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Abstract

Of the many pagtof a machine, welded joints are the most susceptible to fatigue loading. The
unusually complex geometry of a welded joint combined with the heating process during welding
produces a high amount of stress that can result in fatigue cracks and faiuetddd joints, fatigue

cracks usually emanate from critical locations such as a weld toe, where the stress is highly elevated.
It is important to design welded structures based on the fatigue failure criterion in tandem with the
usual design requiremeni&here is also a need to accurately assess the fatigue damage of welded
joints for maintenance purposes because existing welds may contain defects or fatigue cracks.
Therefore, accurate estimates of the fatigue life of welded joints are thus essentialauspd

structural design and maintenance.

The three most common methods of estimating fatigue life, and the ones selected for consideration
in thiswork, are the nominal strefife (S-N) method, the local strain i f-N) métHad, and the
Linear Elastic Fracture Mechanics (LEFM) method. Challenges arise from the fact that each method
requires different and precise information concerning criticatstrethat affect the fatigue life of
welded joints. For each method, different stresses defined at the critical locations of a welded joint
must also be obtained. TheNs met hod requires a deter mi-hati on of
method requiresa est i mate of the peak stress UGpeak, and t
of the stress distribution in the prospective cr at
characterize welded joints make these critical stresses difficultéontlat, so that variations in the
definition of stress constitute the primary current source of inconsistencies in weldment fatigue

analysis.

The goal of the study presented in this thesis was to develop one universal weldment stress
analysis method thato supply accurate and consistent stress information for all contemporary
fatigue analysis methods. A determination of accurate and consistent stress datecatiealdones
requires that the stresses in that area be reviewed and related to a reteesadbat must be located
at the most critical weld zone and must also be related to the actual stresses there. The work
conducted for this thesis involved the development of this kind of reference stress, which has been

termed Al ocal reference stress. o0



A number of issues complicate the determination of stress in the most critical areas of a welded
joint, including the weld toe or weld throat, such as residual stress generated by the heating process
during welding and elevated stress due to an abrupfgehia geometry. Reliance on the wialown
nominal stress that is dependent only on the esestonal area and ignores other geometric factors
associated with the weld is therefore insufficient. Peak stress is also difficult to determine even with
the wse of a threglimensional (3D) finite element (FE) method because the magnitude of the stress
on the surface of the weld toe can be captured only by a fine mesh. The ttickgbss stress
distribution in the critical crossection of a weldment is evemore challenging to establish using
conventional FE packages because of the steep stress gradient associated with the prospective crack
plane. The methodology presented in this thesis offers a convenient means of evaluating the critical
stresses that affethe fatigue life of welded joints. The new method is based on an FE technique,
which was used effectively for generating wedifined reference stress values at critical areas in a

weld.

The local reference stress on the weld toe line and the assditiatedhroughthickness stress
distribution constituted the basis for determining the necessary stress data required as input for each
of the three fatiguanalysis methods. The objective was to analyze an entire welded structure using a
shell FE modelHat involves a relatively small number of elements. Subsequenpuzstssing of
the local reference stress produced the required stress data, such as the peak stress or-the through
thickness stress distribution. While the stress data are based onasielpFE model and the local
reference stress concept, they yet were able to supply accurate and detailed stress information for any

of the fatigue life estimation methods.

The developed method is based on a unique reference stress related to theitizatabnrlinear
stress across the weld toe. Determining weldment fatigue life using the local reference stress and the
associated stresses resulting from the-postessing enable the inclusion of the weld macro; micro
geometrical features; and otHactors that affect the fatigue life of welded joints, such as the stress

concentration and residual stress.

The shell FE modelling method also has the advantage of simulating a full structure in a relatively
short time, thus requiring substantially lessnputational time and resources than 3D FE models.
The tests also revealed that, with the new method, the thickness of the shell element that simulates the

weld is very important because it affects joint stiffness. For this reason, the thickness elfitsbeil
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element should be equal to the thinner of the welded plates. The stress data obtained based on the
shell FE local reference stress were validated against detailed 3D FE models. These data were then
applied for the prediction of fatigue life usittye strainlife and the LEFM methods. Five case studies
were modelled and analyzed in order to compare the fatigue life predictions produced using the

developed methodology against experimental fatigue life data.

The proposed shell FE local referencessingroved able to simulate the stress fields in a variety of
welded joints, such as-jbints (fillet joints), and square or circular tube on a plate. The shell FE local
reference stress data were compared to the results obtained using detailed fine Fieshdzi2ls.

The accuracy of the stress data based on the shell FE models was under 15 % in all the joints except
for the gusset, which was around 20 %. The difference between the peak stress resulting from the
shell FE local reference stress and the paaksresulting from the 3D FE modelling is within 10 %

for all the case studies, with the exception of the first case, which was within 20 %. With respect to
the number of elements, the difference between the shell and the 3D FE models was very large. The
data produced by the proposed shell FE model matched that produced by the 3D fine mesh elements
with respect to accuracy, but required nine to 204 times fewer elenfentsresult, the proposed

shell FE modelling method offers the advantage of sim@atifull structure in a relatively short time

and with fewer computational resources, as was particularly proven in the last case study involving a
complex tubular joint. Such accurate stress data then enables fatigue life to be evaluated using the

postprocessed shell FE local reference stress data.
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Chapter 1

|l ntroducti on

1.1 Challenges in fatigue analysis of welded joints

Madine components and structures are typically wetdgdther, as welding is one of the mased
joining methodsWelded jointsn vehicles of all typesmechanical engineering tools, and pipes are
examples of components which are subjected to repeated cyclic loads. This type of iohitimgs
more damging than static loading:auses fatigue damagemacdine componentsuch as welded
joints, leading tomechanicafailure. Moreover welded joints havenicro geometrical features (e,g.
weldangledand wel d tmaeo geometrical featuggg.g, weld shape and sizand
residual stressvhich result in complexstress stategatigue loadingf a component wilproduce
small cadks that will eventually propagate throutte criticalcrosssection. In the case of welded
joints, fatigue cadks usually emanate from critical locatiosisch as a weld toe, where the stress is
highly elevatedHence it is important to design welded structures based on the fabdueef

criterion in tandem witlthe usual design requirements. Furthermore, because existing welds may
contain defects or fatigue atks, there is a need tmcurately assess ttiatiguedamage for
maintenance purposes. Therefaesuratefatigue lifeestimationof welded joints is esstial for

structure design andaimtenance.

There are currentlg few methods used to estimate the fatigue lifevefded jointsbut only the
three mostommonmethods are discussed in this thesahEmethod requires precise information
concerning crital stresseaffecting the fatigue life of welded jointEritical stresses are not easy to
determineaswelded joints have complex geometry and loadidye of the best techniques to
determinehecritical stresses of componentdirste element analsis FEA) or FEM finite element
method The FEA isused by industry fovirtual design purposeandhas been adopted as a
productive modelling technique whichinimizes the amount of time requiréat designing
components (e.gusingvirtual modellinginstead oimakingphysical prototypesor improving
existingones (e.g.testing virtual design instead dfigsical destictive tests However, usinghe
FEA methodfor the fatigue stress analysifwelded jointss challengingoecause othe geometrical

and loading complexity of weldslueto stress concentraticand residual stresses.

Due tothe number of challenges posed by estimatiedatigue life of welds, it is important to

have a general understandingvafiousdiscontinuities and stresses weade subjected td.he high
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|l evel of stress concentration produced by wel d
reduces the fatigue life. Welded joints are often known to contain discontinuities, and welding codes
to some extent allow for cemadiscontinuities such as notches, porosity, misalignment, undercut, etc.
The allowable tolerancef discontinuitieganges are specified so that any weld containing

discontinuities beyond the specified range will be considered defective or in needinfHemever,

the problem is that welding codes do not specifically account for the effect of these micro geometrical
features. This is probably because these features may have been accounted for already in the design
stage of the codes. The number of corabons of micro geometrical features may be another reason
that welding design codes do not account for the resultant different stress concentrations. The FEA
can be used to model welds, but it requires a considerable number of elements resuliang fime

mesh to capture the effect of the stremscentrationMoreover, the mechanical material properties of
welded joints may be changed due to the welding process, which alters the chemical composition and
microstructure of the joint. The heat inputrithg the welding process, associated with various

thermal cycles, also produces residual stress around the weld line. The fatigue lives of weldments
suffer from residual stress created during the welding process, and welding design codes have to take
this stress into accounsince these codes are based on welded specimens, it is fair to assume that the
effect is incuded within the code#\s a result, it can be concluded that estimating the fatigue life of
welded joints has a considerable number of chglls, and in order to overcome these challenges, the

various fatigue life estimation methods are reviewed.

Fatigue life is generally predicted using one of three methods: the nominalliftréSs\)
method, the local stin-life ( &) method, and the Liar Elastic Fadure MechanicsLEFM)
method. Nevertheless, there are six modules necessary for any of the above fatigue analysis method,

as illustrated irFigurel-1.
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Figure 1-1: General steps for fatigue analysis

The first step in fatigue analysisdealt with he input modulesvhich are the material properties,
the component geometry, and the loading history. The second step is the stress analysisvhiledule
thethird and fourth steps are evaluating the fatigue damage and the fatigue life. The material
properties module is thmostwell-established one, but the stress analysis module requires more
investigation because of the complexity of weld geometdylaading history. The format of the
loading history is the same imd of the three contemporary fatigue analysis methods, but the
definition of material properties anle stress parameters change depending on the method chosen

for the fatigue life egtnation.

The stress definition in fatigue analysis varies considerably based on the method used. The
variation of the stress definition is currently thaimsource of inconsistencies when carrying
fatigue analyses of weldments. Therefore, it is irtgoarto briefly discuss the most popular fatigue
analysis methods, including the input stresses to the stress analysis modulstfatnessalysissee
Figurel-1). Some of the advantages and disadvantagéesétmethods are also stated in order to
highlight the overall research objectives of this thesis.

The S-N methodwas the first one used for evaluating the fatigue life afimnes. Thianethodis

based on stredge or S-N curves, which can be found imwous handbooks and standards such as



the ASTM E73910[1]. SN curves arditted as a result of testirgpveral cylindrical smooth
specimens subjected fatiguetyclic loading.S-N curves are expressed the nominal stress
amplitude,laorn o mi n a | s tlg ersusthe fatgnegife in load cycledy. Therefore, the
required stress input to the stress gsialmodulgseestep 2 inFigurel-1) of the stresdife method
is the nominal stres®etermining the nominal stress is rather difficult in welded gothte to the
effect ofthe geometrical featuseof the welds, as will be shown laterSaction(2.1). Even though
the SN method is relatively easy to use, it is not reliable when applied to weldf@gbtcause of
themicro geometricaleatures, microstructural changes, and complex loaaliogmpanying welded
joints. For example, minfinite number of materiéd-N curves are needed to cover all types of welded
joints encountered in pdice becauseash welded joint has different geometrical featuresuling
in an infinite number of stress concentratiaddrs Beyond this, th& N method cannoaacount for
the residual stress or the variation of load sequeftesefore, the sain-life (3N) method was

introduced to address some of these shortcomings.

The N method hagiainedmore attention recently because it is capable of evaluating both high
and lowcycle fatigue applications. For welded joints, thaisttife method caraccount fa the efect
of the stress conaerationand the residual stress among other loadaapfs such as the mean stress.
It is also sensitive to the sequence of loadargl can be used to estimate fatigusdcinitiation life
if the material fatigue propées, as well as the dalied stress information (peak stress) at the critical
location €.g.,weld toe), are knowrDetailed stress information may laequired by conducting a
threedimensional finite element analysis (3D FEA) with a very large numbdenfemts andfine
mesh around high stress aaahich alsoresults inavery long computational timélowever, even
when using detiled 3D FE modelling, it is difficult to capture tipeoperpeak stress aweld toe
becausehe result is sensitive toghmesh sizenot to mention that the!N method provides the
fatigue lifeonly up to cad initiation. The total fatigue life of a joint orawhine may be considered
right up tothefradure pointrather than justhe crad initiation, because sometimesena ciack
occurs in ann-service conponent, it taketime for the cadk to grow to the point ofdilure.

Therefoe, theLinear Elastid-racdure Mechanics (LEFMinethodwasimplemented.

The LEFM method predicts fatiguerad-growth life based on the stress intens#gtdr
paramete(SIF), which describes local stresses andissin the vicinity of a growing @ad. This

method can estimate the fatigaed<-growth life but it requires knowledge of stress intensitydrs
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(SIFs) whichareavailable in handbookgJnfortunately thesehandbaks SIFsare not readily
available for welded joints subjected to fatigue loading. One possible and efficient solution to this
problemis by determinindghe stress intensityaétor by using the weight function technique find

the stress intensityaftor, the proper weight function and the throutgitkness stress distribution in
the prospective ek plane must be known. The throutifickness stress distribution may be
determineddy using the FEA technigudutunfortunately using FEA to determine thé&rass
distributionin aweldmentcritical crosssectionis very difficult because of the high stress gradient
through the weld toe thickness. While the LEFM methodamaaunt for the effect of the stress
concentration, residual stress, and the mean stressethoddemands an estimation of the initial
crac size.

Thus, itcanbe concluded that theaim key to fatigue life evaluation of welded joints relies on the
ability to provide the required stress inplihe input stress used for the fatigue liféreation must
include severalddors. Thecomplex stress deriving thatigue life of weldmentss affected by the
w e | nhiéreandmaao geometricafeatures in addition to the residual stress produced by the
weldingitself. For instance, thenicro geoméical features of the weld create stress concentration
while the welding process produces residual stress. Rditr$ are detrimental to fatigue lifas a
result, providingaccurate stress information for tifegtigue life estimatiotbecomes very diféiult.
Figurel-2 shows a typical welded-jbint subjected to multiple loads resulting in various stress

distributions througlthe welded joinb eritical section.

Attachment : -
P
plate Base/main
e ™ s plate
/D X
P ‘ E v
\ 8 - E’/ c
} Ml | D M
T, t “ & = Vi
o(y) . 5 2 P

Figure 1-2: Various stresses and stress distributions a welded T-joint subjected to various external loadq3]
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Figurel-2 includes various stress distributionsailypical Tjoint resultng from remotdy applied
bending and tensile forces M and P. These distributghmasvn inFigurel-2, A, B, C, D, and Eare
stresses in the directiorormal totheweld toe lineln Figurel-2,poi nt s Adan®6E6 Co, D6
located on the base plate s inthedirection normal taheweld toe linerepresent the maximum
magnitudes of &h stress distributiarThe following list expainsthe stress distributionshownin

Figurel-2:

A) The remote nominal stress distributianwa y  f r o mmitrdgeomstacketfedts

B) The nonlinear througkthickness stress distributidify) is the adual stress disitoution aadoss the weld
toecritical crosssection. Thisstress distribution ithe needed stress data for the LEFMda/dN-p K
method and can be determined by using the R&éthod or the simplified analytical method presented
in the thesis

C) The nominaktresdistributionis based orthe most welknown stress index/quantjtwhich can be
calculated mathematically to estimate equivalent linearizestresdistributionaaoss the weld cross
sectionacross the weld cros®ection

D) Thenortlinearstresdistribution along the suaife of the base plate

E) Thelineaiizedstress distribution along the base plateamrfresults from a lineagxtrapolation ofwo
surface strespoints away from the weld toe

The following list exphinsthevarious stressesong the plate suafe, as showrin Figure1-2:

A") Themaximumremote nominal stressthe plate sugdae away from the weld toe
B") The peak stresh.eaxis theadual maximum stresat theweld toe Thisistheneeded t r e ss -f or t he (|
N) method The peak stress can teterminedy using the FEAnethod or the method presented in
the thesis
C") The nominal stresll, is the maximum stress of the nomidiaearstress distributionfigure1-2, C).
This is therequiredstressor the S-N method
D) The maximum stresmagnitudeof the distributiorD.Bd and D& are the same stress
point
E") The hot spot stresss has the same magnitude as the nominal sredstermined ¥ the simple
tensile and bending stress formulée hot spot stress/structural stress can be determitted
experimentally (asepresenteth Figurel-2, E) or by using FEas will bediscussed later in
Sectin2.1.1

Note that points E, and D Figurel-2 are showing stress distributions based on surface stress

values wher eas, Eo, and D tribatiores. Thememinal atcessshowm v al ue s
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inFigurel-2C6, is one value resulting from the cl assi
through thickness nominal stress distributiofrigure1-2C, can be found by integrating the classical

nominal stress equation across the main plate thickness. The actliale@orthrougkthickness

stress di st r i Wigueil-2Bncanibe foynd by hsmgvthe FEA In some cases (weld

shapes) the nominal stress and the hot spot stresses have the same stress magnitudes.

