jointith toe crack=0.1 mm, R=0 (Ga=5E-
13, Gnear= 2.17E-13, m=3), NASGRO parameter are listed ibl€&b.1 of Chapter 5, Steel
S 403

The mean fatigue life (i.e., 50% failure probalilis0% survival probability) has been
calculated equal to 93 MPa (FAT50%), as shown iguid 4.16. It is shown that the
calculated data are consistent with the experinhenéan data corresponding to the weld
joint of a small scale thickness joint (less th@m2m). It means that the effect of thickness
and residual stress through thickness was negledtkd calculated mean life using
NASGRO equation (Eq. 4.9) shows a correspondente the experimental data and
FAT50% from Paris’ law at stress raf#s0.

The National Institute for Materials Science (NIME6] presented a data sheet on
fatigue properties of non-load-carrying cruciforrelded joints of SM490B rolled steel for
welded structures. The plate thickness 80 mm iggstgated. Figure 4.17 shows the
comparison between NIMS data and current calculatioom this work (Model-A). The
calculated mean fatigue life (FAT50%) has a goockamgent with the experimental data.
Also the experimental mean-life is in an agreenweith NASGRO solution as shown in
Figure 4.18 aR=0 and 0.1 mm toe crack.
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Figure 4.17: Calculated fatigue life compared with experimemtata from NIMS [56] for
non-load-carrying cruciform joint, thickness=80 n{@na=5E-13, Gnear 2.17E-13, m=3)
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Figure 4.18: Comparison between NASGRO, fracture mechanics apdrienental data
from NIMS [56] for non-load-carrying cruciform jointhickness=80 mm, R=0, {ta—=5E-
13, Gnear= 2.17E-13, m=3), NASGRO parameter are listed ibl€&b.1 of Chapter 5, Steel
S 403
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In case of LOP, the current approach (Model-A) osmpared also with published test
results by Singh et al. [84They carried out fatigue life experiments on gasgiien arc
welded load-carrying cruciform joints made of AI®I4L stainless steel in the cold rolled
state of 6 mm thickness. Their experimental resulese reported and identified as
propagation and initiation life for LOP equal to®and 6 mm. The FAT value increases as
the LOP decreases as shown in Figure 4.19. For 2RAM equals to 74 MPa, whereas it
equals to 61 MPa and 34 MPa in case of 3 mm anch@.@P, respectively. The decrease
in FAT strength as LOP increases is due to theedeser of the crack path to reach final
length of failure and the fatigue life will thusatease.

In spite of relatively high residual stresses wlacé likely to occur in the welds, several
works proposed that residual stresses can be neglec they have relieved. However,
these considerations are a conservative assumg2dn84]. NASGRO solution is
developed aR=0 and compared with the current examples (seer&igil9). It is found
that in case of LOP, NASGRO provides higher fatitjteebecause the large initial crack

length has been used which is equal to LOP.

1000 -

Ao (MPa)
[EEY
o
o

——FAT 95%, 74 MPa, model-A |-~~~ -~ i
—©—FAT 50%, 96 MPa, model-A _ o=
T A Exp. total life [84] - 1---
+- & Exp. propagation life [84] - o=
Mean life, NASGRO, FAT200, model-B
10 L R | -

1E+4 1E+5 1E+6 1E+7
N (Cycle)

(@)

130



Chapter Four Fatigue Life Calculations and Verifications

1000 T----Z[FZZZ [C[ 1 0 A A A IO O 1 O R I B i o
~

- 4 S Sy I e e S S 6 R I |
ol

éloo T----Z[FZZZ [ [C--_-_] ?é

2 1 ~—#—FAT 95%, 61 MPa, model-A T o

T =——FAT 50%, 79 MPa, model-A "4~~~ 1°-77~ -

T A Exp. total life [84] o |

T & Exp. propagation life [84] B T

Mean life, NASGRO, FAT170, model-B
10 - - | ]
1E+4 1E+5 1E+6 1E+7
N (Cycle)
(b)

1000 1 ___J-___] I IJI1___ __ ] T _ T T _IT_T_TCLCL_____ L __ I _IT_I_T-II11]
TC-IIIIZIIZIZIfZZZizp  —E—FAT 95%, 34 MPa, model-A ]
T 1 =—e—FAT 50%, 44 MPa, model-A
B I L A Exp. total life [84]

B I L & Exp. propagation life [84]

Mean life, NASGRO, FAT100, model-8 |

Y Y (I

¥ IRREE
e

1E+6 1E+7

Figure 4.19: Calculated fatigue life based on Paris and NASGRQOations compared with
experimental data reported by Singh [84] at R=0¢&5E-13, Gnear 2.17E-13, m=3):
NASGRO parameter are listed in Table 5.1 of ChapteBteel S 403(a) LOP= 2 mm; (b)
LOP=3 mm; (c) LOP=6 mm
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The fatigue lives for different LOP (2, 3 and 6 mamg presented in Figure 4.20. The
lower curve refers to FAT95% equal to 34 MPa inecaSLOP=6 mm. It can be concluded
that the LOP equal to 6 mm will be a maximum caitit OP, which can be allowed
according to the weld size (throat thickness> plhiekness/3), where the FAT value

equals 34 MPa issued in accordance to GL [13].

& Exp. Prop. life, LOP=6 mm A Exp. Total life, LOP=6 mm
—@— Exp. Prop. life, LOP=3 mm —5-Exp. Total life, LOP=3 mm
Exp. Prop. life, LOP=2 mm —A— Exp. Total life, LOP=2 mm

1000 -

1E+4 1E+5 1E+6 1E+7

N (Cycle)

Figure 4.20: Fatigue life for different LOP sizes published ®iyngh [84] compared with
current calculated life based on fracture mechanics

Singh et al. [84] calculated both lives (initiatiand propagation life) and estimated that
both initiation and propagation behaviour are elgumhportant. Their results led to the
crack initiation-propagation model (IP model) iniefinthe total lifeNr was the summation
of initiation and propagation cyclel andNp, respectively. They calculated fatigue life
N, which mainly based on the fatigue crack growth @dL).

In LOP case, the initial crack length will be eqt@lLOP, and that is recommended in
mind of the author since it shows good results canegh with experimental data. Moreover,
the considerable amount of scatter in fatigue disecompared with the experimental test
data is small at high stress level. It is to be leaszed that the smaller scatter at high stress
level is believed to result from a much shorternegligible initiation period to crack

propagation.
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Therefore, a criticism could be put on the IP moslkich was used in previous works,
because no significant initiation time is necessary

Modelling description and calculated results akegiin Table 4.4.

Table 4.4: FE models, FAT, crack growth parameters, initintldinal crack lengths

Case . .
Description FAT50% Crack growth Joint type and potentially crack locus (FE

FAT 95% parameters model)

217 Transverses butt weld with] 59 a=1.1mm
45 partial penetration, analysi C=2.17E-13
based on stress in weld m=3 « LOP in transverse butt weld joint
throat sectional area. Weld «  FIX xand at corner FIXy.
overfills not to be taken intg «  Weld reinforcement not to be taken int
Geometrical conditions
Max. LOP<0.2 but
max.=2.2 mm.

213 Transverse butt weld with 105 3,=0.1 mm
80 weld toe crack and C=2.17E-13
complete penetration. m=3
Geometrical conditions
Toe angle max. 30°.
Weld bead height max.
=1+0.1xweld bead width.
Crack will propagate

through the sheet thicknes. *  Weld toe crack.
* One side locked ix-direction. At least

one point FIXxy to prevent the model frorh
rotation.

414 Load-carrying cruciform 47 a=7 mm

36 joint with LOP. Incomplete C=2.17E-13
penetration and un-weld m=3

line regards as initial crack
(&), O<a<sheet thickness. ==
Throat thicknessA3. RRARRE _
Geometrical conditions SV VAVAN;

Equal sheets thickness
(B=T) and leg lengthSeh).
Throat thicknesst#3, a=Yx R
(leg length+thickness/2).
Y: factor vary from 0.6-0.9
and normallyy=0.8.

LOP in load-carrying cruciform joint
e FIX xyat corner.
« Un-weld line was regards as
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414
40

Load-carrying  cruciform
joint with LOP.

Throat thickness#3. Equal
leg length (Isosceles). LO
propagates through the wej
metal perpendicular to th
applied load and coincid
with the LOP line.
Geometrical conditions
Equal sheet thicknesB<T)
and leg lengthS=h).

53

a=4 mm
C=2.17E-13
m=3

LOP in load-carrying cruciform joint.
FIX xy at corner.
Un-weld line was regards as

413
63

Numerical analysis of 2-[
load-carrying cruciform
joints, fatigue crack
propagation life i
determined  automaticall
for the 2-D models throug
integration of the Pari
equation forg;=0.1—a;.
Geometrical conditions
Equal sheet thickneq
(B=T), leg length S=h,
throat thickness 3.

- O~

O

(7]

83

3=0.1 mm
C=2.17E-13
m=3

Weld toe crack.
LOP is inactive.

412
71

Non-load carrying with tog
crack.

Geometrical conditions
Equal sheet thickneq
(B=T), leg Ilength S=h,
throat thickness 3. Weld
toe radius is<0.6 mm.

(7]

93

3=0.1 mm
C=2.17E-13
m=3

Weld toe crack.
LOP is inactive.

*All cases have a transition radius of 1 mm, as suggested by different investigations [32].

In this work since there is no bending moment iavacases, the nominal stress is equal
to the applied stress [23]. According to Table 4tHe FAT-value at 95% survival
probability seems to be multiplied with a factoB 10 achieve 50 % survival probability of
failure. Therefore, we can obtain the following eegsion for FAT:

I:'A‘Tchar = Swf%FATmean = 0'757FATmean
char

Nykénen et al. [15] also presented the following E320) to correlate the FAT-value

(4. 19)

with the mean life as follows:
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FAT,., = 3/M FAT .= 0.8275FAT ... (4.20)
char

4.10. Effect of Residual Stresses

The residual stress has an important role on fatayack growth. Some researches have
investigated the influence of welding residual stes for crack growth analyses. The
residual stresses might greatly influence thediféhe geometry of the crack after growth.
The influence has been investigated for througH-wcks by some investigators, but
there were only a few investigations for surfacacks, and the influence has not been
revealed [99]. Usually, the effect of residual s¢é&s and thickness are ignorable for sheet
thickness less than 20 mm [20, 84].

The suggestion for the next Chapter Five is to stigate the influence of residual
stresses on fatigue life curves for a surface ceawddytically using the weight function

which assumed a nonlinear stress field presenugfirthe thickness.