In summary, various stress valuaastbe known depending on the fatigue analysis method. The

following are tle stress inputs foraeh of the fatigue methadnentioned above:

a") For the nominaS-N method, the nominal streda (seeFigurel-2, Coand B )
b)Y For t h-& méthod, thdineallelastipeak stres§ p e (ackFigurel-2,B6 &b il
c) For theLEFM, thelinear elastidhroughthickness stress distributioi(y) (seeFigurel1-2, B)

Each of the above stresses is not easy to determine for welded@eitgsnining the nominal
stresdgs not easy becauseistnotclearly defined The nominal stresdepends on theritical welded
platecrosssectionareawh i ch i gnores the effect of the wel dods
distribution Determining the peak stress is difficult because of its ighgnitudewhich cannot be
easily captured wheumsing the FEA method. Determiningetthrougkthickness stress distribution
G(y) is difficult as well because of itgery high gradientstarting fromthe weld toe surface aradross

theweld critical crosssection

The pealkstressandthe througkthickness stresdistributioncan be determined by using three
dimensional finite e@dmensg (3D FE) such as brick or tetrahedral eleme@ise challenge when
modellingawelded structure is capturing the high level of acefstresg fain Figurel-2, BO6 and
D 6and its assoctad nonlinear throughthicknessstress distribution gradieit ( yFigureil-g, B),
which requires a very fine mesh in order to fawurate stress dati&lodelling areal welded
componentvill take a large number of elementish will result in very long computational time.
However, there ardifferenttypes of elements that can be used in order to reduce the computational
time, such as the shell element or (shell F&y.for determining the hot spot strefmy studies have
beenconducted using the shélE formulation but thereareno specific rule®n how to model

welded jointsnor arethere detils on how to determine the peak stress.



1.2 Objectives

Designing nachine componentir required fatigue lifés not an easy taskspecially when

considering the difficultiem determining the fatigue life of welded joints. Theable fatigue life
analysis methods are also not easy to apply to welded joints thescmmplexity of weld geometry

and loading. Thus, appropriate aamurate stress analysis is neededliefatigue life estimation of
weldmentsThere are two main challenges when determining the fatigue life of weldments. The first
is how to find the stresses necessary for each fatigue analysis method, and thelsdtngk is

associated with limitations of the fatigue analysis methods when applied to weldments.

The stress input data foadh fatigue life method is not easily found, and this is especially true for
welded joints. The nominal stress in the weld tgga® has no physical representation that can be
measured experimentally, but it is rather a mathemadiiesdrizationestimation of the streggross
the weld toe critical sectiomhe peak stress and the stress distribution may be foundtsifgA
however, to capture the peak stress, which has a very high stress level, regeitefine mesh and
a considerable number of elements. As a result, long computationahtiitheesources are needed
for evena small part, let alone a fldbmpletestructure The same can baid for determining the

stress distribution that has high gradient through the thickness of the weldment critical area.

To sum up, the nature of the stress required for each fatigue analysis method is different and they
are difficult tofind, especially for welded joint3hus, the goal of the current study is to develop
one universal weldment stress analysis method that can supply accurate and consistent stress
information for all contemporary fatigue analysis methods. order to havermaccurate and
consistent stress data at the weld critical zones, the stresses in that area must be reviewed and related
to a reference stress. This reference stress, has to be located at the most critical weld zone and related
to the actual stresses theféus, the proposed stréss ef erred t o by the author
stresso. The FE coar se meisvéstightedaindusedito podwee theh s h e |
required local reference stress with less computational cost and time in compétis Some
special rules must be set for where and how to find the reference stress. The referensaekiess
postprocessed to determine the stress data required for each of the fatigue life estimation method.
The stress data resulted from the seanesh shell FE modellings, have to be validated against 3D
FE detailed models for verification. The last step is to use the stress data based on the proposed

methodology for predicting the fatigue life of several welded joints to test its accuracyficieth&f.

8
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The objectives and proposed proceduresticasbe set as follows:

i Review the stress data of available welded joints
U Establish one universal stress analysis method that can supply the stresses required by all of the three fatigue life
estimationmethods
A Find a unique stress quantity that can be related to the nominal stress, the peak stress and the through
thickness stress gradient, at weldment critical stress zones.
A Establish a FE procedure to simulate welded joints using relatively largelsiedint in order to save time
and model full structures in the future.
A Provide details concerning the determination of the required local reference stress
A Create a pogprocessing method of the local reference stress to determine the stress datayrfecessar of
the contemporary fatigue life estimation methods
i Validate the stress data acquired based on the coarse shell FE model against the stress data determined from a
detailed 3D FE model
i Predict the fatigue life of severgipes ofwelded jointausing the straitife and LEFM method, based on the local
reference stress
A Investigate the effect of adding the residual stress to the fatigue life calculation of welded joints
i Validate the fatigue life predictions against experimental fatigue life data
i Investigateanarea of research that could improve the proposed.work
A Investigate/enrich the stress concentration factor equaifdiiet welds

A Investigate/enrich the stress intensity factor for edge and central cracks in plates with tradaiteses

1.3 Thesis outline

Chapter dncludes the literature review, the contemporary fatigue life analysis methods, and the
discussion of difficulties concerning fatigue analysis of welded jo@tispter 3ncludes the

methodology, dtailing: 1) how to model a welded joint using the coarse shell element and produce
information necessary for the determination of required stress data; 2) how to find the local reference
stress; and 3) how to use the local reference stress to determimectssary stress information for

all three of the fatigue analysis metho@bsager 4includes verification of the shell FE stress déta
modelling the same welded joints using detaBBdFE models Chapter Srovides two case studies

that illustrate the methodology, while anotki@ee case studies are presentefigpendix A The

conclusion andecommendationare summarized i@hapter @n additionto some future work

including somedatain areas that will improve the proposed methodology.

The five case studies are modelled based on the experimentally tested welded components
provided by the John Deere (JD) laboratory. The proposed methodology was applied to JD welded
9



joints and the fatigubives were predicted for each case and then compared to the experimental
fatigue life data sets. Based on the proposed stress analysis methéid, trethod was used to
estimate the fatigue crack initiation life, while the LEFM method was used to evaluate the fatigue

crack propagation life. The total fatigue life can be evaluated as the sum of cycles to crack initiation
and crack propagation

10



Chapter 2
Reew and discussi on eosft itnhaeteitfdardfdosy ue | i

wel ded joints

In general terms, machines are designed to meet certain life goals. It is necessawetding

technigue to join machine parts whialesubjected to fatigue loadingatigue l@ding is one of the

maj or reasons that machines fail. Failure occurs
weakest links in resisting fatigue loading. Cracks initiate in the weld area and then propagate through
the crosssection, causing maute failure. For this reason, designers have to consideffine of

fatigue when setting the life goals of mechanical structures. A considerable amount of research has
been carried out on fatigue life evaluation methods, including those of welded Jdiatsommon

fatigue life estimation methods mentioneddhapter lare discussed in this section for components

in general, and for welded joints in detail. Welded joints bring with them factors affecting fatigue life
estimation; therefore, the advantages and disadvantages of each method are stated as@dwTh
focus is toward the stress analysis module of each method when predicting the fatigue life of welded
structures. Procedures for applying the contemporary fatigue life estimation metiédsNSand

LEFM) to welded joints are stated, along wiitle associated challenges in finding the stress required
stress for each method in order to find areas where further development is needed. The last section
reviews the history of using the FEA to assess for the fatigue stress analysis of welded jeiaisy Th

of thisChapter ds to highlight the necessity and benefits resulting from of the proposed

methodology, as will be discussedGhapter 3

2.1 Fatigue life prediction of weldments using the stress-life (S-N) method

The stresdife method usefatigueS-N curveswhich isthe result of multipldatiguetests carried out
under fully reversed loading, alternating around a apmiedmean stress with constant nonlina
stress rangesl, or nominal stress amplitudés The fatigue lifeN¢ is defined by the number of load
cycles to specimerailure, where ac cycle is equal to two load reversdsl. The SN curves are
experimentally derived for a variety of characteristic geometrmafigurations.This method

requiresheknowledge of theominal streso estimatehe fatigue life

11



From 1850 to 1860, Wohl¢4] performed laboratory fatigue tests, using repeated bending
stresses, on ifwvay axles. This was the first known systematic investigation of the fatigue
phenomenon. Wohler also used the stress amplitude versus the number droystesvedthat
fatigue life increases with the decrease of the stress amplitude to the poinifulestress
amplitude is further decreased to a low enough level, components will not fail at all. As a result,
Wohler established the concept of th&l Sliagram and the fatigue limit; he also noted the importance
in a fatigue analysis of the stress aitojle over the maximum stress. InN1D9Goodmary5]
contributionincludeda model thatvas developed taccountfor the mean stress effem fatigue life
of metals Basquin6] provided an empirical equation to mathematically describe the fatijuie S
curves of metals using the linear Htwgy relationship in the finite life regioss shown irFigure2-2.
Fatigue damage accuation models were developed during 1920s HRDs.Palmgrer7]
introduced a model for fatigudamage accumulatidn that periodMiner [8] popularized Palmgren
linear damage&ccumulation whiclis known adPaimgrenMiner linear damaghypothesis. Matsuishi

and Endd9] introduced the rainflow cycle counting method.

The general procedure for fatigue life estimatiomgshe SN methodis shown inFigure2-1

while Figure2-2 shows a typical fatigue-S curve.

LOADING GEOMETRY, K; MATERIAL
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_'ﬁw""!"% | 4
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t

Stress-Strain
Analysis

MATERIAL

Ao, \
Damage Analysis .
—

N,

Figure 2-1: Fatigue life estimation procedure based on the nominal 3! method|3]
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Figure 2-2: lllustration of a typical SN curve [3]

The bading, geometry, and material properties are required as inputs in order to select the fatigue
SN curve for the specified component ($8gure2-1). Since SN curves are based on the nominal
stress, an approptte nominal stress must be determined to evaluate the fatigue life. After selecting an
appropriate SN curve for the analyzed component, the no
critical cross section is used to evaluate the fatigue damage, afterthnifetiigue life can be
evaluatedThe procedure for estimating the fatigue life of welded joints using-ther@thodis

illustratedin Figure2-3 and is also summarized as follow:

1) Define the external loads that represent the fatigue loading applied to the structure
(Figure2-3a).
2) Determine and analyze the internal loads adftirtye criticalorchose c omponent 60s cCr
section (nominal stress at weld toe or robiyygre2-3b and c).
3) Select a proper-8l curve(from readymade family of welded joints-8 curves)oased orthe
specified material and thgpe ofwelded joint Figure2-3d and e).
4) ldentify the stress parameter used for the determination ofkheuBve (nominabr reference
stress)

5) Determine th@nalogous stress parameter for the chosen-sextion of tle structure

13



6) Identify the appropriatetress historpf the selected welded joirfigure2-3f )

7) Extract the stress cycles from the fatigue loading history by using the raSflomethod
(Figure2-3g)

8) Evaluate the fatigue damage associated with each loéelayd smthem upby using the
Minar-Palgren hypothesig-igure2-3h andi).

9) Determine the fatigue lifan terms of number of cycles to failure N, or number of stress
history repetitions, bk, (No. of blocks)Figure2-3j).

10) Note that the procedure has to be repeated several tiro@semultiple stress concentrations
or several critical locatiorsrefound inthe chosen component of the analyzed structure

14
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Figure 2-3: Stepsfor determining the fatigue life of weldments using th&&-N method [3]

15



The S-N methodacacounts for the global geometry of welded joints but doesammtunt for any of
the welded joint local effects such as thean geometrical features (weld shape and size) and the
micro geometrical features (weld taagle andadius). Application of this method requires fatighie
N curves which are generated through fatigue testing of small specimens efuliesgale structures.
SN curves are available for general types of wejdats. The local effects of welded joints are
included into the 9N curves obtained experimentally. Therefore, to apply this method to welded
joints, the n dmshooldbe cleatlydefised and thersigueturakediscontinuity of the
analyzed welded element should be comparable with one of the standard speseddosyenerate
the selected -8l fatigue curvegseeFigure2-3d and e)

The strength of th&N methodis based on the simplicity of the nominal stress idea. It works well
in thecase of londatigue lfe componats or inthe case of components subjetti® constant
amplitude loading However, the highly empirical nature of this methoitsisveaknessAs shown in
Figure2-3d and e, the standard geometrical configuratiased to generateMscurves are not in
practice closely similar to the welded joints being analyzed. Another important disadvantage is that
the S-N method ignores local plastic strains, which are critical for diferfatigue situations. The
effect ofthe residual stress watsoincluded to Wohler S\ curves based on experimental
studieq10] yet this is still empiricalvhich does not help in accounting for the actual residual stress
in welded jointg10].

To summarize, the-8 method cannot account for the local plasticity, the residual stress, or the
loading sequence effedhis mettod determines only the service life represents the final fracture
which doesnot differentiatebetweercrack initiation or propagation lifeDespite the fact that the
readymade SN curves for weldments include different factors associatedthétiveldment such as
the residual stress, and the weld shape, the main problem remain is that this method requires
determining the nominal stress in the critical cresstion. The nominal stress by definition depends
on the critical crossection area despitethew ded j oi ntés macro and micro ¢
other words, two different welded join(ise. different weld shapesf the same material, the same
applied load to theamecritical crosssectionarea will result in the same nominal stress and
corsequently same fatigue life which is not corréd.a result, a sufficiently rich-8 database must
be generated with multiple-S curves to cover a wide variety of welded joint geometries, which

practice idifficult and expensive.
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Defining the clagsal nominal stress, is rather difficult in the case of geometrically complex
weldedstructuresubjected tanultiple simultaneously applied loads. One solution is to use hot spot
st r e s se hotlsposstressi(as will be explained in Se@iarfl) can be determined
experimentally and used for the fatigue life estimation of welded jbaged on 9 curve and the

hot spot stress

2.1.1 The hot spot stress method

This section reviews the hot spot stress conegyat,also reviews some studies that have used FEM to
determine the hegpot stress. The traditional nominal stress concept can be used for simple welded
joints, but it is not practical to determine the nominal stress and then select one of the-design S
curves for a complex welded joirthe hot spot stress concept was first introduced in the design
guidelines for tubular welded offshore structurEs. The hot spot stress is also called structural hot
spot or geometric stresSinceit was difficult to experimentally determine the hot spot stress of large
size tubular joints, FEM is often used. The main idea of the hot spot stress methodessdtes

stress for the 8l fatigue life estimation method by replacing the nominal stress. The advantages and

disadvantages of this method are summarized at the end of this section.

The conventional method to estimate the hot spot stress is to use@atrgés located at distance
0.4T and T from the weld toend extrapolate linearly the stress line to the weld toe logaton
shown inFigure2-4 (whereT is the base plate thickness). The locations of the strain gauges are
recommended by IVJ12]. The practical method of determining the hot spot stress is illustrate in

Figure2-4.
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Figure 2-4: Experimental method of determining the hot spot stressn welded joints

Large size tubular joints in the offshore industry made it difficult to determine the féfeue
experimentally. Therefore, the FEM and the structural stress variant, which was developed for tubular
connections in steel construction, led to the hot spot structural stress concept. This concept became a
codified procedure for the fatigue assessneéfarge tubular componenit3]. The fatigue strength
of this method is mainly affected by stresses normal to the weld length dimension. Unfortunately, the
FE stress analysis is dependent on the mesh size, which will affect the hot spot stress accuracy.
However, Huthef14] and Frickd15] provided recommendations concerned with the FEA meshing
needed for the evaluation of the hot spot stress for various welded structures. Some procedures fo
evaluating the hot spot stress were also developed by Niemi, Tangkéhas well as Fricke and
Bogdan[17]. By measuring the stress or strain at certain digtsifrom the weld toe, Radaj et[H8]
proposed a method to estimate the range of the structural(steagisAccording to[19], Haibach
used the linear extrafaion method on strains extracted from the FE model at a distance of 1 to 2

mm from the weld toe t o o Ry aishowntiffigprezs5t r uct ur al
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Figure 2-5: Haibach 6stuctural hot spot stress and codified hot spot linear extrapolation procedur§l 8]
Maddox[20],[21] and Niemi[22] provided detailed case studies and recommendations to estimate

s p o [23] structuelsstsess défimitibrawadigid by Dond24] to find hot spot

the hot
from the FE model using p

stress at the weld toe

work was demonstrated on several examples of simple 2D welded jointdaened to be mesh
l'imitation in Dongo6s work i

insensitive[25]. However, one
structural stress was not included but rather presented in test specimens used for theNnaster S

curve. Estimation of the stress using this method does not include the effect of the residual stress, and
fails in the case of welded edge gussets because it is difficult to define the points where the plate
thickness is no longer relevd@6]. Xiao and Yamad#7] estimated the hot spot stress as the stress

at Imm under the weld toe surface (i.e., the expected crack path). In this way, the effect of thickness
or size is included within thetigue parameter. Noh et §28] plotted fatigue lives of the-8 curve

versus the hot spot stress from the stress at a depth of 21mm, which happened to meet the lower bound
of the desigrs-N curve in the Japase design code JSST; which also corresponds to the FAT 100

curve in the IIW recommendations.

The hot spot stress is believed to be close to the weld toe in a way that includes the effect of the
effect (weld toe

stress concentration, but not the micro geometrical or tocalt ¢ h
However, since this method is used in conjunction witmihsterS-N curves, the local notch effect

is included in the designedi curves. Using the hot spot stress instead of the nominal stress is very
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useful when the nominal stress cannot be defined easily and the structural discontinuity cannot be
compared with any classified$ curve. However, using the hot spot stress method has a major

challenge namely it requires determination @fl 8urves based on themsa hot spot stress definition

The geometrical nature of weldments inclgg®metricaldiscontinuity(stress concentration)
which rise the actual stress field through the weld toe critical [@latesequently, the actual through
thickness stress distribanh 0 ( yefomes notinear, with the maximum stress at the weld toe surface
(peak stress ped) as shown irFigurel1-2. Therefore, determining the nominal stress based on the net
crosssectional area of the load plate, regardless of any associated geometrical discontinuity,
making it a norunique parameter which underestimates the critical stress in the case of welded joints
The hot spot stresen the other hands based on a clear stress definition thainigjue and can be
determined by using FEM for any cressction in the welded structure or for any component. The hot
spot stress is an estimation based on surface stresses close to the weld toe, and it is considered equal
to the nominal stres$he advardge of the hot spot stress concept is that it accounts for the effect of

the overall geometry but not the miegeometrical effects

Therefore, the peak stress based on the hot spot stress concept can be expressed as follows:
A A+ (2.1)

Wher 1sis the hotspot stress and: ks the SCF. Note that the SCF depends on the stress used,
and has to be determined in the same way (e.g., by determinirsin FE when using the hot spot
stress is based on FBhe stress concentration factors in tiaadbooks to date are obtained for
weldments under simple tension or bending loadmghown irfFigure2-6 which illustrate ar-joint

subjected to a pure tensile load, P
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Figure 2-6 Typical T-joint subjected to pure axial tensile loadindg3]
In theT-joint shown inFigure2-6, the membrane hot spot stress equals to the nbtaimsle

stress:
KK K 2.2)

The same can be said for goint subjected to pure bending loading. Thus, the peaks stress based
on the hot spot stress concept, in the case of pure tensile or pure bending loading conditions, can be

expressed as follows:

A A+ (For pure tensile loading)

(2.3)
A A+ (For pure bending loading)

In conclusi on, meidawepresent the attlalepeak stress a theejmit U
critical areas, nor do they provide any stress data through the thickness of the weld toe. Thus, neither

of the stresses can be used for the siilarmethod or the LEFM.

2.2 Fatigue life prediction of weldments using the strain-life (N) method

T h eN ntigthod or the local straiife method is based on the concept that if the local notch tip strain

history (or the weld toe stress history) and the strain history in the test specimen are the same, then
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the fatigue response in the notch tip region ardsthecimen will also be the same and therefore their
fatigue lives will be the same as wélherefore the fatigue stralife curve obtained from simple
smooth material specimens can be used for the evaluation of fatigue lives of notched components.
This method was developed for the rmelded components and was then extended to assess welded
components fatigue lives which may experience local plasticity at the weld toe. Thdifetfaitigue
estimation method uses elagtiastic strain range as an esdition parameter. The stresain

analysis moduléseeFigure1-1) of this method requires the knowledge of the lireastic peak

stress in the critical area of the component in order to estimate the fafigue li

Langer[29] studied the variable amplitude loading effect in fatigue analysis and divided the crack
life phases into initiation and propagation, suggesting a damage sum of 1.0 for both phases. The notch
effect on the monotonic and cyclic deformation of engineering materials was discussed by
Neuber[30], who discovered that the importance of using the average stress over a small material
volume ahead of a notclptis more important than the peak stress at the notch tip. ¢affjrand
Manson[32] formulated the idea that plastic strain was responsible for fatigue daitnsigguld be
mentioned that the empirical relationship between the number of stress reversals to fatigue failure and
the plastic strain was proposed independently by |
fatigue analysis method, Topd&8] and Morrow[34] promoted Coffif3lland Ma@f ond s

work, along with Neb e r 6 §5].r ul e

The gener al procedure for esti mat i-Nmgethadise f ati gue
illustrated inFigure2-7. The general procedubegirs by determining the material properties,
geometry, and loading of the component to be analyzed, after which the fatigue damage accumulated

at the critical location can be calculated. Finally, the fatigue crack initiation life can be calculated.
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Figure 2-7: Fatigue life estimation procedure based on the local sim-life method [3]
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The loading history required for theNsfatigue method is the nominal stress. The nominal stress
history must be taken for the critical cressction of the analyzed compon€eFiie materiaproperties
of the strainlife method can beldainedby testingsmooth specimereccording to the ASTM
standard36].1 n order to determine the f at-Osgoockcyclicar amet e
stressstrain curve and thglansonCoffincurve( i . e. the cyclic strength co
fatigue duct iHeffatigye testdamust bensed, toplat theRambergOsgoodcyclic
stressstrain curvgFigure2-8a) from the stabilizedhysteresidoops [37]. In addition, he stress
amplitudeversus the plastic strarofthe cyclicRambergOsgoodcurveshouldbe plottedas shown
in Figure2-8b. Then theslastic strain amplitudandthe plastic strain amplitude are to be plotted

separately versute number of reversals obtathfrom the fatigue test dafigigure2-8c and d)
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Figure 2-8: Material fatigue curves a) RambergOsgood cyclic stresstrain curve, b) The stressplastic strain fatigue
curve, ¢) The elastic strain amplitudelife (o2 - Nf) fatigue curve, d)The plastic strain amplitude-life (qp kJ2 - Nr)
fatigue curve[3]

The most popular expression relating the strain rangestoumber of cycles, called the Manson
Coffin curve[31],[32] is given in terms of the total strain rangge

A

— 2.4
% & R C. (2.4)

n|§<

The total straiflife curve MansonCoffin curvé is the summation of the two curves shown in
(Figure2-8c and d) Equation 2.4) allow determining théatiguedamagedor crack initiation
estimation The elastic [astic strainlife curvesshown inFigure2-8c and d(in term of strain

amplitudes) aresummandn Figure2-9 which representhe MansorCoffin strainlife curve(red
curve).
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Figure 2-9: Typical fatigue strain-life curve [3]
The stress state is mulikial in weldments. However, the mudtkial stress at the surface reduces
to two normal stresses and one shear component. The stress normal to the liveddjeomrates
most of the fatigue damage due to the effect of the stress concentration. The peak stress is the stress
value defined as the product of the stress concentraators SCFK;, and t he masmi nal

follows (it can also by directly obtained from FE analysis nybessible):
A + A (2.5)

The rise in the local stress due to the stress concentration generally affects the local elastic stress
to exceed the yieldrit, which result in local plastic deformation. The notch effect is one of the
micro geometrical factors of welded joints that afi@dtical stress anthe fatigue lifeaccordingly.
For exampleFigure2-10ill ustrate he notch effecon the critical stress @f T-joint where the stress

is concentrated at the weld toe.
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Figure 2-10: lllustration of elastic and plastic stresses at notch tip or Jjoint weld toe
In order to determine the elasftastic strains and stresses at the notch tip (welgdwd®n the
pseudelinear elastic stress exceeds the material yield,limét Neuber rul€35] is used. The actual
local rotch tip or weld toe elastiplastic strain and the stress respondes (R ) are calculated as

follows according to Neuber rul85]:

A &K I O A &K (2.6)
Where the left hand side represents the applied load and the right hand side represents the notch
tip elastieplastic response. The above equation has two unknowns, namely the Neubdr stress
and strairr  , and therefore another equation is required. The kmellvn Rambergdsgood
equation2.7, which represents the material cyclic stregain curveis usedsimultaneouslyith
eguation & to relate the linear elastic stress and strains to the acasdicglastic stresssand

strairs at the notchThe cyclic stresstrain curve and the Neuber rule are illustrateigure2-11.
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Figure 2-11: lllustration of the Neuber rule and the stressstrain curve [3]
The intersection point of the cyclicstress r ai n cur ve rlolathFigure2sildi er 6 s hype
denotes the solution to the system of the two equations, i.e. provides the actual values for the elasto
plastic strain and stress at the notch tip or at the weld toe. Therefore, in ord=yuotdor the notch
effect, the actual elastjglastic stresses and strain response must be determined for each fatigue
loading cycle. Thus, the loading segment in the cyclic loading history (i.e., the tensile part of the first
cycle) can be determined liging simultaneously the Rambebggood cyclic stresstrain equation

and the Neuber rule, as:

K

>
>

AT A — 2.7
% " Al A % A &R
For the unloading segment of the cyclic loading, the cyclic sgteam curve is expanded by a
factor of 2(see red curve iRigure2-12), and then the elastgastic strain range and the associated
stress range are calculated:
YA YA YA

IR v/ P V AT AY A A (2.8)
% YA &R Al AYR % C o+
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TheNeuber rule procedure for detgining theadual stressstrain response at the notch tip is

shown inFigure2-12, where S represent the applied loading stress or the nominal stress

(K,.S)* B

G3

€

€3

(K.A8)"  Ad?

E E

(K,.AS)®
E

= Ao.As

Figure 2-12: Notch tip stressstrain response (Neuber rule]3]
The loading parfblack curve)¥rom point O to @ shown inFigure2-12, illustrates the
determination of the agal values for the elasfgastic strain and stress at the notclotithe weld
toeby using the system of the two equati¢aguation 2.Y. The unloading part (red curve) from point
0:to & shown inFigure2-12, illustrates the determination of the actual values for the etdastic
strain range and the associated stress range at the notch tip or the weld toe by using the system of the

two equations (equation 2.8).

Material strainlife curves are generateddeal on test specimens subjected to constant strain
amplitude around zero mean stress, whereas machine components in practice are often subjected to
cyclic loading histories with nerero mean stresses. Therefardp e mean st r#&ss ef fect i
met hod needs to be accounted for. MBegypatantodel s hav
account for the noaero mean stress effect. Morr¢®8] introduced a straiife equation that
accounts f or neffaceby addirgit to the alastiers of the Mansoi€offin
curve[31],[32]. Another model, introduced by Smitatson, and Topper (SWT33], suggested
that the Maso+Coffin equation could be written in a form involving the maximum stress of a given
cycle or the stress corresponding to the tip of the hysteresisdoliows (SWT equation)
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YR A

c w C AR C. (2.9)

However, it should be noted that the SWT is mol
the N in equation (2.9) is considered the numbenaies to failure assuming the life ends when the

crack initiates. Thus, it could be written as.N

Thewell-knownlinear damage accumulation rule, Bgimgrer{7] andMiner [8] (Palmgren
Miner linear damage hypothesis) subsequently used to assess the fatigue dajma§evT
eguation 29) induced by a variable amplitude cyclic stress history and it is given in the form of
expression (4.0). The total fatigue damaggven by he Miner rule or PalmgreWiner linear

hypothesisan be calculated dsllow:

)

$ — (2.10)

WhereD is the fatigue damageduced by stress rangesis thenumber of cycle of each stress
rangesandN; is the number of cycles failure at each stress rangehe SWT equation2.9 can be
used to find the damaging cycles. Therefore, the total number of cychalute tfatigue life) is

found adollow:

(2.11)

@+

Note that equation (21) determineghe total number of cycles toazk initiation N;.

The specific steps for using tkEN method to estimate the fatigue life of welded joints

(Figure2-13) are as follows:

1) Find the external loads representing the fatigue loading applied to the structure and the
specified component (welded connectiorsy(re2-13a).
2) Analyze the internal loadsting in the criticalo c hos en ¢ o Asecton @veldtdes Ccr o0 s !
or root) Figure2-13b and c).
3) Calculate the maximum elastic local stress (peak stagisy at the critical point, such as a
point on the weld toe lind={gure2-13d).
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4)

5)

6)

7)

8)

9)

Assemble the local stress history from the cyclic peaks and vallelgeloading sequences
(Figure2-13e and f).

Determine the elastplastic stresstrain responsat the critical locatiorfFigure2-13g) using
the Neuber rul@ E5] procedure shown iRigure2-11.

Obtain thestressstrain hysteresis loopar cycles(Figure2-13h).