4.11. Effect of Sheet Thickness

FAT takes an increasing thickness of more than 8% into account with a reduction
factor f(t). As a complement to the testing, fracture meatsanalculations are made in an
attempt to evaluate the effect of the stress cdraton thickness dependence.

The stress concentration is defined as a locabfiséresses due to a geometrical change
cross section reduction or discontinuity. A mordess abrupt change in geometry is often
referred to as a notch.

Typical stress concentrations due to notches avevrshin Figure 4.21. In this case, no
reduction of the cross section is presented, betfithvof the weld metal will act as a stress
riser. The stress will rise at the transition betwéhe base plate and weld metal. This area
is often referred to as the weld toe. This is tbeeptial crack initiation position [1].

The local geometry can be characterized by itkflamgled and radiug. According to

Figure 4.21, the stress concentration factor isnddfas [1]:
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g,

K, =L
Jn

(4.21)

where,a, is nominal stress which can be defined in thei@ecway from the notch or

the nominal stress in the notch secti®rthe local notch stress.

Real stress
distribution at
notch section

Nominal stress at
section away from
notch

Figure 4.21: Stress concentrations at notches of butt joint [1]

The geometry of the item is important and is onéhefissues that must be addressed at
the design stage to achieve improved fatigue dliabihe main issue is to reduce the
stress concentration facti§fin areas susceptible to fatigue [1].

To compile the geometric part of the thicknessat$f@nd validate the testing, a fracture
mechanics analysis is carried out. Therefore, flageghickness correction factor is not
required in the case of assessment based on fagtachanics procedures or effective
notch stress [3, 34].

It is regarded that this neglecting of thicknesBea in fracture mechanics method
return to the stress concentration phenomena. Asstieet thickness increases the stress
concentrationK;) will increase in local points where the crack lbasumed and expected
to initiate and propagate according to mechanisindracture mechanics method of

materials.
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From a fracture mechanics point of view the stigisslient effect can be understood
because a crack at the surface of a thick plategnolv for a greater distance at a higher
stress level as compared to a crack of the sangthlen a thin plate for the same surface
stress. Thus, the thinner specimen will have adorigtigue life [15]. Therefore, as the
sheet thickness increases, the fatigue life sthefigAT) decreases without needs to the
reduction factor as based on fracture mechaniacg pbview.

To verify this situation, one example of transvels#t weld joint was studied with FE
simulation. Figure 4.22 shows the effect of shéatkness on the stress distribution of
transverse butt weld joints. The maximum stresshat weld toe decreases when the
thickness increases from 10 mm to 40 mm at constaid bead height and weld bead
width equal to 2 mm and 10 mm, respectively.

Several iterations of the same model were analysesdlect an appropriate mesh density
and subdividing segments. The problems of missiagents and meshes commonly occur
when using a fine mesh density, or inappropriatshmatio especially at the corners and
edges. Anther problem is the crack increment wrséngua fine mesh, i.e., the crack is not
able to reach its final length (one-half of thetpléhickness). It is recommended to use
larger increment for such problem in case it dagsaffect the SIF solution.

Moreover, the problem of memory spaces to solvéaitecases will appear for a big
geometry with large number of meshes, high meskesity at the corners, and multi
subdivided areas.

Figure 4.23 and 4.24 show the effect of thicknesstlme local stress and stress

concentration at the weld toe.
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Figure 4.22: Screenshots from FRANC2D of the stress distribufidPa) in V-groove butt
weld joint at an external stress & =104 MPa: The effect of thickness: (a) thicknes=1
mm, oma=195 MPa; (b) thickness=20 mmgnax =185 MPa; (c) thickness=30 mm,
oma=174 MPa ; (d) thickness=40 mmina,=165 MPa
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Figure 4.23: The maximum stresses at weld toe for differenkti@sses (MPa) in V-groove
butt weld. Thicknesses are 10, 20, 30 and 40 mnndnsverse butt welded joint
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Figure 4.24: The stress concentration factor for different kimesses (MPa) in V-groove
transverse butt welded joint
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It is to be emphasized that stress distributiorts siress concentration effects in reality
are changeable with respect to thickness, wherewéblkl size and notch effect in
combination with the welding conditions are diffieteFigure 4.25 shows the FAT for the
four thicknesses of butt weld joints.

The comparisons of FAT-values are presented inrEigu25 for a given initial crack

length of 0.1 mm.

~
AN

FAT (MPa)
o Mo Bl e) IEENEEENIRENTIEN
~N 00 © O P N W

& ai=0.1 mm for all thicknesses —

o))
o

0 10 20 30 40 50
Thickness (mm)

Figure 4.25: FAT-values for different thicknesses (MPa) in daye transverse butt
welded joint

According to the IIW recommendations [3, 34] thelueed strength is taken into
consideration by multiplying the fatigue class be tstructural detail by the thickness

reduction factor as follows [3, 31, 34]:

f(t) = [5—5] (4.22)

ref

where t>25 mm, andn is the reduction factor exponentyey according to W

recommendation (see Table 4.5)
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The most common way to deal with the thicknessceffeto use a correction factor that
is calculated with the formuldy(t)" (Eq. 4.22). The correction factor is multipliedthvihe
fatigue strength to achieve the reduced fatiguength.

The reference thicknedss is a subject of discussion; it usually varies hesw 15 - 32
mm in the different standards, recommendationsaatides. The exponemi.y depends of
the type of joint and typically varies between 0did 0.3. The reference thicknessnd
Nreg fOr different standards, recommendations andlastiare listed in Ref. [31}, is equal
to 25 mm in IW [3, 34] and Eurocode [12].tIk t, it is usually recommended to chodse
= to,. No standards or recommendations consider thethattthere might be an increase in
fatigue life for decreasing thickness below theitimaluet, [31]. The thickness correction
exponentneg depends on the effective thickndsg and the joint category as shown in
Table 4.5:

Table 4.5: The thickness correction exponent n for differegitviypes [3, 31, 34]

Joint category Condition Nred

Cruciform joints, transverse T-joints, plates withnsverse attachments as-weldgd .3

Cruciform joints, transverse T-joints, plates withnsverse attachments toe groupd (.2

Transverse butt welds as-welded 0.2

Butt welds ground flush, base material, longitutlimelds or attachment| any 0.1

Lindgvist [31] made two specimens with the geomatbtained from the real test
specimens for two thicknesses, 6 mm and 12 mm.ifdihal crack was constant for both
thicknesses equal to 0.15 mm. Finally he found tioaiget the calculation to be in
accordance with the real fatigue testing, theahitrack must be set to be approximately
0.4-0.5 mm.

Therefore, a trial to find the effect of scalingack length on FAT is made using the
current approach. Figure 4.26 shows the FAT-vataésulated from [IW and current work
in case of using proportional scale crack lengihk, 0.2, 0.3, and 0.4 mm for thicknesses
10, 20, 30, and 40 mm, respectively. The propodliamack length would give expected
results of FAT.
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Figure 4.26: Effect of thickness using the reduction factomfrdW (equation 4.22 and
FAT71) compared with current work using the propmral scaling of crack length

4.12. Geometrical Verification of Butt Weld Joints

The fatigue life assessments of butt welded joaméscarried out frequently in different
experimental tests. Therefore, in these followiregtqy the effect of weld geometry of
transverse butt welded joints will be discussedating to the current fracture mechanics

approach and is based on the calculated crack pteesrfrom this work.

4.12.1. Simulation of Fatigue Crack Growth

Finite Element Method (FRANC2D software) has beseduto find an appropriate
solution of SIF. It is found that SIF obtained bgM gives better crack growth direction
and solutions for different notch geometries as gamad with analytical formulas, also the
current FE models are in agreement with the exparial results from literature.

From the previous work [100], rules have been gifegrestimation of the crack growth
direction, initial crack length and growth paramet€ andm. The value ofC andm in
case of characteristic values of FAT 95% (5% failprobability) are determined equal to
5E-13 and 3, respectively. FAT 50% (50% failurelyadaility) are determined according to
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C50% andm equal to 2.17E-13 and 3, respectively. The FEAsid to simulate fatigue
crack growth. As a fatigue crack propagates, thmeshing process will be carried out
automatically using FRANC2D program.

Figure 4.27 presents the simulated and real expeteatly tested specimens, whékés
the reinforcement width (weld bead width) aHdthe reinforcement height (weld bead
height). Fatigue crack growth is simulated undex dpening mode-I which is usually

assumed in fracture mechanics.

...',"l:,,,'."
HNA
]

(a) (b)

Figure 4.27: Transverse butt weld joints: (a) experimental &§t01]; (b) crack growth
simulation by FRANC2D

It has been shown that fatigue crack growth bemlaval welded joints are highly
dependent not only on the materials and load camdit but also on weld geometry such as
weld toe angle, weld toe radius, plate thickness waidth of reinforcements (the weld
bead) [28]. Nguyen et al. [50] used LEFM to predbeteffects of tip radius of undercut at
weld toe, weld toe radius, flank angle, plate thess and edge preparation angle on the
fatigue crack propagation life. In addition, therremt work highlights on the weld bead
height, weld bead width and on sheet thickness&ffi@hich are regarded the main factors
which connect the other remaining parameters. Gradcur at the weld toe where high
residual tensile stresses are introduced by thdimglprocesses due to the expansion and
the shrinkage of weldment during heating and cgplmisalignment and microstructural

variation in weldment and HAZ, see Figure 4.27.
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4.12.2. Failure Mode

Due to symmetry, the half models can be used terchéte the fatigue propagation life
under cyclic tensile loading, as described in Chaphree. The majority of crack initiation
Is at geometrical discontinuities such as weldaioé weld defects. The maximum depths at
the fatigue crack initiation points are found tolégs than 0.016 in., or 0.4 mm. While the
maximum distance from the weld surface to the eméddlefects is about 0.08 in., or 2
mm [22, 102]. Therefore, it can be supposed thatititial crack length has a range
between 0.4-2 mm. The uncertainly of initial crédekgths is incredible and leads to serious
results; therefore, for all the models, an initedck depth of weld toe crack of 0.1 mm is
used as predicted before.

The FEM simulation by FRANC2D shows that the maximstress intensities develop
when the plane of the crack is normal to the dioacof the primary tensile stress (opening
mode). However, as the plane of the crack tiltgsher away from the mode-I tensile
loading, the structural member, in the form of aelor a similar configuration, will lose its

ability to support the external load.

4.12.3. Weld Metallurgy and Defects

It has been generally recognized that welded sirastcontain defects, either built in
during fabrication or initiated early under servicenditions. When the structures are
subjected to variable cyclic stress, fatigue craaks initiated from these defects and
propagated from a sub-critical to a critical siZéese cracks are usually initiated at the
weld toe. Therefore, welds are prime target in nfiadtires. Subtle peculiarities lie at the
root of many weld designs. These are related tdhédad-affected zone (HAZ), weld proper
and the fusion line. The fusion line seldom propagdracture unless it becomes very
brittle. More description of several principal typecracking that can occur during or after
welding can be found elsewhere [103].

Impurities consisting of a small amount of sulfurdaphosphorus are critical to hot
cracking of steel which mechanism of cracking ipegrs at high temperature before the
metal develops sufficient strength, see Figure .4@8ld cracking occurs after hard

products such as bainite and martensites are fofh@3].
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The main cause can be treated to inherent metaairgensitivities and un-proper
weldmentFigure4.28 shows some of the traditional weld defects.

For welded joints, the presence of weld imperfertisuch as slag inclusions at weld
toes, undercut, residual stresses, lack of per@irbhOP etc., effectively will reduce the
initiation phase. All welded joints contain smdHlg inclusions at the weld toe, which acts
as pre-existing cracks and stress-raisers. Fatagk propagation commences from these
inclusions very early in the life [8]. By contrast fracture mechanics, cracks are assumed

in those regions according to Figure 4.28.

Hot cracking

Lndercut

Weld toe crack

Figure 4.28: Butt weld defects; toe crack, undercut conditiod &ot cracking, after [103]

Nevertheless, other defects can be found due to proper weld technique and
fabrication faults. Therefore, most researchersemgineers used to assume that there are
crack-like defects in welds [39]. Then the totdldae life of welded jointdNy is the stress
cycles devoted to the crack growth from these defecfinal failure i.e.Nt=Np.

Lindgvist [31] showed a 12 mm specimen’s fractwiegace after it was fatigue tested
and afterwards broken up. Probably there were aéewanall cracks along the weld toe.
When the cracks grew in the direction normal todpplied load they united into one large
semi-elliptical crack in direction normal to apglibad. These behaviours are quite similar

for most joints having toe cracks.
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4.12.4. Fatigue Life and Crack Growth

Numerical analysis of 2-dimensional, complete pextiein butt joints is performed to
determine the effect of weld profile and geometoadatigue crack propagation life under
cyclic tensile loading.

Many applications in the structural areas involvelded components, which have to be
designed to avoid fatigue failure. Though considierdatigue data are existent for welded
joints in structural steels and aluminum in IW aB8l, there are very sparse fatigue life
design data for welded joints.

The recommended standard doesn’t include the efiéatlifferent geometries, for
example regarding the toe radius; BS doesn’t reghed weld toe radius is constant.
Therefore, the assessment of welded joints is @amiaglustrial problem, for three reasons.
Firstly, welds tend to be regions of weakness istracture due to stress concentration
effects and poor material properties. Secondlyis itifficult to predict their behavior
accurately. This is partly due to the difficulty @éfining material properties, which vary
throughout the weld and HAZ, but a more crucialgpem is the difficulty of defining weld
geometry in a manner which is sufficiently predigeanalysis and sufficiently simple for
industrial use. Moreover, geometry has a majomerice on fatigue strength producing
scatter of results which leads to uncertaintiesualioe magnitude of cyclic stress, which
can be applied to a component for which a particiatigue life is required and statistics
are normally used to interpret test data.

The third reason is regarding the time that fatigesting machines, particularly those
needed to test relatively large specimen, applyicyoads at frequencies typically in the
range 5-15 Hz. Clearly, this means that the geloeraif fatigue test data can be a lengthy
process, even for one type of specimen, and oriegar stress ratio. Indeed, it takes 8-24
days to apply 10cycles, for this most test series are normallyficed to fatigue lives of
less than 10[104]. Therefore, fatigue life determination oflded joints is a quite complex
problem. All theories and models have to be vetifead corroborated by experimental
data. Hence, the advantages of the present's wgroaches are very evident.
Traditionally, the linear elastic fracture mechan{tEFM) approach which estimates the

crack propagation lifé&lp was used to calculate the total IMe of welded joints. However,
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the LEFM approach always gave conservative resdiltér when compared with those of

modern experimental data of weldments [84].

4.12.5. Modeling

The determination of the SIF for the 2-dimensidmatt weld joints is carried out using
LEFM analysis. This method is well encoded in FRANIC the FE package is used in this
study.

The material type used for the base and weld netdkel, so values & are chosen as
210 GPa. Figure 4.29 shows the FE models that sed un this study with approximated

geometries for the total joint length equal to 1@ c

PR«

(b)

(c) (d)

Figure 4.29: Meshes of different geometries and thicknessebutif weld joints: (a)
unmachined double sides X-groove; (Immachined V-groove; (c); unmachined and; (d)
machined V-groove for thinner plate

4.12.6. Verification Results

Butt welds with different thicknesses and under éffect of weld reinforcement width
and height are presented to show the validity & dturrent approach (Model-A) to
calculate fatigue life under the effect of geometry

Transverse butt weld made in shop in flat positidth toe angle more than 3@&s in
Figure 4.29(a), has FAT equal 80 MPa from IIW c2%8 [3, 34] and GL, type No. 3 [13].
Figure 4.30 shows the fatigue life calculation fiois case using numerical integration of

Paris’ law. Initial crack length equal to 0.1 mmcnfirmed with the FAT value from [IW
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and GL. Therefore, it can be concluded to use ¢heek length for other cases of butt
welds, single or double side welds.
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Figure 4.30: S-N curve for X-groove un-machined butt weld, weidforcement width,
height and plate thickness are 10 mm, 2 mm andrhQraspectively, (&Ga=5E-13, m=3)

The SN curve for single groove butt weld with sheet tmeks 20 mm, weld
reinforcement width and height 10 mm and 2 mm, eespely (see Figure 4.29b), are
presented in Figure 4.31. This calculated FAT valaacides with those recommended
from GL type No. 6, FAT71 [13].
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Figure 4.31: S-N curve for V-groove un-machined butt weld, weidforcement width,
height and plate thickness are 10 mm, 2 mm andr@Qraspectively, (&Ga=5E-13, m=3)

The stress concentration is increased as a lossts raised due to the geometrical
change and the weld overfilling.

Overfill of the weld metal will act as a stresserisThis stress rise will of course be very
harmful with respect to fatigue damage. Therefaed due to the effect of stress
concentration, the fatigue strength decreases thi¢h presence of weld reinforcement.
Hence, the complete removal of the weld bead resefoent (see Figure 4.29d) is reported
to give improved fatigue performance in conditidnfree surface from crack-like scratch
after machining. The machining processes for fietid is highly effecting on FAT and
fatigue behavior of joints. In this work, the flaghinding increases the calculated FAT to
94 MPa while it was 71 MPa as reported in Ref. [b3¢ase with weld reinforcement due
to reduction of stress concentration at weld tee, Sigure 4.32. An increase in endurance
limit is also observed in the joint area of flashttbwvelded joints after the weld flash has

been removed [105].
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It is to be emphasized that in case of machinedfidlyé¢he model-A using the initial
crack length of 0.1 mm shows a lower FAT, becahgenhachined joint in reality has a

lowest initial crack length.
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Figure 4.32: S-N curves for V-groove un-machined and machinett weld, weld
reinforcement width, height and plate thickness afi®, 2 and 20 mm,
respectively,(Gha=5E-13, m=3)

Figure 4.32 shows that the decrease in FAT betwesyoth plates (machined butt weld)
and notch plate (unmachined butt weld) can be ddfin terms of the stress concentrating
factor as follows:

FAT

K - machined 423
" FAT (4.23)

unmachined

FAT-values for machined transverse butt weld jeirg equal to about 94 MPa (see Figure
4.32), then, th&; is equal to 1.33. In addition to 1IW, GL [13] presed the values of FAT
for machined and unmachined butt weld equal toNMIP2 and 71 MPa, respectively, where
FAT112 is for v-groove and double sided weld, tKgril.58.
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The comparison between 10 mm, and 20 mm thicknesghsconstantg;=0.1 mm is
shown in Figure 4.33.
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Figure 4.33: S-N curves for V-groove unmachined butt weld, weldforcement width,
and height are 10, 2 respectively for the two thedses 10 and 20 mm,
respectively,(®0.1 mm, Gna=5E-13, m=3)

The comparison between different thicknesses (1@, 20, and 40 mm) with

proportional scale of crack length is shown in Fegd.34.
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Figure 4.33: Characteristic S-N curves for V-groove unmachineat weld, weld
reinforcement width, and height are 10, 2 respetyifor the thicknesses between 10 mm
and 40 mm, respectively le=5E-13, m=3)

4.12.7. Standards Verifications

The predicted scatter band &N curves subject to the variation of all the weld
geometrical parameters is in a good agreement $vithcurves covered by design classes
from BSI 5400 [75]. The design class F is recomneeni be used commonly for design
of butt welded joints of the predicted scatter bah8-N curves in Ref. [50].

For reference, the design life and mean life oéwaht full penetration arc welded butt
joint fatigue classes as specified in BSI 7608 [@& also shown. Class D welds are shop
welds made in flat position using specific arc weaddprocesses. Class E welds are out of
position welds made by other processes includirgnsuged arc welding. Class F welds
are welds made on a permanent backing strip, anaircelasses of fillet welds. Therefore,
a high quality welded butt joint would be expectedbe to class D [106]. Figure 4.34
shows the comparison with different design dateatfue test for butt weld.

According to the current work, the fracture mecharapproach has been given more

conservative fatigue strength, as compared with B&®I8. Therefore, it is suggested that
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for safe fatigue design of critical welded practifracture mechanics should be used with
crack parameters which are calculated in this work.
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Figure 4.34: Comparison between different fatigue design d&ATO5%) and current
calculation (g=0.1 mm, Gna=5E-13, m=3)

The current results agree well with literature whiesed LEFM and FEA and those
based on experimental test [8, 28, 50, 67, 68, 72].