Determine the fatigudamagégNs) induced byeach cycleKigure2-13i and ) by using SWT
equation(2.9) with the proper mat&l constant@ccording to ASTM standaf86] or by
using the Ramber@®sgood and the Mansa@offin curves [31],[32](seeFigure2-9).
Summorthelineardamagey usingPalmgrerMiner linear hypothesiaule [8] (equations
2.10 (seeFigure2-13k)

Determine fatigue life to exk initiation by using equatio2.11 as shown irFigure2-13.
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d) Find the peak stress
a) Structure
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€
)} Faugue damage
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Figure 2-13: Stepsin determining the fatigue ife of weldments uing the 3N method [3]
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The strainlife method is capable of accounting for the macro and micro geometrical features of
welded joints. Unlike th&-N or hot spot methods, which estimate the fatigue life to fiaakure, the
ON method estimates the fatigue life to crack initiation only. The total fatigue life of a component is
expressed as numbers of load cycles which include the technical crack initiation life and the
subsequent crack propagation life to fifrakcture. The fatigue life up to a technical crack comprises
the microstructural crack initiation life and the shandck propagation life. Ithe case of umotched
components, most of the total fatigue life may be consumed in the initiation@bthewhereas in
sharply notched components the crack initiation life may be very short.

When using the strailife method for welded joint fatigue life estimations, there are some factors
that affect the fatigue life estimation. These factors, such as swasentration, notch effect, and
residual stress, are discussed in the followingsadtions.

2.2.1 Welded joint residual stress effect on the N method

Onefactor that must be accounted for when using the slifaimethod to estimate the fatigue life of

welded joints is the residual stress. Residual streatsescalled internal stressescur in a structure

or a componerdue to external forces or heating process like the case of weddidgubsequently

remain after all external forces are removedsi®éeal stresses can occur at any stage of a

componentds service |ife. Usually, they are produ
temperaturesvhere themetalmicro-structure changegor example, the heating and cooling during

and after weldig can cause expansions and then contractions within the base metal and the heat

affected zone (HAZ), all of which results in the generation of residual stresses at the weld and its

surrounding areasn case ofawelded Fjoint shown inFigure2-14, the heating and cooling from the

welding operation will form tensile residual stress in the area adjacent to the weld, and compressive

residual stress in areas away from the weld.
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Figure 2-14: |1l ustration of the residual stress distribution in the heat affected zone (HAZ

The maximum residual stresses are usually equal thalhef the yield strength of the base
material[39]. The residual stress atits the fatigue life of machine components largely because it
interacts with the imposed cyclic stresses induced during operations. Unfortunately, the residual stress
dr cannot be added linearly to the actual stresses at the notch tip. However, trad stisids can be

combined with the pseudslastic stress in the Neuber rule (S&gure2-15), as follows:

+ &8 A
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Figure 2-15: Adding the residual stress effect to the Neuber rulg3]

33



The red hyperbola curve shows the stistsain response with the residual stress effect, while the
blackoneshows the response without the residual stressteffiee notch stresstrain response must
lieonthecyclicstresst rain curve and Neuberés hyperbola. As
two curves should represent the actual values of the stresses andBtraittgthe presence of the
residualstress, the actual stresses and strains will increase in the first reversal ocutheysse. The
intersection point of the Neuber hyperbola and the cyclic sstess curve will shift according to the
residual stress (compressive or tensile), asalio Figure2-16.

a) Loading b) Notch tip peak stress c)case1r o~ 10 d) Case2 o,<0

ttts

w Opeak
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Figure 2-16: Residual stress effect on the notch tip stresstrain response: a) Loading history, b) Notched specimen, c)
Tensile residual stress response, d) Compressive residual stress respofgje

Unlike the SN me t h oNmethodhages the actual stressgin response of the material into
accountT h eN faliguemethod is preferred in caseflocal plasticity (weld toe or notch tip)
because the-8l fatigue methoaannotcorrectlyaccount for thelasticity at the notch tipt h eN U
method is also preferred when the load sequence effect and the residual stress are of importance.
Neverthelesshe 3N method requires certain special techniguesdetermine the peak stre¥fiose

newly developed techniques are discussed later.

It should be noted that the local strdifie fatigue method enables evaluation of the fatigue life to
initiate a relawely small crack. The remaining patthe fatigue life, which might be a significant
part of the total life, is usually predicted by using the LirgasticFracture Mechanicslethod The

total fatigue life can be determined as the sum of the fatiguok initiation and propagation lives.
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2.3 Fatigue life prediction of weldments using the Linear Elastic Fracture
Mechanics (LEFM) method

The concept of the Linear Elasticaéiure mechanics (LEFMmethod is based on tla@alysis of

fatigue cadk propagatiorife. The LEFM approach can be used to evaluate or predict the crack
growth or crack propagation life stage, assuming that the initigk sadready present. Irwid0]

has introduced the meaning of the ssrantensity factofSIF), denoted as K, and its importance in
determining the static strength of cracked bodies. Irwin stated that instant fracture occurs, when the

SIF reaches certain critical magnitude called the fractures tougkreskich isa materal property.

Fracture mechanics based on fatigue crack growth analysis was then introduced [yl Parfwo
used the stress intensity range @K to describe t
eguation does not account for the mean stress effect, it is still being used today. The importance of
crack tip closure in fatigue crack growttas later introduced by Elbgt2], who developed a model
showing that effective stress intensity factor controls fatigue crack growth, rather than the applied
stress intensity factor range. In 1970, Pgt8,[44] established the threshold stress intensity factor

concept, which is considered the fatigue limit below which fatigue crack growth cannot occur.

Paris[41] pointed out that the fatigue crack growth rate (da/dN) can also be described by using the

SI'F range, &K. For monotonic | oading, the | oad/ s
K. Forcyclicloadingt he range of the stress intensity facto
governing fatigue crack growth rafehe fatigue crack growth material properties are given in the
foormofada/ dN versus @K curve, r el atSilnrg rtahhageef agtKi.g u e
that he LEFM method will be used to predict the fatigue crack propagation life all case studies

presented in Chapter 4. Therefore, this method is explained in detail below.

The general procedure for estimating the fatigue crack pripadée of a component using the
LEFM method is shown ifigure2-17. The procedure begins with determining the material
properties, geometry, and loading of the analyzed component, after which the dedickgrowth in

a component can ketermine. Finally, the fatigue cracgropagatiorife can beestimated.
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Figure 2-17: General steps of the fatigue life estimation using theEFM method [3]

For theloading historyshown inFigure2-17, the stress intensity factor rangeist be determined
for the critical crossection of the analyzed component assuming an initial cflekgeometry of
theselecteccomponen{Figure2-17) is important in order to estimate thntial crack size, and
shapeThe critical crossection of the analyzed component is important for determining thd initia
and final or criticakrack sizeThe fracture mechanics method assumes the crack is already initiated
as an initial crack sizathat increases up to a critical crack siz€dame problem is that there is no
general rule as to what should be the ihitiack size because the assumption may depend on
inspection capabilities, material properties, and loading condiffdvescritical crack size is the crack
length where the fiial brittle fracture may occufhe mechanical propertie$ the analyzed
comporentrequired for the LEFM method shownkigure2-17, can be found in handbooks or
tested. For the stress analysis step in determining the fatigue crack propagation life using the LEFM
method, the Paris law mat&rconstants (C, and m) must be determined along with the stress
intensity factor. The SIFs can be found in handbooks. However, the SHsode determineg using

the FEM or weight function. The weight function requires the knowledge of the stregsitmtr
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across the prospective crack plasewill be discussed in details latbr order to evaluate the fatigue

crack growth life, the fatigue crack growth curve must be determined.

The fatigue crack growth curve has three regions, as shokigune2-18. The first region (1)
includes the t hr es h alwlichsstthe leng Below whicte anasks are/notralden g e |, q
to propagatg43], [44]. Cracks usually grow in the second region (ll) until they reach the third region.

The third region (lll) includes the critical stress intensity factooikthe fracture toughness,cq{40].

I 11 I

da
log dN m Fracture
toughness
Threshold K¢

AKien Log AK

Figure 2-18: Typical fatigue crack growth curve
The Paris equatiof5] is the most widely accepted expression for evaluating fatigue crack

growth, and the Paris equation is applicable in Region Il where the logarithmic response of (da/dN to

&eK) i sFigure2nalg).&aris €quation also known as Paris law:
AA
-— # Y+ 2.13
A *Y (2.13)

Two material constants Gid m are required to evaluate the fatigue crack growth life within the
LEFM method and they are determined experimentally according to the A&5l[idtandard
procedure. As an alternative to the experimentahotktNoroozi et al47],[48] proposed an
analytical model to estimate the material constants required for fatigue crack growth, including the
effect of the mean i#ss or the stress ratio R. This model is based on the analysis of the crack tip

elastieplastic stresstrain history and the stralife material fatigue properties, i.e. Mans@offin

37



curve[31][32]. Theanalytical model to estimate the material constants required for fatigue crack

growth[47],[48] is given as follows:
— # + Y+ (2.14)

Where:C, p, ane matenmaldconstants; wherdhs range of the stress intensiggbr se K

are determined as follav
V+ o+ + (2.15)

Where: Knaxrepresents the maximum SHewever, it is better to rente Parisequation(2.13) and
present it in a more compact form similar to the Paris equation as shown below
AA # Y[
A. (2.16)

Where:yY[ + Y+

Once the material constants C and m are known, the integration of the Paris equatiavidan
the cad growth life from initial cadk sizea to final crad sizea . The cadk growth life is presented

in terms of the number of cycles tiléire, Ny i.e:

— or. S (2.17)

The stress intensity factor expressions can be found in hand@@®pkeait not for welded
structureghathave complex geometry and loading mode at the critical areas stiehaasd toe.
However there are other methods to determine the stress intensity factor which are the FEM and the
weight function. The finite element method (FEM), however, is-baesuming for cracked bodies.
The weight functioiechniqug50], on the other hanaan be used to determine the STRe weight

functionmethod was found to k®more efficient solutioin thecase of welded joints

The weight function method for calculating the stress intensity factor is based on the prove

assumption that the stress intensity factorday loading S (Figure2-19a) is equal to the stress

38



intensity factor obtained by applying to the cracked faE&gi(e2-19c) the stresses that used to be

there when there was no cragigure2-19b) [3].

' /s y% y\

a) b) c)
Figure 2-19: a) Body with a crack subjected to various loading b) Uncracked body; ¢) Cracked body[3]

The weight function depends only on the geometry of the cracked Imoalyrer words, the stress
intensity factor in Figure2-19a) K, equal to the SIF Kof (Figure2-19c). As a result, the stress
intensity factor can be found for any crack geometry if the weight function for given configuration is
known The calculation of the stress intensity factor requi4é$ integration of the product of the
stress dix)sabdrthie Weaightifuoction @) over the crack area or theack size in the case

of onedimensional crackgFigure2-20).
+ A @d @hA8A U (2.18)

Where ais the crack length and m,4) is the weight function dependent on the crack geometry.
This is the reason why the throuttickness stress distriban is required for the EFM method. A
family of universal weight functions for ordémensional cracks was derived by Glinka and

Shen[51],[52], in the following gneralized form:

i(ZhA—p-p

. C a7 (0]
—— i A 88 (2.19)

> Q
Ny

Where M, Mz, and M; given in referencg[51],[52] dependon the geometry of the crack.
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Finding the stress intensity factor by using the weight function requires the application of the
superposition method. The following steps summarize how to determine the stress intensity factor by

using the weight function:

1) Calculate the througthickness stress distributiqr{y) in the prospective crack plane of the
uncracked bodyHigure2-20).

2) Apply the stress from Step 1 to the crack surface.

3) Integrate the product of the stress distributjgy) and the weight function m(y, atyer the
crack surface are&igure2-20).

a

a) & b) Y| K= Jm(y,%) co(y)-dy

P
;/é ;
P - t Prospective crack 4—>C
plane ~oly)
Y~

Figure 2-20: Superpostion principle for calculating the stress intensity &ctor using the weight function method a)
Uncracked T-joint and the stress distribution in the prospective cack plane; b) Cracked T-j oi nt wi tabkedt he Auncr
stress fiel daksdgd[ded to the cr

When the str es ®xceedstthe s iets yinaheanogpeartsmikowing.

Calculation of crack increments on a cyblecycle basis is one way to estimate the fatigue crack

" aly)

el o

P

growth life. The crack incremerd a is normally calculated for each cycle from the Paris equation
for each cyat or the modified form of Paris equati¢®.16) that include the effect of the mean stress
or the stress ratio.R'he sum of subsequent crack increments determine the instantaneous crack

length. The crack increments can be calculated as follows:

YA #Y+ ¥V, Al AA A YA (2.20)

Numerical integration of Paris equation results in determining the fatiguadifellows:

y. - (2.21)
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The criterion for failure in the LEFM method is detemend by two limits. The first is when the
crack size reaches the assumed critical crackesi2er. The second is when the fracture toughness

limit Kcis reached (i.e. whenx O oK

The procedure for estimating the fatigue crack propagation lifeelofad joints by using the

LEFM method is shown ifigure2-21 and summarized as follows

1) Determine the external loads and boundary conditions of the struEtgueg2-21a),

2) Identify the internal loads in the selected componEigyre2-21b and c)

3) ldentify the propenominal or appropriate reference strdsgre2-21d),

4) Extract thestress cycle®y using rainflow counting methd8] (Figure2-21e),

5) Determine the stress intensity factor either by the weight function or by usingmesaidy
solutionor the FE methodHigure2-21f and g)

6) Determine the crack growth increments for each cyigufe2-21h),

7) Calculate the associated fatigue life by determining the nuoflmycles, N that is required to
grow the crack from the initial size,ta the final crack sizeraFigure2-21i).
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Figure 2-21: Fatigue life prediction stepsbased on the facture mechanics method3]
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To sum up, the LEFM method is suitable for estimating the fatigue crack propagation life of
welded joints because it is capable of including the various factordatsso@ith weldments, such
as the residual stress, mean stress effect, and stress ratio. However, this method relies on the stress
intensity factor, which is not available for weldments or welded joints with variable plate thicknesses.
In addition, this mhod depends on the initial crack size assumption and the distribution of the stress
through the critical crossection of weldments. For the initial crack size, there is no specific
assumption method because the initial crack size varies with the mptepatties, so the
assumption is empirical. The througtickness stress distribution, which is very important, is not
easy to determine even with the help of FEM because of the high peak stress, which results in a high
stress gradient through the crificaosssection of the weldment. As mentioned earlier, using 3D FE
modelling to find the peak stress and the associated thithigkmess stress distribution is difficult
for complex welded joints, not to mention full structures. Finding the actual pesk and the
throughthickness stress distribution for a single welded component requires a high number of 3D
elements with a very fine mesh at the critical areas, which will take a long time and consume
considerable computational resources. Regardlesyy stadies have been done to ease the use of
FEM by using the shell FE, which requires a fewer number of elements in order to determine the peak
stress, but none has extended the stress analysis to include the-thickigess stress distribution
itself in order to use the LEFM method. Regardless, in the case of welded joints, the resultant
throughthickness stress distributiqry) (seeFigurel-2) is affected by the residual stress. Therefore,
the residual stss effect on the fatigue crack growth must be accounted for when estimating the
fatigue crack propagation life as will be discusse@lapter 3The througkthickness stress
distribution in the prospective aiaplane required for the LEFM method can be found using the

FEM or some other analytical equations such as Monahan which will also be discuSkagter 3

The following section reviews some of those stgdin order to develop a stress analysis method
that can determine the peak stress and the ththiigkness stress distribution of a welded structure,
regardless of the mesh sensitivity and computational time and resources.