Butt weld joints have some defects during fabraratprocesses. Regardless to these
defects, fracture mechanics which are used to grréaligue life for those joints supposed
that cracks already exist. The calculations obfailife are based on numerical integration
of simple Paris’ law and reliable solution of SH;,, C andm. The initial crack lengthg;
equal to 0.1 mm in case of weld toe is satisfyiogdifferent butt joints geometries. The
machining of weld reinforcement will increase tlatidue life, both for single and double
groove welds. Meanwhile the single groove weld hagher fatigue strength than the
double side weld. The increasing of plate thickneslsdecrease the fatigue strength and
the number of cycles to failure. Agreements witke thecommendations and the

experimental literature are obtained which validatee current calculation (Model-A) of
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initial crack length and convergence study of nuoarintegration. Hence, that prevents
wasted time to carry out experiments. Therefores, suggested that for safe fatigue design
of critical welded practice, fracture mechanicsudtidoe used with crack parameters which

were calculated in this work.

4.13. Conclusions

Fracture mechanics is used to find the accuratdigiren of fatigue life of welded
joints. It can be used to determine FAT of unknawatch cases of welded connections. In
the literature, different values of cracks length proposed and presented normally as a
range. Initial cracks take on the responsibilitynzdssive break down. The main purpose
for this study is to determine the crack lengthghwihe growth parameters. Some
comparisons are carried out with experimental tedol detect and identify fatigue life for
more than one type of welded joints and type otksaMoreover, the FAT values are
determined, which are a link to specific weldeahjsi

The entire fatigue process in fillet welded joirgsnodelled by pure fracture mechanics
approach. The simple version of Paris’ law has kepted. In this work, the initial crack
depth and growth rate parameters are determinearding to backward calculations to
determine FAT. The new values of FAT are calculatecbrding to the predicted existence
of an initial crack. Therefore, the proposed ititeack length is expected to give good
results. An initial crack size equal to 0.1 mm sed for all joints that have weld toe crack,
and this length is typical when arc welding is used consistent for different welding
processes. The different thicknesses are simufatettansverse butt weld joints and the
effects on stress concentration and fatigue lile presented. It was found that for the
constant initial crack, the FAT will increase agkimess increases due to reduction of stress
concentration factor. However this conclusion isftoted with the fracture mechanics
point of view, but it is consistent with FE poirftvaew in terms of constant weld geometry
and nominal applied load. The scaling crack lenwitihh respect to plate thickness would
give the expected results. The effect of scalingckrlength on FAT-curves is also
presented.

The root crack is varied depending on the degretefpenetration. The conventional

crack lengths for joints having LOP or incompletelting welds metal will be equal to line
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of LOP. These initial crack length values are aggiile for all types of joints which have

the same crack type. The cruciform fillet jointalwLOP=2 mm show a better FAT value

compared with longer LOP. The FAT value increaseshe LOP decreases due to the
increasing crack path to reach final length ofufiag!

The possibilities for simulating different geomesriand calculating the fatigue life for
welded joints that provide the fatigue strength sitewn. These possibilities are not yet
listed in previous recommendations. Thus save itle &@nd costs that are needed for
experimental testes. The final crack length hdke lgffect as compared with the effect of
initial crack. Therefore, it is defined to be eqt@abne-half of the sheet thickness in case of
weld toe when the crack path is perpendicular ®@&pplied load. Some other empirical
equations were used for final crack length in cals&OP. Moreover, final crack length

assumptions are verified froaN curve, when the number of cycles becomes constant.
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Chapter Five
RESIDUAL STRESSES IN WELDED JOINTS

5.1. Introduction

The effect of a combination of crack closure argldwal stress distributions during the
crack propagation has been investigated rarely.

In general, the modern standards and codes ofieatigsign present data corresponding
to the fatigue strength (FAT) of real welded joirtkese data include the effect of welding
technology, type of welded component and weldingjdieal stresses. Nevertheless, in
many cases, there is a need to consider the imdueh welding residual stresses on the
fatigue life of structural components in greatetads.

The residual stresses have an important role aguiaicrack growth. Some studies [5,
65, 95] have investigated the influence of weldiagidual stresses on crack growth. The
residual stresses might greatly influence the wihaligue life. The influence of residual
stress has been investigated for through-wall erdik some researchers, but there were
only a few investigations for surface cracks, amel influence has not been revealed yet
[99].

In this work, the effect of residual stresses dyranack growth of an edge crack is
presented. The effect of residual stresses and gfepmmn the fatigue crack growth life of
welded joints is studied by developing an analytioadel using Linear Elastic Fracture
Mechanics (LEFM), superposition method and FE agpghes. Various configurations of
residual stresses in welded joints are considenedtlae corresponding residual SIFs are
calculated by using weight functions methods. Tleggi function is an analytical method
which is used due to the nonlinear stress fieldsudph the plate thickness.

Fatigue life of welds subjected to residual stremsfigurations in as welded condition

are calculated by using the NASGRO equation withtttal range of SIFK) for different
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applied loading stress rati®)( and compared with the available experimentah.d@he
current procedure (Model-C) is verified with resutbund in the literature.

According to the developed approach from the curstady, the effects of residual
stresses and weld joint geometry on the fatigueatnelr of welded joints have been
estimated.

In this chapter the T- and cruciform welded jointigh weld toe crack are presented. In
addition, Nykanen et al. [15] presented the fatiGfeeof transverse butt weld with LOP.

This joint is used in addition to verify and com@éine current residual stresses calculation.

5.2. Assumptions in Finite Element Model

The assumptions used in fracture mechanics are:
1. The material is homogeneous, isotropic and linealdgtic.
2. The crack tip is subjected to mode-I where onlyabikiad is applied and mode-II and IlI
where the biaxial load is applied.
3. The effects of plasticity ahead of the crack tid anits wake are ignored as assumed by

Alam [8].

In this chapter the effects of plasticity in terofscrack closure will be studied within
the effect of residual stresses.

That "fatigue crack closure" is caused by the éffemf local compressive residual
stresses that are naturally developed by the fatigack growth mechanisms. On the other
hand, the residual stress field due to weldingeady" exists before a fatigue crack grows
through this field (in fact these stresses charsge r@sult of crack growth).

Therefore, the crack experiences a combined eftdcta "developing” residual
stress field (due to crack closure) and a "charigiegidual stress field (due to welding) in
a quite complex combination. These combinationscaresidered to be restricted aspects
and complex in several studies. Therefore, theusich of the effects of residual stress
distributions, sign and direction are the mostriggéing challenges. These effects will be

evaluated in this chapter.
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5.3. Residual Stresses Assessment

Special conservatism is adapted to the fatiguengtheto reduce the risk of unexpected
failure due to geometry and residual stress effects

Due to the high temperature gradients and plasfiorchation in the vicinity of the weld
during the welding processes, residual stressfiale invariably set up in the welded
joints.

Usually such stresses are accounted for in safedgsament procedures such as the
British R6 [107] and BS7910 [14]. Since the infotraas on residual stress distributions,
signs and magnitude in the component are oftendirettly available, compendia with
recommended upper-bound residual stress profilesuse in analyses are included in
structural integrity assessment procedures for fgan industry (SINTAP) [69], British
R6, and BSI 7910. These recommended profiles assifled according to the welding
information.

On the other hand residual stress distributionsbeameasured experimentally by using
different tests such as neutron or x-ray diffracto they are estimated by using FEM.

Lee et al. [71] determined the residual stressidigions for plate T-butt welds from a
detailed FEA of the welding process and theseidigions were compared with those of
the measured data for validation and shown that tlaee similar profiles. Lee et al. [71]
also determined the linear elastic SIFs using BBl Fand examined a new residual stress
distribution which was less restrictive but had éswonservatism when compared with the
analysis results from the measured data and thabdisons of R6 and BSI 7910. The
profile is applicable to different geometries ofplete and tubular T-joints as well as
different steels (Grades S355 and SE702).

Hyeong et al. [61] presented SIFs in welded T-platel tubular geometries using
measured residual stress distributions, and these racommended in assessment
procedures. Residual stress distributions were umedsalong the thickness direction
(crack length up to half of the plate or pipe timeksesa/t=0.5) from the weld toe, where
cracks are often found to initiate. The neutrorfradtion method was used and stresses
were measured along the thickness direction. A umedstrength steel (BS EN 10025
Grade S355) and a high-strength steel (designd&&@% equivalent to the A517 Grade Q
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steel) have been examined for the T-plate. The dormas yield strength of 348 MPa, and
the latter has a yield strength of 700 MPa.

O’Dowd et al. [60] used the neutron diffraction hed to determine residual stress
distributions for welded T-plate. These distribngsohave been measured using neutron
diffraction method which based on measured elas$tains to determine directly the stress
field. They also examined a high-strength steeld(R0Pa yield strength) and medium
strength steel (348 MPa yield strength). The wedaonditions and procedures were
presented in details in their work. The resultanedr elastic SIF for these measured
residual stress distribution¥,s has been obtained using FEM software package
ABAQUS.

Researches up-to-date depend on FEM to find rdsisimass distributions and to
calculate SIF including the effect of residual ss&K s

Therefore, the sensitive information needed to iptethe behaviour of the welded
structures are the residual stress distributieng{x) and residual stress intensity factor
Kres Wherex is the vector along the crack path for each crecgth increment.

Kreswas calculated in the current work by the proddi¢dhe weight functionm(x,a) and
the crack surface stress distributionse{X). Moreover, in this work, the residual stress
distribution is established by using SINTAP safagsessment procedures assuming the
case of unknown welding conditions. These stresdrildutions are compared with
experimentally measured data from literature.

In this work, the calculated residual SIFs are carag with the reported data for welded
T-plate from Refs. [60, 61] for medium and highesigth steels. The transverse residual
stress distributions were studied in this work oheplvith mode-1 fracture, and different
residual stress distribution profile curves aresprged using the SINTAP profile equation.

In addition, SIFs have been determined using FEM tie help of fracture mechanics
which are encoded in the FRANC2D prografass is calculated by applying point load
along the expected direction line of a toe cradke Tatter calculation is less conservative
and it has good agreement wikges calculated from experimentally measured data is

observed.
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5.4. Residual Stress Intensity Factor

Residual stress intensity factors are necessarythirfatigue life and crack growth
prediction. Therefore, the supposed weight functisethod is used. The weight function
method is an analytical technique for deriving &ibm knowledge of the residual stress
distribution in the un-cracked body.

The range of applicability of the weight functiam Ref. [53] is restricted to somewhat
limited weld geometries and the T-plate of Figurk falls outside this range. Therefore, O
'Dowd et al. [60] used FEM to determine the weldideal SIF for cracks of different sizes
starting at the weld toe to overcome the use ofatbight function. Also, they determined
for comparison the SIFs for the stress distribigiprovided in R6 and BSI17910.

longitudinal

r /
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Figure5.1: Geometry of T-plate and weld stress directionsdiahensions in mm [60, 61]

In the previous studies the SIFs were determinetthégoroblem of a crack originating
from an angular corner (weld toe) in the mediurarggth T-plate using the weight function
for a T-plate geometry proposed in Ref. [53].