2.4 Review of the stress analysis of welded joints using FEM

Due to complex geometry and loading configurations of welded structures and joints they require

using sophisticated stress analysis method. Several methods proposed in the past are being briefly
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reviewed belowNiemi [53] presented several methods to model simple welded joints using FE shell
elements. Resembling some of Niemi's modelling ideas, Fricke and Von[S4éllprovided useful

suggestions regarding the modelling of diagonal and transverse welded members by using 3D and
shellFEmodelsThei r wor k r es e mbl [63]iactudee usiagfsheMeleenemt, $oid | d e a s

element, and rigithar in order to simulate the stiffness of the weld itself.

The French automotive industiy5] developed another shell FE modelling method for welded
joints based on the hot spot stress conddpir shell E model suggests that the hot spot stress must
be determined at the center of gravity of the first element adjacent to the weld toe. They also
recommended that the welded plates shoulchbeelledusing standard shell element where the weld
should be modédd with a series of rigid bar elements attached to the plates at specific locations.
Fayard[55] validated the French model by modelling three different welded structures, with each
structure being tested experimentally by using inéh thermeelasticity showing that the fatigue
cracks initiated at the weld toe where the maximum hot spassiras found at the weld toe in each
test. The structural hot spot stress measurgsbipwas evaluated by way of the extrapolation of
experimentally measured stresses at certain reference points on tisifitete (or edge). Using
shell FE modelling, Fayard also evaluated the hot spot stress by the linearization of stresses in the
throughthickness direction (i.e., along the cross section of the crack plate). Doerk andZaicke
reviewed and applied three different methods on four different welded components for the
determination of hot spot stress using shell and 3D FE modelling, and their results showed good

agreements, but unfortunately no rules for the shell FE mogeliare defined.

The shell and 3D FE models reviewed in this section provide stresses/strains which are determined
away from the weld toe. Some of the reviewed models determined tepdiaitress based on the
extrapolation method, which is not consisté&itthe stresses determined according to the reviewed

FE models are meant to assist thN ghethod

To sum up this chapter, the main source of the scatter in the estimation of the fatigue life methods
is that eacliatiguemethod usea different stress wgntity. This is because many of the factors
affecting the fatigue life of welded structures, such as macro and micro geometrical factors associated
with the weld and the microstructural changes, are due to the welding prsite$shese factors,
whichresult in complex stresses at critical areas in addition to the complevidelgl varying

weldment geometries, affect the stress analysis step of the fatigue life estimation process. Hence, the
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determination of stress data required for the fatigue lifenation of welded joints is a very difficult

task.

The proposed methodology in this thesis uses shell FE to find stress data at the weld toe. The
stress determined by using shell FE model |l ing i s
s t r & srdedto distinguish it from the previously mentioned hot spot stress or the nominal stress
definition. The local reference stresanbe uniquely related to any of the stress requiredatogyue

analysesegardless which method out of the three metimoelstioned above is to be used
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Chapter 3
Met hodol ogy

3.1 Introduction

The first step in any of the fatigue life estimation methodsl (SN, @&nd LEFM) involves three input
modules, which are: the material properties, the component geometry, and the appliedoadieg
(seeFigurel-1). The second step in the procedure is the stress analysis module. Once the stress
analysis step is completed, the fatigue damage and fatigue life can be estimated. The stress analysis
modue, however, has proven to be in need of many improvements when determining the fatigue life

of welded joints.

Welded joints have complex stress distributions due to many geometrical factors that affect
stresses in the weld regias shown previously iRigurel-2. Stresses at a wel dbs cr
(toe or root) are affected by the stress concentration and the residuall$teegsak stress, which is
the maxi mum stress at the wel dNniethad. Thefpeawstresd ed | oi n |
can be determined if the hot spot stress and the corresponding stress concentration factor are known
(see equation 2.1lbut unfortunately, the stress concentration factor (SCF) depends on the weld
geometry and loading mode. Weldments have multiple loadodemand various geometrical
features; hence, it is not easy to find the peak stress using appropriate stress concentration factor and
the hot spot or the nominal strésee equation 2.5Another way to find the peak stress is by using
the FE techniqudyut as mentioned before, 3D Ribdellingwith a large number of elements and
very fine mesh is required at the weld toe to accurately capture the correct peak stress, which

demands large computational resources and time for a complete full scale structure.

The througkthickness stress distribution in the prospective crack plane of welded joints is
required for fatigue life estimation using the LEFM method. 3D FE modelling can be used to
determine the actual ndimear througkthickness stress distributigaee distributiorB in
Figurel-2); however, the througthickness stress distribution has a high stress gradient starting from
the weld toe surfac@ncludingt he p e ak st Figerels?) teptioeiother sidB 6f theelded

plate thckness, which also requires a large number of elements and fine mesh.
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Since the variation in the stress definitions is currently the main source of inconsistency when
carrying out fatigue life estimation of welded joints, the proposed methodology condestn the
fatigue stress analysis module. The specific goal of the methodology is to define a reference stress
parameter that is related to the actual critical stress of welded joints and is capable of supplying the
required stress data for all contempasafatigue analysis methods using a coarse mesh shell FE
model.

This chapter includes description of the procedure for the determination of the required stress data
for each of the fatigue life evaluation methods. The analysis was done in order toddéiadythe
proposed reference stress parameter. A new shell FE model with a special set of rules to simulate
welded joints is proposed to determine the new reference stress parameter. Thepraessing
procedure is explained in order to relate thappsed reference stress parameter, extracted from the

shell FE model, to the nominal stress, the peak stress, and the tthokgiess stress distribution.

The proposed shell FE model is constructed to simulate welded joints according to a spedific set o
rules. The objective of the shell FE model rules is to proaigeiquely defined stresst t he wel dd s
critical areabased on a simple FE modkeét requireselatively small number of elementapable of
correctlyincluding theweld stiffness. The shelE model provides a linearized stress distribution
through the thickness of the critiqgalhteweld toe or at any other point of interest along the weld toe
line in the structure. The linearized stress distribution obtained from the shell FE modetésiriefe
by this author as Athe | ocal reference stresso.
stress includes two characteristic stress magnitudes, i.e. those at the surface and bottom node of the
shell FE mesh simulating the weldeihit plate Theselocal reference stresses are then-post
processed to determinghen neededhe nominal stress field, the peak stress, and/or the nonlinear
throughthickness stress distributiofihe postprocessed stresses are believed to include the
weldment macro and micro geometrit@htures regardless ahy variety of applietbading modes

which result in better stress analysis for the fatigue life estimafiany complex welded structure

3.2 Stress analysis of welded joints for fatigue evaluations

Welded joints contain complex geometry which results in complex stresses at the critical weld toe, as
shown previously ifrigure1-2. The maximum stress at the weld toe andlheughthickness

distribution is tle main cause of fatigue damage and crack initiation and propagation. The stress
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normal to the weld toe line has a maximum magnitude at the surface (the peak stress) ditgtarnon
throughthickness distribution. Therefore, stress data in that direditiveifocus of this section. The
stress state at the weld toe is makial in nature; however, it is reduced to one shear and two in

plane normal stress components due to the free surfaces at the plate surface, asFEgava3it.

Figure 3-1: Stress state in the plate surface near the weld toe

The stress component that is normal to the weld toe line is the largest in magnitude because of the
stress concerdtion. The main focus of the stress analysis should be the determination of the stress
component that is normal to the weld toe line, because it is predominantly responsible for the fatigue

damage in the crit ixhE&dguredl e a, as illustrated by

The nominal stress is required for thé&S$nethod in order to determine the fatigue life of a given
welded joint by using the proper$curve. The problem is that determining the nominal stress for a
welded jointbased on the classical methody overestimat®r under estimatthe fatigue life
depending on the usedNbcurve.That is because the classical method of determining the nominal
stress depends on thatical platecrosssectional aresegardles®f anydiscontinuity effeciat the
weld toe radius in case of weldmenhe following figure shows two geometrically different

structural components with the same plate esessional area subjected to the same loading.
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Figure 3-2: Various stress quantities: a) Loaded plate and bloaded weldment[3]

The classical method of determining the nominal stress is by using the simple tensile and bending

stres equations, as follows:
(3.1)

>
O o

A - O (3.2)
G)

WhereP and M are the axial and bending forces, t is the main plate thickness, L is the plate width,
and | is the crossection moment of inertia. The nominal stress, based on the clakfio#ion, can
be calculated as the sum of the tensile and bending nominal stresses, as follows:
(3.3)

(@}

Ol o
3

The two structural components showrFigure3-2 are subjected to the same axial anddieg
loads, P and M. The classical method of determining the nominal stress works fine for components

such as the first plat&igure3-2a). However, the second compondfig(ire3-2b) has an abrupt
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change in geometry due to the attached plate, which produces a stress concentration at the weld toe.
The SCF elevates the nominal stress to theafled peak stress and produces alivegar through

thickness stress distribati. The peak stress can be determined by magnifying the nominal stress by
the SCF, as mentioned earlierdguation(2.5). Thethroughthicknessstress distributioan be

determined by the following equation:
AU K A (3.4)

The peak stresses at wetd$ can be determined by using stress concentration factors available in
the literature and any appropriate reference stresses (i.e. equation 2.1 and 2.5). However, the stress
concentration factors SCFs are unigue for specific geometry and loading madeswatks fine
when determining the peak stress for simple joints under specific loading modejdirg. Stibjected
to pure tensile loadindjut not for complex structures subjected to multiple loading modes such as
weldments. Therefore, the use of claasSCFs is limited to simple cases with simpbafigurations
of geometry and loading which they were derived Ttre nominal stresd),, which isbased on the
crosssection area of the loaded component, regardless of any associated geometricataityconti
such as the notcls not a unique stress parameter in case of weld@etgrmining a meaningful
nominal stress in complex structures is often difficult andumuigue & shown inFigure3-3 which
illustrate two welded joints with the same cressactional area and subjected to the same loading, but

the weld shapes are different.
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Figure 3-3: Two welded joints with the same net crossectional areaand applied load, but different weld geometries
require different S-N curves because of different local stress distribution8]

The nominal stress iRigure3-3 can be determad by the following equation:
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[ 7 _ (3.5)

The linearized nominal stresses through the critical plate thickness of both welded joints in
Figure3-3a, and b, will be the sameading to the same fatigue lives which is not correct because
equation (3.5) depends onAccording to the definition of the nominal stréssequation (3.1)both
caseskigure3-3a, and b) must have the samenirwal stress because they have the same applied
axialload, P, and the same cresectional area. This is not true, however, because in the case
Figure3-3a, the nominal ocaverage stress does not depend on dimmeriswhile in the casef
Figure3-3b, it does. Therefore the value of the nominal stress will be the séineesimple definition
(equation3.3) is used but it will be different theintegralswere to be usefequation 3.5)As a
result, a sufficiently rich N database must be generated with multiphé &irves to cover a wide
variety of welded joint geometries, which in practice is difficult and expenalternatively, the hot
spotstress, explaineith sedion (2.1.1), in conjunction with readynade master-8l curvesis often
used to determine the fatigue lifeww&ldmentsThe hot spot stress is based on the extrapolation of
surface stressesvay from the weldThe actual no#linear throughkthickness stressglit r i but i on
in the weld toe, can be replaced in the initial analysis by the statically equivalent linearized stress as
shown inFigure3-4.

ty
oy,

A)

I \ / - = + +
l e .

Actual stress: 6(y) = a™(y) + o?(y)+ 01, (y)

Figure 3-4: Actual stress field through the weld toe critical crossection and the statically equivalent linear stress
field

AU £ U £ U £ U (3.6)

The membrane and t h"anid)eam distribuwed nearlyehsosigh thaplates (G

thicknessyhile the remaining noh i n e a |, capsad by theliocal notch effect, is canceled out

when integrating through the thickness because of @galfibrium condition56]. Assuming a
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linear statically equialent stress distribution with the mpdlane thickness as the neutral point, the
structual stress (hot spot stress) may be determinthe sum of the membrane and the bending stress
parts[10]. According to[57], t h e h o thscan pedefinedl matreematically as the algebraic
sum of the uniform membrane hot spot stressand the bending hot spot stre&s,, as shown in

Figure3-5.

KK K (3.7)
p G, = Opg = g™ n O'b
g, Opeak A hs hs
o T(Y) = —  — +
v ——
Op o}

Figure 3-5: lllustration of the statically equavilant hot spot stresst the weld toe

The lineariation of theactual norinear stress distriltion (i ( i $onsidered statically equivalent
to the hot spot stresccording teequation 3. Therefore, the hot spot and the associated membrane
and bending hot spot stresses in equation 3.7 are different from the hot spot stress mentioned earlier
in the literature review. This one may be called the statically equivalent hot spot stress because it is
based on linearization of the actual Amear througkthickness stress distributioAccordingly,the
peak stress can be determifided on the hot spot the nominal stressith appropriate SCksee
equations 2.1 or 2.5However, these two equatiofequations 2.1 or 2.8annot always be used to
determine the peak stress correctly because the stress applied to a welded joint in practice is usually a
combination of tensile and bending loading, and the SCFs was found to be dependent not only on the
weld geometry but also on the mode of loading. The membrane to bending strefs Fétio
affects the stress concentration. In other words, twdeggoints with the same geometrical
configuration but different membrane to bending stress ratios would result in different stress
concentration factors, which results in different peak stresses, as shbignne3-6. Therefore,
using the nominal stress or the hot spot stress as a reference stress (in eqlatiat’s3).is not

sufficient for the determination of peak stress
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Figure 3-6: Two T-joints with the same geometry and various combinations of loading modes resulting in various
local peak stresses and variouhirough-thicknessstress distributions

Sincethe peak stress at the weld toe depends on the membrane to bending stress ratio the stress
concentréon factor is not unique fagiven geometry. Therefore it requires deriving very large
number (theoretically infinite number) of #&actors. In order to avoid such a situation the method

described below has been developed.

3.3 The local reference stress concept

The local reference stressdefined as #inearized stresdistributionof theactual nodinear stress

di stribution t hr o udgitlcal plateer at anyi othér pointsoSintenebt aleng thed 6 s
weld toe line in the structur@helinearizedlocal reference stress is a unique stress qudrgitpuse

it is based on clear definition andn beused as a referens@ess sufficient to determine the

nominal, the peak stress and the actuatlimear stress distributiotdsing the local refeence stress

to determine the other stress quantities required by the contemporary fatigue life estimation methods
is clearly explained and justified by the proposed-postess procedure following this section
Therefore, using the local reference sttessetermine the required stresses for the fatigue life

analysis of welded joints Iselieved to include the weldment macro and micro geometrical features
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regardless of any variety of applied loading motisgike the nominal stress, which is basedyan

the crosssection areaf the critical welded platdespite any discontinuitghe local reference stress

is based on the linearization of the actual-finear throughthickness stress distribution across the
critical weld toe. The local referencesfesaccount s for the weldbés macr o ¢
as the weld shape and size which is not applicable by the definition of the classical nominal stress.
Unlike the hot spot stress which is determined based on surface stresses away from thetiveld toe,
local reference stress is found at the welditee Using the hot spot stress or the nominal stress as a
reference stress to determine the peak stress (equations 2.1 and 2.5) fagsmdembrane to

bending stress ratio (s€gure3-6). The membrane and bending hot spot stressesrding by the
postprocessing of theaewlocal reference stresses allow for determining the peak stress, and-the non
linearthroughthicknessstress distributiomegardless of thmembrane to bendingrsss ratio

According to equation (3.7)hé summation of the membrane and bending hot spot stresses equal to
total hot spot stress at the weld toe which is also believed to be etuainominal stresg-igurel1-2
andFigure2-6). Determining the nominal stress from the membrane and bending hot spot stresses is
different than the classical method because it is based on the local reference stress that is related to

theactual nodinearthroughthicknessstress distribution.