The weight function method is used to calculateSHe because the exact solutions are
not always available due to the complexity in aitieometry or loading conditions [41, 53,
65]. Therefore, this method is often used becauseables the SIF for a variety of loading
conditions to be calculated by integrating the piaidof weight functiorm(x, a) and the

crack surface stress distributiefx) expression [41, 61], as described in Eq. (5.1):
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Kies = [ Tredm(xa)dx (5.1)

x=0

Because the SIF from Glinka and Niu’s [53] weiglmdtion is only valid for the relative
deptha/t <0.5 [53], Gue et al. [41] derived widely applicalleight function solutions with
a crack of relative deptl/'t up to 0.8 originating from the weld toe. They use€oes (X)
distribution from FEA.

The numerical integration of Eq. (5.1) was carreed for the current T-plate welded
joints as presented in Figure 5.1 and compared Rétis. [60, 61].

In general, the weight function method is widelgdi®specially for cracked bodies with
simple geometries. The advantage of the weighttiomamethod is that it enables the
calculation of the SIFs in a loading-independeny Wwacause the weight function depends
only on the geometry and boundary conditions, anddependent of the applied load. Still,
there is no weight function method applicable tgeaeral structure [41, 61].

More recent researches [41, 73, 74] have found titfollowing general weight
function expression can be used to approximate hWefgnctions for a variety of
geometrical crack configurations subjected to oimeedsional mode-I stress fields [41, 53,
73, 74]:

2 x\"? X X %
m(X,a) :m{]ﬁ' Ml(l_gj +M2[1_EJ+M3(1_EJ ] (52)

wherea is the crack length anxithe distance along the face of crabk.(i=1, 2, 3) are
parameters which depend only on the geometricdigumation of the cracked body. The
further details of théVl; determination can be found elsewhere [41, 73, TH¢ geometry
factors,M;, M, andMgs;, for edge and through cracks in a finite widtht@lean be found as
follows [41]:

M, =273, -Y,)- 48

M,=3 (5.3)
M, =3V2r(Y, - 2Y,)+ 16

162



Chapter Five Residual Stresses in Welded Joints

with,

2 3 4
Y, = 0.8843+ 4.327{%) - 39.405{%) + 284572{%) —1038189{§j

(5.4)
a\’ a) a)
+ 21164717(?j - 22184035{?j + 955543’{?j
and,
a a\’ a\’ a\'
Y, = 0.5854+ 1.811{?j—16.416{?j +116542{?j —421599{—)
(5.5)

5 6 7
+8488765€%) —8769786{%) +3708612{%)

The weight function for a single edge crack origiimg from the weld toe on a T-joint
can be now determined directly in form of Eq. (5:B)is solution has been widely applied
to welded T-plate joints [41] and cruciform joints.

Most of the related studies have used FEA and é@xpetal tests to find residual stress
distributions. Then, they calculated the SIF du¢h residual stresKgs from FEM to
overcome the use of the weight function. The ficralck will be extended more than half
plate thickness. That is longer than the restriitads of relative depthg(t) between (0.1-
0.5), as mentioned in Refs. [41, 53] amd)(is between (0.1-0.7), as mentioned in Ref.
[60].

Therefore, this work aims at showing the abilityuse the weight function Eq. (5.2)
with SINTAP profiles. Two approaches have been usedstimateK.s In the first
approach, the weight function is used to evalutstalility for a/t greater than range (O-
0.8), while in the second approach the residualsstdistribution may be considered as a
series of point loads along the expected crack Tihen, the residual stress intensity factors
Kres are calculated based on fracture mechanics enasglag FRANC2D for each crack

length, using the suitable boundary condition aoiditdoads along the crack line.
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5.5. Residual Stresses Distribution

Welding processes produce tensile residual stressesomponents which have a
significant effect on the integrity of structurdsis therefore important to have a detailed
knowledge about the residual stress distributiong€amponents and their redistribution
after a crack has initiated in the residual stfiedd.

The existent defect assessment procedures, e.§).78B9, SINTAP and R6, contain
compendia with conservative estimation of the nemlidstress fields in a number of
structures and materials. Further validation of f@mmended residual stress profiles is,
however, required.

A redistribution of stresses in the direction of thickness gradually occurs as the crack
is propagating. To assess the influence of thaluasistresses on the failure of a welded
joint, their distribution must be known. Hence, fadure can be characterized in terms of
LEFM concept.

Although the plate butt welded geometry is the nspgtlied in the literature, there are
also limited informations on residual stress duttions in T-butt joints [69]. T-butt
joints have the same stress distribution which lwarused for cruciform joints; therefore,
these joints (T-butt) are considered in this chapte

The residual stress distributions recommended enSINTAP compendium of residual
stress profiles have different shapes for differamld geometries and orientations,
including fourth and sixth order polynomials, casifunctions, and piece-wise linear
distributions including bilinear and trapezoidaaphs.

In this work, four types of stress distributionv@deen examined; namely the BSI 7910
polynomial distribution (SINTAP), an approximate anestress distribution which refers to
least square linear fits, the proposed upper bamadower bound distribution which refers
to meanz&TDV, where STDV stands for standard deviation [61]. Figure 5.2vshdhe
measurement of the transverse residual stressegdifim-strength and high-strength steel
T-welded plate, which is widely used [60] for a tplahickness of 50 mm. The upper
bound, lower bound and mean least square lineatréss distributions are shown also in

Figure 5.2.

164



Chapter Five Residual Stresses in Welded Joints

& Medium strength steel [60,61] B High strength steel [60,61]
— —Least square linear fit [61] Upper bound [61]
n - - - Lower bound [61]
0.8
0.6 - *A
1o He
oz =2 -
> - m T T = _ ﬁ
5 om = ——_su _ _ \
© 0.2 ._t. ﬂ il
R . * "o S T ==
044 T Tl
06— e
084 T
'1 T T T T
0 0.2 0.4 0.6 0.8 1
alt

Figure 5.2: Transverse residual stress distributions for maedand high-strength steel T-
plate, t=50 mm [60, 61]

In order to make a direct comparison between tHerdnt measured distributions, the
distance is normalized by plate widthand then the stress distributions are similagaoh
other, even if different thicknesses are used [@Onay be seen that when stresses are
normalized by yield strengthy the peak stresses are similar for different maleras
shown in Figure 5.2, though for the high-strengthtey the normalized stresses are
significantly lower at the weld toe [60]. Hyong @t [61] used least square linear fits for
different data sets that had been calculated fcin edthe T-plate and tubular joints.

The best fits of mean values, upper and lower bdimes at two standard deviations
(2STDV) are shown in Figure 5.2, whe®8aDVis equal to 0.25. The proposed normalised

linear mean line for different joint data is givas [61]:
9 - —ose(ﬁj +025 (5.6)
o, t

In general the crack length of interest in actadlfe assessment is relatively short and
well below a/t = 0.5 of the component thickness. Therefore, tlaekclengths up to half
thickness have been considered in Ref. [61], aligwihe need to apply the stresses on the

crack surface to a depth @t = 0.5 using the superposition rule, since thesstre
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distributions over the region @ft > 0.5 do not influence the SIF values. It is alswthy
noting that the stresses in the regan> 0.5 are usually compressive and will have little

effect on SIF values for short cracks [61].

5.6. BSI 7910 Distribution

There are two distributions for residual stresesssients in welded joints, namely R6
and BSI 7910 which are used in SINTAP [69] depegdin the available informations
about the welding conditions. If the weld infornoais are unavailable, then the BSI 7910
polynomial distribution is used. Otherwise, whendirgg conditions are known or can be
estimated then the stress profiles given are basethe size of the plastic zone which
correlates with the plate thickness, more detaigsfeund in Ref. [69]. In the current work,

the BSI 7910 polynomial distribution was used. Tdisdribution is given as:
do, =(0.97+2.3267an)- 24.124alt)? + 42.484alt) - 21.087alt)*) (5.7)

Figure 5.3 shows the SINTAP distribution in vald€do,=97%). The non-conservative
values can be seen as compared with experimen@surements. SINTAP distribution
(oloy =50%) has lower values and more satisfy with expental data (see Eq. 5.8). In the
current work the upper bound stress distributicBENTAP=0.97, i.e. Eq. 5.7) has been
used.

do, =(0.5+2.3267alt)- 24.124a/t)? + 42.48%alt)’ - 21.087alt)*) (5.8)
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Figure 5.3: Transverse residual stress distributions compaw#ti measured distributions
of two steels, t=50 mm [60, 61]

Now if the residual stress distributiosn(x) along the crack line is known, the
corresponding SIF can be found by the weight femcthethod (Eq. 5.1). In this work, the
upper bound residual stress distributions are used.

Although the measured distributions are more pegcCiSINTAP profiles are
recommended when no experimental measurementsaitalde.

Therefore, it is assumed that the shape of thgalintesidual stress distribution
corresponds to the SINTAP distribution (0.97) dexad in equation (5.7) can be adopted

for conservative results.

5.7. Total Stress Intensity Factor

When the fatigue crack is propagating through &uad stress field in a welded plate,
the stress intensity at the crack front is inflhdy the combined effect of the local
residual stress and the contribution resulting ftbmexternally applied stress. The applied
SIF is influenced by the weld geometry and the veestk-like inclusions and is calculated
from the fracture code FRANC2D as described thdnbulgefore.
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Therefore, at crack tip, it appears that the acBl&l acting on a stress cyclé] does
not have the same magnitude as the applied I8)f)( The differences between the actual
and the effective\K vary among differernk-ratios.

In order to account the mean stress effect on cggokth rate d/dN, a method to
estimate the effective level of an appliedor a givenR-ratio has to be developed. It seems
that the sound approach would be to develop aioektip between effectivaK andR
based on the concept of crack closure [96]. Diffeeproaches have been developed to be
sensitive withR ratio like NASGRO, Forman, Walker, etc.