3.4 Determining the peak stress of welded joints using the local reference

stress

The peak stress is required to deiNenethodne t he f ati
Equatiors 2.1 and 2.£an be used to determine the peak stress; however, determining the peak stress
usingthese equationis not unique because of the SCF, which depends on the loadin(seatio

Figure3-6). Therefore, it is proposdd use two separate stress concentration factors for the

membrane and bending. The local reference stress is a linear stress distribution through the thickness

of the welded joint plate that has the maximum critical stress. By definition, the hot spstistthe

sum of the statically equivalent linearized membr&hand bendingi® hot spot stressessulting

from linearizing the actual stress distributidtigure3-5). Thus, to determine the peak stress at

welded jointshy modifying equation (2.1) to decompose the stressentration factor and to

summing the multiplication of the membrane hot spot sitesby the tensile concentration factor,
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+ , and the bending hot spot stréss by the bending concentration factor. Hence, the peak

stress is exgssed as:

s A+ K + (3.8)

This was done to overcome the SCF dependency on the loading ratio so that the new equation
would be applicable for any welding geometry and loading rltiorder to usequation3.8, the hot
spot membaneA and the bending stresses are required. These stresses are determined-by post
processing the local reference stresses extracted from the shelvAlEpasshown in section3(8).
The required stress concentration factors can be found in the literature. As aggsation3.8 can
be used to determine the peak stress required for the ifedetigue analysis method if the four
factors Membrane and bendirtgpt spot stressdbased a the local reference stress)d the
associated stress concentration factors) are known. These four factors can also be used to determine

the throughthickness stress distribution, as will be proposed in the following section.

3.5 Determining the through-thickness stress distribution of welded joints

using the local reference stress

When applied to weldment structures, the key aspect of the-dpiiIN met hod i s t he det e
the stress distribution(y) (seeFigurel1-2) in the critical crossection, as well as the subsequent

calculation of stress intensity factors. The throtlghkness stress distributiqrfy) can be found by

using the FE method. In the case of the FE method, a detaileedthrersional (3Djnodel must be

conducted using a fine mesh at the weld toe. Unfortunately finding the thtioioghess stress

distribution using 3D FE modelling is very expensive computationally. Therefore, the use of the FE

method is a less favorable choice for simplmponents, not to mention the difficulty involved in

modelling a full structureThere is another way to determine the stress distribution in the weld toe
crosssection worked out within the proposed methodology. The method is based on Mf&&han
generalized expressions derived for describing s
expressions were was formulated fejoints and tubular joits subjected to tension and/or a bending

load. The dimensionsf the jointused in Monahan expressiare shown ifFigure3-7.
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Figure 3-7: T-joint subjected to pure bending loading and the througkthickness stress distributionin x direction
that is normal to the weld toe line (Monahan equation parameters)

The Monahan througthickness stress distribution induced by pure axial loading is as

follows [58]:

L (3.9)
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Where:A , is the membrane throughickness stress distributiod,# &, represents the
membrane stress concentration factof or andA , is the nominal séss normal to the weld to line.
The exponents associated with the individual correction functions are determined using regression

analysis, as follows:
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The throughthickness stress distribution induced by pure bending load &lews [58] :
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Where:A , is the membrane throughickness stress distributioB, & , represents the

membrane stress concentration factor orandA , is the nominal stress normal to the weld to line.
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Equations3.9and3.1@ar e valid for weld angles within the
radii within the range of (1/50 O 3/t O 1/15). I
joint), these equations can also be applied over

other part of the stress distribution is determineddigg the symmetry properties.

Thethroughthickness stress distributioaquired for the LEFM method can be determined using
the Monahan equations when replacing the stress concentration factbi& and3 # & and the
applied stressgg ) in equatiors 3.9 and 3.1Qvith the stress concentration facters and+ and
the membrane and the bending hot spot strésseandA |, respectively. Since welded joints are
usually subjected to tensile and bending logdihthe same time, it is propogédt one mawydd the
Monahan equations by the method of superposition. Thus, the thttoicghess stress distribution

can be obtained by the following equation for the case of combined membrane and bending
loading[59].
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The above equation (i.e., Monahan equati@m) loe used to determine the throditkness stress
distributionUix(y) based omembrane and bending hot spot stresses which resulted from post
processing ofhe local reference stresseswill be discussed in the following secti@etermining

the thraughthickness stress distribution based on the local reference stresses is more reliable because

it is related to the actual throughickness stress distribution of the welded joint.

3.6 Determining the local reference stresses using special shell FE rules

The local reference stress can be obtained by using FEM (3D or shell elements). The shell FE is to be
used because it directly provides a linearized stress distribution through the thickness of the modelled
critical welded plate. With proper pegtocessingrocedure (described in secti8rd), the local

reference stress can be used to determine the membrane and bending hot spot stresses as shown in
Figure3-8. The localreference stress is found using a shell FE model with specific rules. The most
realistic location for determining the actual weld joint critical stress is exactly at the weld toe location.
Thus, the proposed shell FE model simulates welded joints withespales to ensure that the stress

data is extracted from the location that coincides exactly with the physical weld toe line of the actual
welded joint. Since the stress distribution through shell elements is linear, according to the definition
of shellelement theory, the resulting stress distribution across the weld toe is linear, with two surface
stresses. Both of the shell element surface stresses (maximum and minimum) are referred to by the
author as the local reference stresses n @, asishowrnin Figure3-8. The proposed shell FE local
reference stress at the weld toe, along with the actual stress field, the peak stress, and the associated

membrane and bending hot spot stresses, are demonstraigdraB-8.
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Figure 3-8: lllustration of the shell FE local reference stress concept, a) Shell finite element at the weld toe, b) Actual
peak stress, nodinear throu gh-thickness stress distribution, and the local reference stressésa n o; c)iStatically
equivalent linear through-thickness hot spot stress distribution, d) Linear membrane and bending hot spot stresses

A section of the shell element at the weld toehown inFigure3-8a, whereagigure3-8b
illustrate various stresses across the critical welded plate. The actdaleanty distributed stress
field is representedy the blue curve with the maximum peak stress at the weld toe surface. The
linearized local reference stress distribution is represented by the linear line through the plate
thickness which include the two surface stresses or the local reference siyessts
(Figure3-8b). The statically equivalent hot spot stress and its relation to the local reference stresses is
shown inFigure3-8c. The decomposition of the hgpot stress into membrane and bending hot spot
stresses is shown Figure3-8d. Therefore, the local reference stress obtained from the shell FE can
be used to determine the membrane and bending hot spot singstee®mposition of the linear
throughthickness stress field. As long as the shell FE linear stress field is obtained correctly, the
membrane hot spot stress can be expressed as the average of the local reference stresses, while the

bending hot spot stss is onehalf the differencé-igure3-8a.

£ K (3.12)

Vol el
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A K (3.13)

Falhel

Equations 3.12 and 3.13 can determine the membrane and bending hot spot stresses while the
summation of both equal to the total hot spot stress (equationt3sAjery importanta note that the
hot spot stress in equation 3.7 is to be determined by equations 3.12 and 3.13, which are based on the
shell FE local reference stressiésa n @. Therefore, it must be distinguished from the originally
defined hot spot stress conceptéttson2.1.1, which was based on the extrapolation method (see
Figure 2-4).

The top local reference stra&scan be used as the nominal stiég® supply the nomial stress
needed for the-8l method. Determining the nominal stress based on the local reference stress is
based on a clear relation to the actual welded joint critical stress distribution. Using the nominal stress
based on the proposed methodology is meliable when used to evaluate the fatigue life. Note that
the current work is concerned with the peak and thrdahipkness stress distribution to obtain only
the strainlife and the LEFM.

Various shell FE meshes/models were analyzed to establish sopralgeles for the consistent
modelling of welded joints. Many shell FE research projects have been completed, but these projects
have only evaluated hot spot stress and have been mostly focused on assesdihghdibdsl. The
reviewed research regardisgell and 3D FEnodellingof welded joints provides stress data that has
been measured away from the wel d emmetricdhs a resul t
features has not been accounted Kbwdelling welded structures using the 3D FE teclueigequires
a very fine mesh, which results in a large number of elements. The number of elements is
considerable because the number of el ements is mul
result, it requires much time and a considerable amafurimputer resources to be solved.
Nevertheless, a fine mesh is necessary when conducting 3ib&&lingof welded joints in order to
capture the peak stress and itsthreughi ckness stress gradient caused b
geometrical featureslsing 3D FE to model simple joints is possible; however, it is impractical to
model a complete structure using 3D FE. Therefmaellingwelded joints using the shell FE
technique is proposed to eliminate problems associated with 3DoEElling such ashe large
number of elements, the fine mesh, and the required computational resources. Another reason for

selecting the shell FE was that shell FE provides linear stress distribution through the thickness.
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The shell FE models reviewed in the literatuoendt provide consistent rules to model welded
joints, nor provide detailed information on where to determine the required stresses. The problem is
that whermodellinga welded joint using shell FE, it is not clear where the stress of interest is
located.For exampleFigure3-9a, and b show a simple-jbint subjected only to tensile loading P,
yet the location of the required stress (e.g., hot spot stress) in the shell FE model remains unknown.
Another inconsistency found in the literature is infiadellingof the weld iself, as the weld
stiffness is often not accounted for. It is important to model the weld stiffness because the stresses in
the weld toe region depend strongly on the local stiffness in the joint. For example, the model shown
in Figure3-9b was found to be insufficient because it does not include the stiffness of the weld.
Therefore, it is necessary to set rules for constructing a new shell FE model that is able to find the
stress data exactly at & theweldtbeillpossilne. In additon, the i t i c al

stress at the weld toe must be related to the stresses required by the fatigue life analysis methods.

/ Q

[ITTIETIy.

b

Figure 3-9: a) Simple T-joint weldment subjected to puretensile loading P; b) Shell FE model of a Joint; c) Inclined
T-joint with complex loading modes; d) Shell FE modelling of the weld stiffness

Welded joints generally have complex geometry and loading, which makes it more complicated to

model the weld stifiess and to find the location of the critical stress, such as the daigeiia3-9c
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and d. Thus, the first challenge was to find how to model the weld itself in order to correctly include
the stiffness of the weld. The second challenge was to determine the location of the critical stresses.
After an extensive number of shell FE nediohg trials, the weld stiffness wasodelledusing the

shell element with the thickness of titnnerwelded plates. In addition, it is only logical to

determine the stresses exactly at the weld toe (the physical location of the real weld toe).

In this proposed work, a set of rules was formulatedhiodellingwelded joints using a shell FE
technique that is consistent and unique for the dt
physical location. Modelling welded joints using the shell elemeupiires two important points: (1)
accurate simulation of the | ocal weldods stiffness.
where the actual weld toeb6s stress i S,aldincated in
These two pmts are included in the proposed shell FE model. The shell FE meshing rules are

illustrated on a Jjoint in Figure3-10.
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Figure 3-10: Shell finite element nodel of single fillet weld without penetration
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The general rules proposed for modelling welded joints using shell FE are:

1

Create two shell FE plans with the actual thicknesses of the welded plates-{aikkméss) and

then connect them at point O with additional incline miethickness shell FE plans to represent

the weld (i.e., main plate, attachment plate, and weld plat&iger3-10a and b,).

For the main plate shell elements, the size of (tp+hp) /4 in-theegtion should be given to the

first and second rows of elements adjacent to the theoretical intersection line O, as shown in
Figure3-10b,

For the attachment plate elements, the size of (t+h)/4 in-tlegtion should be given to the first

and second rows of elements adjacent to the theoretical intersection line O, as shown in
Figure3-10b,

The weld must be simulated as an inclined shell plane attached to each plate and spanning the first
two rows of elements in each plafgure3-10b); note that when simulating the weld, the

thickness of thehell element should be equal to thmnerplate of the weldment (e.g., either the

main plate t or the attachment plate thickness tp)

The size of the third row of elements on the
the x and z dire@ins,

The size of the third row of elements of the
h/2 in the y and z directions

The previous two points are important to locate the reference points that should represent the
physical location of theveld toe and throat. This makes it easy to extract the nodal stresses at the
weld toe physical location, and no interpolation is necessary

The size of the weld leg h/2 or less should be given to all remaining shell elements in the weld

region.

Finally, ater applying the boundary conditions, local reference stréssesl(l, are extracted

from the reference points (see yellow nodes shoviigare3-10c) that include the critical stresses.

The next step is to peprocess the local reference stress data in order to detdhmistess data

required for the fatigue life analysigodellingwelded joints with shell FE resolves the fine mesh

problem associated with 3D F&odelling The shell FE technique can also allow forrinedellingof

a complete welded structure with a gkotime frame and less effort compared to 3Dnkdglelling

Modelling welded joints with shell FE requires a relatively small number of elements. The proposed

shell FEmodellingdoes not directly provide the stresses required for fatigue life analy st
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and((y)), but rather provides a linear stress distribution or (local reference stiieasdsi,) exactly

through the critical crossection of a welded joint, as showigure3-8. Thus, the posprocessing

met hod must be performed f orlandiginaderaddeterfiteds | oc a
the membrane and bending hot spot stregsesN 1 A ). According toequation3.8, the SCFs are

required in order to determine the pesitess. This will ensure that the peak stress, based on the

proposed local reference stress concept and the corresponding membrane and begspatg hot

stresses, is independent of the geometry and loading mode of the welded joint.

3.7 Determining the stress concentration factors

Stressesirisewhere a geometrical or miesiructural discontinuity is found. This rise in the stress is
called the stress concentration, and ids effect
Stress concentration faxt elevate the local stress in welded joints of machine components. The
geometrical features of welded joints create areas where stress concentrations occur, and the stress
concentration factor depends solely on the geometry and the mode of loadincarétsmreeral

handbooks that provide the stress concentration factors but non for welded joints.

The stress concentration factari&defined as the ratio of the maximum or peak stress to the
nominal stress.

A
., (3.14)

A

Welded joints in practice have complex geometries that cannot be compared to SCFs geometrical
configurations available in handbooks. However, the finite element method (FEM) has proven to be
an effective method for the evaluation of SQiegiardless of how complex the weld geometry is.
Researchers such as Niu and Glif@] and Monahap58] who have used FEM to determine the
SCFs for a variety of we geometries, and their work has resulted in very useful yet empirical SCF
equations. However, all of the available stress concentration factors for weldments have limited range
of applicationsThe stress concentration factors can be used to deterraipedk stress, but the
loading ratio is found to have an influence on the resultse@eation 3.8 Thus, it is proposethat
one caruse two separate stress concentration factors which are independent of the weld loading but

unique for a given weld geatry (seeequation3.13). As introduced if61] the SCFs can be
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determined analytically by using the weld geometry. The SCF equations in this section are derived by
using the FEM, and icahcenfigusationseard clgssed as ¢itked symnmeeiiaoe t r
nonsymmetric. If welds are located on both sides of the plate, then it is considered symmetric, and a

nonsymmetric weldment has a weld on just one side of the plate.

3.7.1 Stress concentration factor of symmetric fillet welds in a T-joint attachment

subjected to pure tensile and pure bending load

The symmetric fillet welds in a-Joint attachment is shown figure3-11, whereFigure3-11A is
subjected to pure tensile loading dfidure3-11B is subjected to pure bending loading. The SCF at
point A inFigure3-11is considered symmetric for ajdint subjected to pure tensile and pure
bending loading.
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Figure 3-11: Terminology of a symmetric fillet weld in a T-joint attachment subjected ta A) Pure tension, and B)
Pure bending loading[61]

The SCF form symmetric fillet weld on a-joint attachment subjected to pure tensile loading
(Figure3-11A) is asfollows [61]:
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The SCF for a symmetric fillet weld af T-joint attachment weld subjected to pure bending

(Figure3-11B) loading is[61]:
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The above equations are validatedtfe weld parameter ranget

(0.028 O.B8BYMHO(D.BG) O HNBO0AY0A O d
3.7.2 Stress concentration factor of non-symmetric fillet weld in a base plate of a T-
joint subjected to pure tensile and pure bending load

A nonsymmetric fillet weldon the base plate of ajdint is shown inFigure3-12, where
Figure3-12-A, is subjected to pure tensile loading &igure3-12-B is subjected to pure bending
loading. The SCF at point B Figure3-12is considered nesymmetric for a Jjoint subjected to

pure tensile and pure bending loading.

67



(A) e | n (B) lt, | A

b
|
e

Figure 3-12 Terminology for a non-symmetric fillet weld on the base plate of a Joint weld subjected to: A) Pure

tension, and B) Pure bending loading61]

The SCF for a nosymmetric fillet weldon a base plate of a-jbint weld subjected to pure tensile

loading is as follow[61]:
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The SCF for a nosymmetric fillet weld on a base plate of golnt weld subgcted to pure
bending loading i§61]:
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The almve equations are validated for the weld parameter ranges of:

(3.18)

(3.19)

(3.20)

(0.028® O.B850/0(D.6) 0O and (20A O d O 50A).
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3.8 Post-processing of the local reference stress data

The membrane and bending hot spot stresses, based on the shell FE moeéeliseahtd determine

the nominal stres&, and the hot spot stress. Note that theses stresses are not determined using the
classical method for the nominal stress not the extrapolation method for #golhatress but rather
based on the local referermsteesses which is related to the actual critical stresses of the welded joint.
Hence, with a proper-8 curve, the fatigue life of a welded joint can be predicted using either the
stresdlife or the hot spot fatigue life method. Regardless, the objectitree@roposed method is to
extend the use of local reference stresses to determine the peak and-thiakingss stresses to help

in predicting the fatigue life of welded joints using the stidéand LEFM methods.

The objective of the pogtrocessingrocedure is to determine the peak stress and the through
thickness stress distribution of the modelled weld joint. After modelling a welded joint, the local
reference stresse8,@nddy) are extracted as explained in SecBof The posiprocessing

procedures are as follows:

1) Determine the membrane and bendingdpmit stresse§ PA T A according teequatiors
3.12 and 3.13

2) Based on the weld shape, mode of loading, and critical weld toe (syimoraton
symmetric), determine the membrane and bending stress concentrationfactars #
according teequatiors 3.15- 3.17 or 3.18 3.20, respectively.

3) Determine the peak streskeacaccording to equation 3.13.

4) Determine the througthickness stress distributi@nx(y) usingthe Monahan equatio(8.11).

The idea of the decomposieguation 3.8n Section3.4 could be achieved by using shell FE
modelling even when analyzing an entire dinoe subjected to all service loading modes. It must be
ensured that the shell FE model is realistically simulated, including the overall geometry, boundary

conditions, and loads.

Determining the peak stress is important in order to evaluate the fataphkeimitiation life of
welded joints using the straliie method. This method of determining the peak stress makes it
unique because it is independent of the loading mode, as it is based-sepasated stress
concentration factors. Thus, the peakssreased on the presented method can be used for any

membrane and bending load combination when applied to a welded joint, regardless of the stress
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ratio. Another advantage of the proposed method is that it is based on reference stresses (i.e.,
staticallyequivalenthot spot stresses) located exactly at the weld toe, in contrast to the hot spot stress

evaluation methods outlined in the literature.

Determining the nottinear througkthickness stress distribution is important in order to evaluate
fatigue crak growth in welded joints using the LEFM method. According to the shell element theory,
the distribution of the stress through the thickness is linear; i.e., the local reference stresses are
linearly distributed through the shell element thickness figto Cp. The local reference stress data
were successfully related to the hot spot stresses in s8diso they can be related to the through
thickness stress distribution, since the hot spot stress isigdthi a linearization of the actual ron
linear throughkthickness stress distribution (seguatiors 37 and 38, andFigure3-4 and). It is
important to note that the Monahaquation3.11 for the througkthickness stress distribution was
derived for a norsymmetric Fjoint using a set of FE stress data. Therefore, within the mentioned
geometric rangegquation3.11 is valid only for norsymmetric welded joints; however, in the case

of symmetric welded jointsti i s valid only over half of the pl ate

Equation 3.&an provide througihickness stress distributions regardless of the overall geometry
and the applied loading. This is because it is based on two separate hot spot stressgs which
independent of the loading ratio effect. The #ioear throughkthickness distribution based on the

local reference stresses is considered fast and economical from a computational point of view.

Note that the resulting stress data (i.e., nominal, eak nodinear througkthickness
distribution) from the posprocessing will be validated against the stresses from the 3D FE model.
The peak stress based on the local reference stress will be input to the stress analysis module of the
strainlife methodin order to predict the fatigue crack initiation life of welded joints. For the
remaining fatigue crack propagation life, the LEFM method will be used. The thtbioghess
stress distribution, based on the local reference stresses and the appromfateunation, will be
used for the analysis. The weight function can be found in the literature, while the thnamkgless
stress distribution will be obtained by using the stress data obtained from the shell FE model. Lastly,
the stresses will be uséal predict the fatigue life of several welded joints. These welded joints were
tested for fatigue life at the John Deere laboratory. Both the experimental and predicted fatigue life

were shown in order to prove the worth of the proposed methodology.
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3.9 Evaluation of the SIF effect within the LEFM method

Equation 2.8 can be used for ordimensional cracks such as edge cracks. However, there are some

crack models where the stress intensity factor needs to be evaluated for two critical points (two
dimensional aick models). Twalimensional cracks are usually considered to be-séipiical in

shape, and that assumption is based on the observation of planar cracks initiated from a surface.
Semielliptical cracks (widely found in welded joints) have two criticairps, which are the depth

and the surface, as shownFigure3-13. Point A inFigure3-13is the depth point where the crack

may grow through the component thickness, whereas Point B is the surface point where the crack

may extend along the component width/surface. Taekcsize in the depth of a sesilliptical crack

is referred to as nao, while the surface crack |
points A and B irFigure3-13).

P AW

2c
/

>y

w

Figure 3-13: Semi-elliptical crack shape and geometry parameter
According to[51], points A and B irFigure3-13 have different weight funains even though the
throughthickness stress distributigriy) is the same. Thus, two integrals are needed to calculate the

stress intensity factor at the deepest point and the surface point (points A afid)B&3-13).
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+ _ A@gd @A @ atpoint A (3.21)
+  A@d @AB\QJ atpointB (3.22)

The weight functions for the deepest point A and the surface point B are as follow:

o ¢ & a7 1] a7
| m - - — - - - = 323
—— - - P % (3.23)
. ¢ & a7 1] a7
| A W/\p - _A - A - z\ (324)

The Ma and Mg parameters can be found[51],[52].

Semti-elliptical cracks tends to morph into edge cracks because the crack growth in the surface
direction is faster than in the depth directibgufficient time is given for crack grow{é2].
Accordingly, thecrack shape changes in every load cycle as well as the crack growth ratio (a/c) in
both directions (points A and B Figure3-13). Consequently, the ratio a/c is an important

geometrical characterization that slebbe accounted for when evaluating fatigue life using LEFM.

Since theLEFM method is based on the assumption of existing crack, it is important to have a
good estimation of the initial crack size. However, there is no general accepted estimation of the
crack initial crack size. The shape of the crack is also an important factor that will affect the fatigue
life. The initial crack size&x may be estimated based on the experimental observation oflg&rain
specimens according to ASTM standf4€]. In this standard, the specimens are subjected to strain
controlled cyclic loading in order to obtain the cyclic stissain curve. One of the criterion to
consider the failure of the test specimen is the shapendation of the stabilized hysteresis
loop [46]. It was found that the shape of the stabilized hysteresis loop changes at sona=p0ibt (
mm) due to crack nucleation/initiation. This phenomenon can betagstimate the initial crack size

needed for the LEFM analysis.
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3.10 Evaluation of the residual stress effect within the LEFM method

The residual stress is usually distributed from tensile to compressivEigsee2-14) through the

pl ateds thicknesses {38]larborthatreasor; theresidualtsteesk affegts nbth e
only the peak stress magnitude, but also the thrdlighness stress distribution. Tresidual stress

and the load induced stress fields get superposed in practice. Due to nonlinearity of residual stress

fields the standard handbook solutions for stress intensity fatorotbe used. Therefore the

weight function technique is being uded the determination of stress intensity factors in the
methodology being discussed. Since the stress intensity factor obtained using the product of the
throughthickness t r ess di stri bution G(y) and 18he wei ght

residual stress must be accounted for when using the LEFM method. Thus the residual stress intensity

factor can be determined as:

= PP Y) (X,y) df (3.25)

The residualtsess effect is accounted for by adding the residual stress intensity factor to the

applied stress intensity factor resulting in thecalied effective stress intensity factg:

+ + + (3.26)

The effective maximum and minimum stres&tity factors can be calculated as follows:

+ + + (3.27)

+ + + (3.28)

Thus, the stress intensity rangeKcan be expressed as:

Y+ o+ + + + (3.29)

Accordingly, the effective stress ratio®fs calculated as follows:
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+
2 (3.30)
+

It can be notedhiat the residual stress field does not change the range of the stress intensity factor

&K but it changes only the stress ratio R.

The most often used model to deterniliste the effec
crack closure model. The fgtie crack growth rate tends to increase with the increase of the stress
ratio. Kuriharg63] proposed the simplest variation of the crack tip closure model using the crack
opening ratio U, which increases witie increase in the stress ratio until it become constant (U=1 for
R > 0.5). K u r [i63] ia based an the araek tip dlasureanodel showing that the

effective stress intensity range is:

Y+ BY+ 5+ o+ (3:31)
Where:
5 __P Eli O v 2 ™

pd 2 (3.32)
5 p Al 02 ™

Thus, using the appropriate weight function and knowing the residual stress with ttiatadso
throughthickness stress distribution induce by the applied load in the prospective crack plane, the
minimum and maximum effective stress intensity factors and+  can be calculated. Using the
effective stress intensity range kvihe Paris equation (&), the effect of the residual stress and the

stress ratio are accounted for in the fatigue crack growth analysis.

To sum up, the LEFM method is suitable for estimating the fatigue crack propagation life of
welded joints becausei#t capable of including the various factors associated with weldments, such
as the residual stress, mean stress effect, and stress ratio. However, this method relies on the stress
intensity factor, which is not available for weldments or welded joints vétiable plate thicknesses.
In addition, this method depends on the initial crack size assumption and the distribution of the stress
through the critical crossection of weldments. For the initial crack size, there is no specific
assumption method becaithe initial crack size varies with the material properties, so the

assumption is empirical. The throuttickness stress distribution, which is very important, is not
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easy to determine even with the help of FEM because of the high peak stress, witticlnrashigh

stress gradient through the critical cresgtion of the weldment. As mentioned earlier, using 3D FE
modelling to find the peak stress and the associated thitbigkmess stress distribution is difficult

for complex welded joints, not toention full structures. Finding the actual peak stress and the
throughthickness stress distribution for a single welded component requires a high number of 3D
elements with a very fine mesh at the critical areas, which will take a long time and consume
considerable computational resources. Regardless, many studies have been done to ease the use of
FEM by using the shell FE, which requires a fewer number of elements in order to determine the peak
stress, but none has extended the stress analysis to itfiuttieougkthickness stress distribution

itself in order to use theEFM method. The following section reviews some of those studies in order

to develop a stress analysis method that can determine the peak stress and th¢hibkmags stress
distribuion of a welded structure, regardless of the mesh sensitivity and computational time and

resources.
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Chapter 4

Val i dati on of t he shell FE | 8@ aHE r ef er

model I i ng

The stress data based on the shell FE model must be validated agaiastétsress data extracted
from the detailed 3D FE model. The shell FE local reference stressigatal(l,) were used to
determine the hot spot stresses, then, with the SCFs, the peak stress and théhicioegs stress
distribution were determined@he 3D FE modelling of a welded joint can determine the actual stress
data, which are the peak stréssxand the nodinear througkthickness stress distributiaify). The
peak stress from the 3D FE model can be directly compared to the one basedheil thE local
reference stress data@guation3.8. The actual notinear throughthickness stress distributiary)

from the 3D FE model can also be compared to the thrthigkness stress distributiaikx(y) from

the shell FE local reference stress@d Monahaerquation3.11. The shell FE local reference stress is
a linearized stress distribution in the critical weld toe thretlgtkness. This linearized shell FE
stress data can be compared to the actual stresses from the 3D FE by linearizingtmoalinear
throughthickness stress distribution. In other words, the linearization of the 3D FE acttlaiean
throughthickness stress distributiaify) can be used to determine the membrane and bending hot
spot stresses, which are comparable to the membrane and bending hot spot stresses from post
processing the shell FE modéhandis). Figure4-1 illustrates the compared stress data. This
validation is basednthe definition of thestatically equivalenhot spot stres8s, which is equal to

the sum of the membrane and bending stresseggse¢ion3.7). Consequently, there is a direct and
unique relatioship between the 3D FE actual Aarear througkthickness stress distributions of the

critical weld toe and the linear stress field obtained from the shell FE model.
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Figure 4-1: Stress data comparisorbetween the shell and the 3D FE models
4.1 3D FE modelling

The recent improvements in computer power make it feasible to use 3D FE modelling for large
structures. This can be achieved by using 3D brick or tetrahedral elements. Welded structures, on the
other fand, are more complicated when modelled using 3D FE. One challengenstelinga

welded structure is capturing the high level of surface stress and its associaliegarotmrough

thickness distribution. Another challenge when using 3D FE modellingdtiled joints is that the
stresses around the wel d -geonetricalfeaturaséweld angjle ande t o

weld toe radius), hence accuratedellingof the actual welded joint is required.

Modelling a welded joint using 3D FE withsafficient amount of fine mesh elements at critical
areas can directly produce actual stress data, which are the actual peakcsteesbthe actual nen
linear througkthickness stress distributiaiy). A very fine mesh at the weld toe area is required to
capture the magnitude of the maximum surface stress normal to the weld line and the assoeiated non

linear througkthickness s#ss distribution. The smallest element at the weld toe line should be one
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quarter the &0elfpiltTieeenagnitudeiofithe pe@kistress is extracted from one
element at the weld toe surface,axbas the stress values forming actuakliveear througkthickness

stress distributioi(y) are extracted through the main plate thickness under the weld toe. Note that
both welded joint FE models (shell and 3D) must have the same material propertiestrigad

features, and loading modes. Additionally, the stress data from both models must be extracted at the

same location (weld toe area).

The previous paragraph shows the general guidelines to determine the actual peakstieds
the actual nosinear througkthickness stress distributiarfy) using 3D FE modelling. As a result,
the peak and througfhickness distribution based on the shell FE model can be validated when
compared to the stress data from 3D FE modelling. For hot spot stresSaaliddinearization of
the actual noilinear stress distributiofi(y) is needed in order to find the membrane and bending hot

sSpot stresses.