The quantities assessment of the influence of iduakstress field on fatigue reliability
can be determined by the principle of superposibased on the total SIK{) for the
solution of SIF due to the residual stresses aedstilution of the SIF due to external

loading such that:

Ky =K,y + K (5.9)

app res

The residual stress ratiB,es in the situation under consideration is defined as

(K i app + K )

Rres - min.app res (510)
(K maxapp + Kres

MK, =K__(1-R) (5.11)

where Kmin,app and Kmaxapp are the SIF due to minimum and maximum appliedi,loa
respectivelyKesis the SIF due to the residual stresses whichlaileded according to the
current approach. It should be noticed that thgeaof total stress intensity factoK; does

not change when the residual stresses are supe@aoich as [109, 110]:

AKT = (Kmax)T - (Kmin)T = (Kmax,app+ Kres)_ (Kmin,app + Kres)
= K naxapo ~ Kninaop = AKaapp

maxapp min,app

(5.12)

and only the stress ratiB,is affected wher&;ps#Rres
This indicates that the approach for crack growthessidual stress field should include
the residual stress ratiR.s in addition to the stress range, and SIF rangaK. This

approach requires the residual stress distribwdinsh the associated stress intensity factor
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(SIF) which also depends on the fatigue crack lenigthas been known that the welding
residual stresses are distributed in a consideratntyuniform manner and are redistributed
during the process of cyclic loading and fatigusc&rgrowth.

The use of superposition has been criticized byesoesearchers because it considers
only the initial residual stress field that exists the un-cracked structures, with no
acknowledge of the redistribution of residual stessthat occurs during the propagation of
the fatigue crack. Therefore, Wu [28] mentioned thas difficult to apply this approach
for effective SIF evaluation because of the diffiguin capturing the actual residual
stresses during crack propagation.

Other researchers have argued that the redistibuti residual stresses is of no
consequence, e.g. LaRue et al. [110] showed tleafslibiting processes for purpose of
starting a fatigue crack from a hole introducesedistribution of the residual stresses
although this did not have a considerable effedhensubsequent fatigue life.

Nevertheless to criticizing, superposition basexhéque is used extensively and it has

been evaluated in the current work.

5.8. Crack Growth Propagation Life

The entire crack growth over the three regions se¢ede mathematically approached to
determine the fatigue crack growth like Forman, &gland NASGRO equations in terms
of the range of total SIF. The latter is incorpetato calculatdes using the superposition

method.

5.9. The FNK Equation

The presence of residual stresses influences thek agrowth rate adN value by
considering the residual stress intensity r&ig The FNK equation is considered the most
suitable for the present study. Here, “FNK” stafatd=orman, Newman and de Konig [96].

The equation is used in the most recent releasieeofrack growth prediction program,
NASGRO. The NASGRO equation is written as:
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(1_ AK,, j"
% = CESAI:[HJAK} \ &K (5.13)

dN 1-R a
(1_ Kmaxj
Kc

whereCesaandn are empirical parameters describing the lineaioregf the curve (similar
to the Paris’ model), anplandq are empirical constants describing the curvaturfatigue
crack growth rate (FCG) data that occur near tloleskRegion-l) and near instability
(Region-IIl), respectively. The Newman'’s effectisgess ratioff, the threshold value of
SIF range for a givem, (AKy) and the critical SIFKc) are presented in Chapter Four
above. The unit for the fatigue crack growth rd&&€G) da/dN is mm/cycle, and the SIF
rangeAK is MPa (m¥~.

5.10. Results Verification and Procedures

In this study, a comprehensive program is estaddisto calculate the fatigue life of
welded joints using a language programming. Thatigguation is SIF from FRANC2D.
This approach includes:

1. Calculations of SIF due to the residual stresses

2. Incorporations of different residual stressresttions.

3. Calculations of fatigue life and crack growtheraf welded joints, taking into account
the effect of residual stress distributions, agpied residual stress ratio.

According to NASGRO equation, the crack propagatate for a giverRyp, ratio was
predicated by changing thRe.sratio caused by varyiné.s (Model-C). The latter was
calculated as a product of the weight function eredresidual stress distributions (Eq. 5.1).
The material data which are necessary for (Eq.)5vi&e obtained from AFGROW
database [97] and Ref. [98], see Table 5.1 fol §4@3.

The numerical integration has been carried out vighp of FORTRAN language
program to findK.., and then the fatigue crack growth rate and thgua life are
calculated. TwdR ratios are incorporated in the program, namily,andR.p,. The former

is calculated from Eq. (5.10) and incorporates Nigevman’s effective stress ratio which
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considers the effect of crack closurtsKoyKmay. The latter,Rq,p is the nominal applied
stress ratioKmin/Kmay-

The residual stress ratio (Eqg. 5.10) gradually geanwith the crack propagation when
the residual stress distribution aritles are considered in the evaluation of crack
propagation. Therefore, in this wolK,s is calculated for each crack step together wiéh th
residual stress distribution using Eq. (5.1) fag trectorx which is extended by stefx
inside each crack incremefia (i.e., x=0 toa), AXx <<Aa andx <<a. Then the superposition
technique is used according to Eg. (5.9) to cateulae total SIF and to calculd®s The
latter will be used in the fatigue life law (segiie 5.4). It is obvious from Egs. (5.9) and
(5.13) that the fatigue life of the welded joinbgected to the effect of residual stresses and
weld geometry can be evaluated if the solutionSI66,Kes andKapp are known.

With the current approach thea/dN-AK behavior of a welded component can be
determined for a given base material data.

Very few investigations have dealt with NASGRO agmh solution, with the effect of
two parameters of stress ratios, namely appliedesidual stress ratio.

Nguyen et al. [37] used Paris’ law in their caltida which was based on the
superposition of SIFs to include the effect of desi stresses on fatigue life calculations.
Sobczyk et al. [109] used the most notable modes are the Forman equation in their
calculations of crack growth rate and fatigue life.
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Figure 5.4: Procedures of fatigue life calculation under ttieet of residual stresses
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5.11. Effect of Residual Stresses Distribution on S IF

Several works have determined stress distributisisg neutron diffraction data and
FEM to calculate residual SIFs [41, 60, 61]. In tuerent work, the numerical integration
is used to calculatié,es as a product of weight function and stress distiim. The current
calculated SIF due to the residual strd&ss is compared with those obtained from Refs.
[60] and [61].

The comparison between the numerical integratioBgpf(5.1) and FEM solution that is
presented in the literature is shown in Figuregs based on 0.97, SINTAP distributions. It
can be seen that the current solution of Eq. (adrees well with BSI 7910Kes iS
calculated using a weight function solution anddweal stress distribution that is given in
the SINTAP procedure (BSI distribution).

The normalised residual stress intensity fadt@g,, i.e., the SIF corresponding to the

1/2

standard residual stress profile dividedsh{t) ™, is plotted versus relative crack depdft)(

for the toe cracks at T-welded joints.

N
o

- Numerical Integration & FEM
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Figure 5.5: Numerical integration solution of residual SIF coan@d with FE results
reported in [60]. The two solutions are based on™%0 distributions, SINTAP 0.97, t=50
mm, &5 mm, &50 mm, medium strength steg@}=345 MPa

The different residual stress profiles of SINTAR arsed in the current approach as

shown in Figure 5.6, where still the BSI distrilmutinas a conservative value. The solution
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of least square linear fits (Eq. 5.6) is more cstesit with experimental data reported in

Ref. [60].
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Figure 5.6: Numerical integration solution of residual SIF qoaned with that calculated
as based on the measured stress distribution fatiume strength steel [60] , t=50 mm,
a=5 mm, &50 mm, medium strength ste@+=345 MPa

It is shown that the solutions of the current pthee as based on the weight function
and stress distributions agree well with FEA angegxnental results that have been
reported in the literature (see Figure 5.6).

The stress intensity factors due to the residuaksés have been calculated using EqQ.
(5.1) and FE. In the current work, the ability aftlv solutions are shown fart greater than
0.8.

The FE solution is less conservative and consistéhtexperimental data. The accuracy
of the current analysis has been verified with expentally measured data. The
comparison of th&.s for T-plate welded joint calculated from experintger-E, and by the
current solution is shown in Figure 5.7. The Slfe do residual stresses;.sincreases as

the crack length increases.
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Figure 5.7: Calculations of ksfor different residual stress distributions of higtrength
steel, &5 mm, t=50 mmg,=700 MPa

O’Dowd et al. [60] used, in addition to above dtsitions, the R6 distribution which is
given by a bi-linear distribution, when the hegiunhenergy is known. Therefore R6 leads
to non-conservative assessment. In this work, ISP 0.5, and least square linear fit
(Eqg. 5.6) distributions are seen to be non-conseeva

The calculated residual and applied SIF are supased to calculate the fatigue life.
The calculations of applied SIFs have been destriberoughly using FRANC2D in the

previous Chapter 3.

5.12. Predicting Fatigue Crack Growth Rates

Under cyclic loading only the stress ratio chandeg to the presence of residual
stresses. According to calculatiéds andAKapp the newR ratio can be assumed is called as
residual stress rati®es.

Considering the welding residual stress effectsaagordance to the crack closure
phenomenon the NASGRO equation is applied (Eqg.)5.18ble 5.1 lists the material
constants data for structural steel, and weldingtgowith 0=2.5, Sya/0,=0.3. These

constants are needed in fatigue life predictionhiitNASGRO equation. In case of
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complete penetration, the weld toe cracks@.1 mm) are assumed to start and propagate
through the thicknesses.

In fact, the initial crack length has to be unifiad calculated in the previous Chapter
Four. The weld toe crack has a length of 0.1 mmthadoot crack has the length equal to
LOP.

Table 5.1: Constants for structural steel, shipbuilding staetl the welding joints [98]

Steel AK, Kc Cesa n p q Cint Cin-
S235 6 45 19 3 0.5 0.5 1.9 0.1
S460 6.5 70 19 3 0.5 0.5 1.9 0.1
S690 5.1 98 5x18 2.3 0.5 0.5 1.9 0.1
S325 8.7 40 5x18 3.3 0.25| 0.25 3 0.25
S283 9 33 4x18 33 | 0.25] 0.25 2 0.25
S403* 8.7 30 4x18 22 | 0.25| 0.25 2.7 0.25
S885 MB 5.11 106 24xF0| 27 | 0.25] 0.25 1.9 0.1
S885 HAZ 7.68 98 2x10 2.5 0.5 0.5 1 0.1
S885WM 5.6 70 4x1H 2.5 0.5 0.5 2.5 0.1
S960MB 5 60 5x10 2.5 0.5 0.5 1.9 0.1
S960HAZ 7.8 75 45x10 | 31 06| 025 1.9 0.1
S960WM 5.5 62 1.3x10 | 2.8 0.5 0.5 1.9 0.1

*The used steel is S403.

Figure 5.8 shows the predicted fatigue crack grof®thG) rate for nominal or applied
stress ratiosofin/omay Of R= 0.1,R= 0.3 andR=0.5 at a constant applied stress range of 200
MPa The material used in crack growth rate predictisrsteel S403. The unit for the

fatigue crack growth rateatiN is mm/cycle, and the SIF rang is MPa (mj’.
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Figure 5.8: Comparison between predicted FCG rates for thregafs and Paris’
solution for steel S403 without residual stresse<f).1 (toe crack)Ac=70 MPa. Reference
curve from Paris’ solution with a=5E-13, m=3

NASGRO has also taken into account also the fiasi €rack growth stage whé&®ax
approache¥.. Also, a good prediction has been given using NRSGfor differentR
ratios, due to the number of material fitting cams$ which give the ability to present the
three regions of crack growth rate. Due to natdrBBASGRO equation, the three regions
of crack growth rate are shown in Figure 5.8.

The 1IIW presents the conservative data of crackvtirsates owing to test at high values
of Rratios as mentioned above. Figure 5.9 shows thgadson between the crack growth
curve using Paris’ lawG=5E-13 andm=3 from [IW) and the curve from NASGRO
equation Cesa n and fit parameter’s from Table 5.1) by applyinigigh R ratio. It is shown

that Paris’ curve provides a conservative analysis.
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Figure 5.9: Comparison between two approaches1at70 MPa, a=0.1 mm, t=12 mm.
Paris’ constant are ¢,,=5E-13 and m=3 [3, 34], S403

It is to be emphasized that the tendency towardsgirer crack growth rate in region-Ili
arises from the influence of static crack extensimthanisms such as micro-cleavage and
void coalescence, where the final failure mechanismone of cleavage fracture,
contributions to crack growth by micro-cleavage egyally occur wherK,,x approaches
Kmat(typically Kmax>0.7 Kmay [107].

5.13. Effect of Residual Stresses and Stress Ratio on FCG Rate

The effect of residual stresses on fatigue cradwtr rate (FCG) is accounted by
replacing the nomindR ratio with residual stress rati®.s The latter is calculated using the
superposition of applied SIFK{,;) and SIF due to residual stress&sss NASGRO
considers the effect of plasticity induced crack&sare by an empirical constahtas a
function of Res. In fact, the crack closure phenomenon incorperéte effect of residual
stresses. Therefore, the n&ws will be used within the crack closure rattoMore details
have been presented in Chapter Four.

Figure 5.10 shows that the effect of residual sesson the crack growth rate is
negligible as the applief ratio increases. This is because the tensileuakgtress reduces
the effect of crack closure and increases the agamkith rate. Therefore, for higher applied
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R ratios, the influence of residual stresses on groate is small because the crack remains
open throughout the whole cycle.

The effect of stress ratio can be discussed byffieet of crack closure mechanism. This
mechanism is related to the crack path meandeliis. ithportant to explain stress ratio
effects in connection with residual stresses asvehim Figure 5.10 in terms of mode-I
stress intensity factor range,. At higherR-values, the curves ofattiN (Figure 5.10a-e)

differ from each other substantially in the thrdghegion, showing a typical stress ratio

effect.
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Figure 5.10: Effect of applied R ratio and existence of resliditeesses on the predicted
FCG rate, t=12 mm, &0.1 mm,Ac=70 MPa, o/6,=0.97, steel S403: (a) R=0.1; (b)
R=0.3; (c) R=0.5; (d) R=0.7; (¢) R=0.8
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In literature, the residual stresses are usuafivragd negligible in small thickness scale
or relieved [31, 84]. In small scale specimensidies stresses are small [3, 34]. According
to 1IW, the results can be corrected to allow foe greater effects of residual stresses in
real components and structures. This may be adthieneer by testing at higR ratios e.g.,
R=0.5 or by testing aR=0 and lowering the fatigue strength at 2 milligrtles (FAT) by
20% [3, 34]. In this workR ratios between 0.5-0.8 have been estimated inhathie effect
of residual stresses is negligible as shown in iéigul0(c-e). ThesR values can be used
in testing.

For more details, the residual stress profilesdiffierent geometries are presented in
Ref. [69]. The compendium (from SINTAP) obtainednfr the literature review is valid for
some ranges of thickness and geometry. The buttTarahd/or cruciform joints are the
most used in engineering structures. The butt ajant or cruciform joints with thickness
range in mm (24-300) and (25-100) are presentedeotisely in the residual stresses
compendium [69].

Figure 5.11 shows the predicted fatigue crack gndWCG) rates for the cage=0.1 at a
constant applied stress range of 70 MPa. The effedsidual stresses has been taken into
account for thickness 26 mm. Hence the crack gromath will increase with existing
residual stresses. The crack length as a functiamumber of cycles from NASGRO is
shown in Figure 5.12.
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Figure 5.11: Effect of sheet thickness for steel S403&t70 MPa, R=0.1, &0.1 mm,
t=26 mm

There is no difference between the two stressiloligtons (97% and 30%) in the case of

residual stresses being taken into account, segd-tg12.

==~ No residual stresses, t=26 mm
2 == \With residual stresses, t=26 mm, SINTAP 97%

1 —— With residual stresses, t=26 mm, SINTAP 30%
T T T T T T T T T T

0 500000 1000000 1500000
N (Cycle)

Figure 5.12: Fatigue crack growth curves, steel S403at70 MPa, R=0.1, &0.1 mm.
Residual stress distributiosioy,= 0.97 (SINTAP 97%) and post weld heat treatmenaisst
distributiono/ay =0.3 (SINTAP 30%)
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According to Ref. [31] there is no significant @ifénce in the thickness effect between
AW (as welded) and PWHT (post weld heat treatedfisven turn, the different residual
stress distributions have been used for AW and P#sTshown in Figure 5.12).

It is concluded that the effect of residual stresgeterms of crack closure will be

negligible in the case of high stress ratios, aswshin Figures 5.13 and 5.14.

da/dN (mm/cycle)

1E-4

|
TS T
[N

——No residual stresses, t=12 mm
-=— No residual stresses, t=26 mm

With residual stresses, t=12 mm
With residual stresses, t=26 mm

10
AK (MPa.m™)

1/2

100

Figure 5.13: Effect of plate thickness for steel S403 steelsat7’0 MPa, R=0.8, &0.1

mm
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Figure 5.14: Fatigue crack growth curves for steel S403 steella70 MPa, R=0.8,
8=0.1 mm, SINTAP 97%

Nykanen et al. [15] predicted FAT values for diffiet welded joints. They expressed the
fatigue behaviour in terms of stress range wheeectiack assumed to be under residual
tensile mode. These residual stresses keep thk ttipaopen during the stress cycle. No
residual stress distributions were assumed. Touat@lNykanen’'s work using the current
model and to study the effect of residual stressassverse butt weld joints with partial
penetration have been used with LOP=5.5 mm, wh@®#t£0.22 as described in Chapter
Four (see Figure 4.13).

Figure 5.15 shows tha-N curves for a transverse butt weld joint from Ny#&ri15].
The Model-C refers to use NASGRO equation. Two ibdéges can be studied with this
model, either to include residual stresses (uppant) or without residual stresses. Model-
A refers to use the Paris’ law witR=0.5, C;h,=5E-13, andn=3 as recommended by [IW
[3, 34]. The transverse residual stress profilesrarfisverse butt weld joints are given in

Ref. [69]. The relevant equation is:

ol g, =(1-091 fa/t) 14536t +831 1 6/t ~215%a/t)* +2441 6/t -963¢a/tf)  (5.14)
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The distribution of residual stresses (SINTAP 3@/@lso included and shown in Figure
5.15. The same results are obtained as comparédtinatcase of toe crack in cruciform
joints (see Figure 5.12). There are no significdifferences between as welded residual
stress distributions (upper bound) and the postdwstat treatment residual stress
distribution (30%) in case of root crack of transesbutt weld joint. It is to be emphasized
that under tension-tension cyclic load conditionesidual stresses did not show a

significant effect on the fatigue life of weldedrjb

12

a (mm)

— - Model-C, without residual stresses, R=0

2 - = Model-C, with residual stresses, upper bound, R=0
Model-C, with residual stresses, SINTAP 0.3, R=0

= Model-A, Paris', R=0.5

O T T T T T T

OE+0 S5E+5 1E+6 2E+6

N (Cycle)

Figure 5.15: Fatigue crack growth curves of transverse buttdMeee Figure 4.12) at
406=100 MPa, LOP=2a5.5 mm, LOP/t=0.22, thickness=25 mm

5.14. S-N Curve

The materials constants used are those for the S463, Table 5.1. Figure 5.16 shows
the SN curve for different sheet thicknesses using NASG#Dation as compared with
the solution from Paris’ law. As described befdhe initial crack length has been used in

case of weld toe crack equal to 0.1 mm.
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The effect of sheet thickness and residual stresseler high stress ratio can be
considered as negligible. However, there are sdiiéirences between them probably due
to numerical integration routines, as shown in Fegot16.

The higher fatigue life curve of Paris’ law is adlted forC andm from [IW [3, 34].
Therefore, there are some differences between gblation and the solution from
NASGRO.

Paris empirical constant€ @ndm) are developed at &=0.8 as an upper bound to the
FCG curves established from NASGRO (see Figure 5.9)

1000 ] --fF------4 11 -- [T TTITIT I [T TTTTIT I [T TTTTIT I \\H:
1 ——R=0.8, t=12 mm i

—=—R=0.8, t=26 mm
- —-Paris, C=5E-13, m=3

Ao (MPa)
H
3

10 T T TTTTT] T T TTTTT] T T \|\ ]
1E+3 1E+4 1E+5 1E+6 1E+7 1E+8 1E+9
N (Cycle)

Figure 5.16: Comparison between NASGRO and Paris’ fatigue didéutions without
residual stresses

At high stress ratioR=0.8), the effect of residual stresses are alswsho have a small
effect on the NASGRO solutions of the two thickmssshowever the endurance limit has
been decreased for the thicker plate (see Figdré.5This observation is shown under the
effect of residual stresses, where definitely thieker plate will have higher residual

stresses and hence lower life as shown in Figure 5.
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Figure 5.17: Comparison between NASGRO and Paris’ fatigue $fdutions with
assumption the presence of residual stresses

At a low stress ratio dr=0.1, the effects of residual stresses are obvibastefore, the
thicker joints with the consideration of residutiesses will have a lower fatigue life as

shown in Figure 5.18.
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Figure5.18: S-N curves at R=0.1;=0.1 mm, SINTAP 97%

It is evident from Figures 5.17 and 5.18 that tinellgance stress rangaosf) for a
smaller plate thickness (12 mm) is higher than fbaplate thickness (26 mm) due to the

existence of residual stresses.
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5.15. Conclusions

Most studied have neglected the effect of residtr@sses in small thickness scale. In
this work a numerical integration program is essidd to calculate SIFs due to residual
stresses K Which is a product of traditional weight functioend residual stress
distributions through the thickness of the platee Tiransverse residual stresses have a
major effect on the crack growth through the thass of joints. Two transverse residuals
stress distributions away from the weld toe anchftdDP are used for the plate T-butt weld
and for plate butt welds. For conservative restiis,upper bound residual distributions are
used in this work. For evolution purpose, the othistributions are examined.

The residual stress distributions which are givethe recommendations are used in the
current procedures and compared with literaturee Rulimiting use of weight function,
most literature has used the residual stress loligions from experimental measurements
(neutron diffraction) and FEM to calculakges In this work, the calculations which are
based on the weight function and available distiiims to calculateKes and lives are
satisfactory.

Since the weight function is used for a pre-exgtrack, the application of this function
method to the crack propagation analysis step dyy with the presence of a residual stress
field is yet to be carried out.

The solution of SIF due to the residual strégss(from the product of weight function
and SINTAP residual stress distributions have bemmpared with those obtained from
FEM-based methods and measured experimental dag.cdmparisons show a good
agreement. Therefore, the ability to use the wefiginttion higher than the restricted limits
which were mentioned befora/(=0.5) is demonstrated.

The phenomenon of the change of the residual ssesliring fatigue cycle is
investigated in correlation with the applied loadio using the superposition method. In
this work, the superposition of residual stresseshe calculation of total SIF is used.
Although this method has been criticized by othesearchers, the results which were
obtained are quite well.

An increasingR ratio will reduce the effect of residual stressesthe predicted life

because the higher tensile residual stresses reékdeadfect of crack closure, i.e., the crack
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remains open. Therefore, for highHeratios, the influence of residual stresses lépgdon
the growth rate is small. Important stress ratfea$ appear in the threshold region, where
AKy, decreases @&increases.

The comparisons with literature in case of residii@sses are presented in this chapter.
Different distribution ratios were used for thisngoarison, e.go/6,=0.97%, 0.5% and
0.3%.

Finally, the effects of joints geometry and matergroperties can be studied according

to the current approach.
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Chapter Six
CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

6.1. Conclusions

This work has three main parts: in the first péng stress intensity factor (SIF) is
calculated and evaluated; in the second part tReisSused in the calculations of fatigue
life; and by using suitable life formula, backwagdlculations using the built language
program were carried out to determine the critoack sizes q, and &), and fatigue
strength (FAT). The fatigue life calculations withe effect of residual stresses are
described in the third part.

Even though there are many studies dealing witlctdra mechanics, this thesis
combines FEA with fracture mechanics to developinapke and reliable procedure to
predict fatigue life of welded joints on basis atifue crack growth. The used approach
works within the assumptions of linear elastic fure mechanics (LEFM). The adopted
method assumes a crack existing at an edge of di@dds. After this crack starts to grow,
it will be under the normal applied tensile strésmximum stress criterion). Hence, the
effect of plasticity will be small when the openinmgode dominates. Therefore, the
assumption of LEFM is reasonable.

Fatigue life calculations of welded joints with féifent combinations of geometrical
parameters have been carried out using the resufi$Fs that were obtained from FEM.
These SIF results are evaluated, benchmarked angared with available solutions. New
SIF solutions have been developed then.

The simulation of fatigue crack propagation and &lfeulations using FEM is found to

be effective to determine the fatigue strength (JFAhd establishing th&N curve.
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Experimental data from literature are used to yetife current approach including the
effects of weld geometries and residual stresses.

The fatigue life and SIFs of load-carrying jointsttwvarious weld shapes have been
accurately estimated by performing a fatigue crapagation analysis when the crack is
originated from the weld root of the joint or fromhe lack of penetration (LOP),
respectively. In contrast, the fatigue life of Noad-carrying joints is investigated with the
presence of the weld toe crack.

Although real components are often different frone tdetails contemplated in the
standards, successful comparisons are carried litewperimental data. Moreover, this
work investigates the effect of some welded geops®tparameters and residual stresses
on the propagation life of welded joints. Verifiats of FAT classes from standers are also
carried out.

To carry out the integration of the fatigue lifeuatjon (e.g., Paris or NASGRO),
accurate values of initial crack length, and finedck length with a fixed crack growth
parameters @ and m) are required. The values of cracks length areerdehed and
compared with experimental data. A value of thaahcrack length of 0.1 mm is shown to
be a typical length for the case of weld toe craanger crack lengths are determined in
the case of a root crack where the crack lengdyisl to the size of the non-welded area
(LOP).

Although there are considerable fatigue data fddeajoins for steel and aluminum in
recommendations such as [IW and BSI, the probleisteio find the fatigue strength data
for some other materials. In that case, the spdgsegn data for welded joints for different
materials can be calculated easily with the cunnemk.

The results are then used to indicate the initielldvsizes which would be necessary to
avoid failure on the weld throat (case of LOP) amdthe base plate (case of toe crack).
Therefore, the entire fatigue life is assumed teraek propagation.

As expected, increasing the size of the lack okpration will increase the probability of
weld throat crack propagation and will decrease fitegue life absolutely. Also, the
increasing weld size will decrease the FAT value.

Verification of the current results is reported idgrthe comparisons with experimental
data. Moreover, the comparisons with predicted FefgBs from Ref. [15] are presented.
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The recommendation to use the current approachmedeas will take an advantage,
because SIFs aral are only needed to find an appropriate FAT fofedént geometries.

The crack propagation of two cracks at same tinsediféerent criteria for estimation the
crack life, i.e., determination which crack will rdoibute to final failure, or if both will
contribute in final failure. The faster crack wplopagate according to throat thickness
geometry and applied load nature.

Residual stresses have an effect on fatigue crackagation. The residual stress
distributions are studied and compared with theegrpental data. Therefore, SIFs due to
residual stresses are calculated from the produeteight function and residual stress
distributions at the crack tip. The universal weifyinction was used in this analysis.

These calculations we carried out step by stepdich cycle and each crack increment.

Residual stress ratios were calculated as a functidhe residual SIFK(.¢ that were
calculated from the weight function method and mobISIF Kapp) that in turn were
calculated from FEM. The combination of residuaéss ratio and applied stress ratio with
residual stress effects are shown to be less igatst and unexplained in the literature for
fillet welded joints.

This work has shown this combination which givesum the crack propagation under
the effect of residual stresses. The main findmghat the effect of residual stresses and
sheet thickness are ignorable when the stressisatimre tharR=0.5. In the case of lower
stress ratio R=0.1), a lower sheet thickness will have a higledigtie strength. These
results also reveal that the residual stresseseaser with increasing the component
thickness due to the increase in the heat inpthiefvelding in the real workshop, which in
reality means that a larger thickness will haveemperature gradient that increases the

residual stresses.

6.2. The Originality of the Dissertation

Although, the application of ordinary fracture manlts parameters like€ to very small
cracks is not appropriate (particularly in fatigured short crack growth), this work presents
good results according to LEFM. The original pdrten this thesis are summarized by the
following points:

192



Chapter Six Conclusions and Recommendations for Future Work

1. Examination the crack path effects on SIF soluéiod in turn it's effect on fatigue life.
Therefore, the difference between the SIF-solutiwom [IW, BSI and current work has
been presented and their effect ®N is shown. Then the effect of meandering cracks is
taken into account.

2. Determined analytically the crack’s lengths whidrigusly effect joints strength and
lead to catastrophic failure. Moreover, these lesgare evaluated as compared with
experimental data. Typical crack lengths were deteed according to the joint’'s
geometry, crack’s type and locations. Initial crdekgth equal to 0.1 mm and LOP are
satisfied in case of toe and root crack respegtiv@hal crack length and crack increment
also verified. In previous works, these lengths@esented mostly as a range of length or
they have been assumed [15].

3. Determined the fatigue strength and life of unknavaises. The validations of FAT-
values are examined for different notch joints.cAlke effects of joints geometry such as
plate thickness are investigated. The explanatiothe thickness effect using the current
work is presented according to fracture mechamdskE point of view. Then, the effect of
constant crack length and scaling crack length vasipect to thickness is presented.

4. The effects of weld notch geometry were investigae well as their effect of FAT-
value.

5. Calculated analytically the SIF due to residuaéstes which previously calculated
either from experimental measurements of residwes$s distributions, or from FEM.

6. The combination of twdR-ratios (residual and applied stress ratio), andutating SIF
due to residual stresses for each crack step hatvgen been sufficiently investigated. In
addition, these calculations were repeating atkctiagdor each crack increment.

7. An increasingR ratio will reduce the effect of residual stressesthe predicted life
because the higher tensile residual stresses reédeadfect of crack closure, i.e., the crack
remains open. Therefore, for highHeratios, the influence of residual stresses lépdon
the growth rate is small. Important stress ratiea$ appear in the threshold regiaiK,
decrease aRincrease.

8. The comparison with Nykanen’s work shows thatehsran effect of residual stresses

distributions and stress ratio.
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9. The stress concentration factor can be calculated predicted FAT-values. Then the
machined weld overfills give higher fatigue resista.

6.3. Recommendations for Future Work

For time and experiments constraints and accortbnthe lack found in the related
literature, some works are recommended for futuwkwuch as:
1. No standards are presently available for weldatiponents made of other materials
(e.g. titanium alloys, etc.). The current fractunechanics approach can be applied for
other materials.
2. Investigation of other welded joints’ geometrisd calculation the FAT values for
layered joints such as spot welded joints.
3. Simulation of the various types of defects witkthie weld using the current approach.
These defects might have an effect on the calalilztie of the crack length. Therefore, a
new systematic set of values and relationshipseaseveloped.
4. Studying the validity of the currently calculdtparametersQ, m, a;, a, FAT andSN
curve) with other loading types.
5. Studying the validity of the currently calculdteparameters under the effect of
environment, e.g., corrosion effect, temperatuik @gogenic effect.
6. Establishing a criterion to forecast the possitrack initiation and propagation region
(toe or root) in the welded joints which have these types of cracks, i.e., determine the
faster effecting crack causing the final failurés@to determine the probable FAT a&dl

curve.
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