The goal is to extract the axial force P and the bending moment M from the 3D FE actual non
linear througkthickness stress distributiai(y) at the weld toe. The axial force and the bending
moment in at the critical weld toe cressction can be used to determine the membrane and bending
stresses{ A1 A ). The 3D FE actual nelinear througkthicknessstress distributiofi(y) shown

in Figure4-2 can be integrated to calculate the axial force and bending moment.

[ Ohs| ©Opeak X

Ay;

o Jov,

‘G(Vn)

Figure 4-2: Example of a T-joint weld toe through-thickness stress distribution conducted using 3D FE, and the
notation used in the linearization process
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Assuming an imaginary area t x 1, the axial force P can be obtained by integrating the stress field

along the line x = 0 and over the entire platekhess:
0 A UAU (4.1)
Subsequently, the membrane hot spot stress is the average axial stress along the vertical line x = 0.

When calculating the hot spot membrane stress, a unit of 1 is assumed in the z direction:

0
£ =5 (4.2)

Substituting the last two exm®ions gives the hot spot membrane stress relation, as follows:

CAUBEA U AUBU

5 5 (4.3)

Using the same method, the internal bending moment M acting over an imaginary area 1 x t along

the line x = 0 can be calculated:

- A UUAU (4.4)

Using a simple bending formula, the corresponding shell bending stress can be obtained as

follows:
- # ”/(UED&BAUE ¢ AUSBAU
K = (4.5)
) P O O
pCq
Where:) —

The 3D FE analysis usually providesess data in terms of stress magnitudes at a selected number

of Gaussian points, nodal points, or centers of gravity of individual elements of the FE mesh. To

obtain the membran€ and the shell bending stre6s from such a discrete ndimearstress field,
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a numerical integration procedure is required, and the analytical integration should be replaced with a

summation of discrete increments. The surface sjreisscalculated as follows:

o) o) o) C

The stress at the bottom side of the shell model can be calculated as follows:

 KUBAU ¢ AUBBAU B AU U @B AU 8IS @7
o 5 5 5

The local reference stresses found using the shell FE techpigared(, ,) can be compared to the
linearized stress resulting from equati¢h$ and 4.7). Note that equations (4.6 and 4.7) resulted
from procesmg the 3D FE stress data. The peak stress and thinean through thickness stress
distribution resulting from processing the ki local reference stresseguationg3.8 and 3.11)
can be compared to the 3D FE stress data &é€helpeak stress ahthe actual nofinear through

thickness stress distributios@eFigure4-2.
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Chapter 5

Case studies on the fatigue | i fe pred

t he | ocal reference stress

5.1 Predicting the fatigue life of welded joints using strain-life and LEFM

methods

The strainlife and LEFM methods are utilized in this work to deternimetotal fatigue life of
welded joints. The straitife method can determine the fatigue crack initiation Ng while the
LEFM method can estimate the fatigue crack propagation jf@he total fatigue life to failure, N
is the sum of the fatigulife to crack initiatiorN; and propagation N

(5.1)

The maximum elastic local stress (peak stress) acting at the critical point of a welded joint based
on the shell FHocal reference stregsin be calculated usirggjuation3.12 and 313. Assuming
constant amplitude loading, the elastic peaksstoan be related to the actaksticplastic stress at
the notch tip using the Neuber rfi85] as perequation(2.6). The Rambergdsgood equatio (2.7) is
then used to calculate the corresponding elgdtistic strain (actual strain) for the loading part. For
the unloading part, the procedure is similar but with an expansion of the fatiguesstessurve by
a factor of 2 as perquation2.8. Accordingly, the elastiplastic stress response can be determined
and the corresponding elasptastic strain ranges can be determined uiegSWT equatiof2.9).

The procedures are shown previouslyigure2-12.

The final step is to evaluate the number of cycles to crack initibiohhe elastieplastic or
actual strain ranges resulting from the previdepscan be input to the Mans@offin [31],[32]
equation(2.4) to determine the fatigue crack initiation life at the weld toe. $88] equation (2)
can be used instead in order to account for the mean stresoaffaetfatigue crack initiation life.
Note that the residual stress effect can be added to the applied elastic peak stress term in the Neuber

rule [35] as perequation(2.12).

The LEFM method is mainly based the Paris lawgquation?2.13). The Paris law requires the

stress intensity factor and material constants C and m. The stress intensity factor can be found in
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handbooks, but in case of welded structures it can be evaluated using the weight function. This
method of evaluating the stress intensity factor requires the proper weight function and the through
thickness stress distribution of the uncracked body in the weld toe prospective crack plane. The
throughthickness stress distribution based on the sielbEal reference stress data and the

Monahan expressiof3.11)can beusedfor determining thestress intensity factor mentioned in

equatiors (218 and 219) if the proper weight fuction m (y, a) are knowr.o evaluate the fatigue

crack growth life of avelded joint, several factors like the stress ratio and the residual stress must be
accounted for in the Paris law as pguation(3.22).

The fracture mechanics method assumes the crack is already initiated as arrackialzes that
increases upota critical crack sizer. The critical crack size is the crack length where the final brittle
fracture may occur. As recommended by the IIW, the initial crack size can be assumedakh(

mm), which is suitable for conservative fatigue life estioratOther publications suggest<£ 0.5

mm) for some mechanical engineering applications. However, there is no general rule as to what
should be the initial crack size because the assumption may depend on inspection capabilities,
material properties, arldading conditions. The crack shape, such as circular or semielliptical, has to

be assumed as well because it affect the stress intensity factor or the weight function.

In the present work the initial crack siget depth or point A ifrigure3-13was assumed to be
0.5 mm, while the crack shape was assumed to be semielliptical. The observed crack length from
experiments showed an average surface crackof3(& mm), which results in an initial aspect ratio
of (a/c = 0.286). The Paris lawaterial constants (C, and m) were determined based|aation
(2.16) Equationg3.21and3.22) were used to determine the stress intensity factors for the initial
crack size. The througthickness stress distribution, based on the shell FE local refestiess data
and the Monahan expressiB111)was input to determine the stress intensity factors at two points,
which were the surface and the depth pdiigire3-13). Another input to determine the stress
intensity factor was done to find the proper weight functions for cracks with semielliptical shape.
Two weight functions are required in the case of semielliptical ci@R& and 3.22)Then, the new
propagéed crack size caused by the stress cycles is determined byegsimtipn(2.20). Equation
(3.26 to 3.32show how to account for the stress ratio and the residual stress effects. The previous
procedures are repeated and the results are updated foraachkize increment at both the depth

and surface points (A and Bigure3-13). The calculation must be carried on until the critical crack

82



size is achieved. The critical crack size can be assumed as 80% of the wall thickness for the deepest
point. That is & = 0.8t).Equation(2.21) can be used to calculate the fatigue krgrowth life N,.
Finally, the total fatigue life can be calculated usggation(5.1).

The following figure illustrates the stress analysis steps:

d) Construct the shell FE model

el
1T

No)
H

e) Consfruct the
Shell model

f) Extract the local
reference stresses

\ Gp=Cbottom

= _ m b
Oa Ohs = Opg + Ohs
——
. ' f: +

Op
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g) Determine the required stress data (Post-
processing procedure)

[ Shell FE model stress data ]

m b
[ 028 0p > Op & 0p —> Opeak & 0. (¥) ]
Local m _ %atOp j m grm b b
Ohs =— o Opeak = Op: Ki* + o5 K
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h) Validate the stress data

[ 3D FE model stress data J

( Opeak & 0(y)—> 0} & ol —0, &0, ]
Actual 3D | oo _ 0N 0 ]
= i)-¥i-Ayi =0, =01 + 0}
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Figure 5-1: Summary of the methodology
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5.2 Experimental data (case studies)

A significant amount of experimental data has been provided by the John Deere (JD) Company
laboratories. These experiments evaluated the fatigue life of welded joints subjected to different
loading modes. The presented methodglis demonstrated in this chapter to validate its capability of
predicting the fatigue life of actual welded joints. These experimental welded joints or case studies

are selected because they include different welded joints with different geometticed Seand

loading modes. Two case studies are presented here while three more case studies are added in the
appendix. The case studies involve two differesfpifts, tubeon-plate, squar¢ubeon-plate, and a

complex welded joint. One of thejdints andthe tubeon-plate welded joint are presented here while

the rest can be found in the appendix. These case studies are based on actual welded joints subjected
to different fatigue loading to predict the fatigue lives. The experimental welded specimetisemere
modelled using the proposed shell FE and 3D FE models. The shell FE models were conducted to
provide stress data i n t theweldteel Themstress dusmsvalidaied i c a |
for each case against stress data from detaileehfeshed 3D FE models. Based on the shell FE
modelling, the stress data (local reference stresses) were used to predict the fatigue life for each case.
T h eN add LEFM method were used for the fatigue life predictions. Finally, the fatigue life of each

ca® study was compared to the experimental fatigue life data.

Note that all shell and 3D FE modelling was conducted using the ABAQUS FE software. The
shell FE modelling was done accordingSection3.6, while the 3D FE modelling was conducted
according to SectioA.1 The shell FE stress data (local reference stresses) was extracted from the
wel dés critical -processadias penSectigadindrder tb fend theppeak stress and
the throughthickness stress distribution to evaluate the fatigue life of the experimental welded
components. The stralife method was used to predict the fatigue crack initmalii@, whereas the
LEFM method was used to predict the fatigue crack propagation life. For that;itbese fatigue
life prediction programs FALIN and FALPR were used to calculate the fatigue crack initiation life
and the fatigue crack propagation lifespectively. The total fatigue life was calculated as the sum of
both lives (the crack initiation life and the crack propagation life). The effect of the residual stress on

the fatigue life calculation was individually included to study the significatiteodifference.

The steps used to study each case were as follows:
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1) Gather geometrical data about the welded joint (experimental specimen).

2) Gather information about the applied loads.

3) Gather material information for each welded joint to determine theriabfatigue
properties and other constants.

4) Conduct the shell FE modelling according to the proposed rules in the methodology
chapter as per Sectio8.6).

5) Extract the local reference stress data and perform theopmstssing method to
determine the required stress data for the fatigue analysis as per S2é&jion (

6) Conduct a detailed and firmaeshed 30FE model of each experimental specimen to
validate the stress data (membrane, bending, peak, and tkiocighess stresses)
acquired using shell FE modelling, as mentioned in Sedfidh (

7) Use the validatedh&ll FE local reference stress data to predict the fatigue life of each
welded joint, as per the strdiife and the LEFM methods.

8) Compare the predicted fatigue lives based on the proposa&ideferencetress data

against the experimental fatigue lives.

The fatigue life evaluation steps accordindrigure1-1 were used in order to test the proposed
fatigue stress analysis method in two case studies in this chapter, whereas the appendix contains an
additional three case studies. Step one concerns providing the data required for the geometrical
module. Thesecond step is to supply the loading module, and the third step is to supply the material
properties module. Steps four through six include using the proposed methodology to supply the
stress analysis module for the fatigue analysis. The seventh stdproasdthe wellknown fatigue
life methods to calculate the damage and fatigue lives of the experimental welded joints (damage and
fatigue life modules). Step number eight involves the comparison of the predicted fatigue lives based
on the proposed methddgy and the actual experimental data in order to emphasize the efficiency

and worth of the proposed fatigue stress analysis method.

5.3 Fatigue analysis of a T-joint subjected to in-plane cyclic loading

Eight samples of welded-jbints were tested by the JBdoratories. The-Joints were subjected to
fully reverse cyclic loading of a lateral force in the gusset plate plane direction, asKloves-2.

The base plate or main plate dimensions weret v 1T 7T T mm, and the dimensions of the
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vertical attachment plate (gusset plate), located at the center of the main plate,Twerat 1T
mm. The material for the tested samples was 1008 steel. THmgvelas done using the Flux Core

Arc Welding method. The dimensions of the weld were t = 4 ppdtmm, h=4mm,+ 4 mm, d
= 45A, amm j} = 0.55
Amm
[n=*A
!
=
_ _ﬂ
¥ |

( =
22 ‘ - A
Ammj|

500 mm

e 0Mm

Loading Y
direction

—

100 mm

Section |

S

Section A-A
Figure 5-2: Geometries of the Fjoint specimen suljected to in-plane cyclic loading
Six of the tested specimens were subjected to a load of F = £ 1320 N, while the rest of the test

specimens were subjected to a load of F = £ 2000 N. The base plate of each specimen was fixed at all
corners of the base péaby clamps with dimensions of t ) Tmm, whereas the pinhole of the
gusset/attachment plate was subjected to lateral cyclic loading as sheigarigb-2. The expected

critical stress area, where the crack is to initiate and grow, is one of the gusset weld toes for one of the
experimental Jjoint specimens, as shownkigure5-3. Therefore, the local referea stresses §

and, ) are determined for that same region (weld toes of the attachment plate further sides).
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5.3.1 Material properties

The material properties of the welded joint under investigation (1008 steel) were provided by the JD

Figure 5-3: Test sample of theT-joint subjected to in-plane cyclic loading(JD)

laboratories. The chemical composition and mechanical properties are shbaidb-1 and

Table5-2, respectively. The fatigue test data of 1008 steel are shovabie5-3.

Table 5-1: Chemical composition of 1008 stediveight %)

Si P

S

Mn

Ni

Cr

Mo

107

40 5

15

330

9

19

22

.219 67.4

Table 5-2: Mechanical properties of 1008 steel

Ultimate strength (Su)

Yie

Id strength (Sy)

Elastic modulus (E)

351.0 (MPa)

198.0 (MPa)

207447 (MPa)

Using the row experimental data obtained for a set of smooth specimens tested according to

ASTM standardl], the material fatigue properties of 1008 steel were determined at the University of

Waterloo (UW). The fatigue parameters were determined using the Rax@bgmpd and Mansen

Coffin

curves.
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Table 5-3: Fatigue test results for 1008 steel (JD fatigue test dafé6])

Experimenfrln':;c.)tal Strain Str(e'ai)g)mp. Elastic Strain Amp. Plastic Strain Amp. Life (Rev.)
0.007 299.7 0.001444706 0.00418336 5428
0.006 286.8 0.001382522 0.003648938 6784
0.005 294.7 0.001420604 0.003970332 12452
0.004 269.5 0.001299127 0.003007642 19396
0.0035 258.4 0.001245619 0.002639253 29940
0.003 241.5 0.001164153 0.002139069 39994

0.00275 223.7 0.001078348 0.001686275 58892
0.0025 2231 0.001075455 0.001672264 87502
0.00225 204.8 0.00098724 0.001281844 113448
0.00213 200.2 0.000965066 0.001194501 129826
0.002 193.2 0.000931322 0.00106947 184204
0.00175 179.3 0.000864317 0.000848072 239038
0.00163 173.3 0.000835394 0.000762979 341056
0.0015 165.5 0.000797794 0.000661271 401720
0.0014 160.9 0.00077562 0.000605 828 566090
0.00132 158.9 0.000765979 0.000582739 801822
0.00125 153.1 0.00073802 0.000519167 1706230
0.00125 149.6 0.000721148 0.000483177 2111956

Figure5-4 shows the Ramber@sgood fatigue stressrain cune based on the experimental data

in Table5-3 . MansonCoffin equation 2.4) was usedo determine the fatigue curves, as shown in

Figure5-5 to Figure5-7.
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Figure 5-6: Elastic grain amplitude-life curve for 1008 steel
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Figure 5-7: Plastic strain amplitude-life curve for 1008 steel

The UW analysis (curve fitting) resuits the fatigue parameters shownTiable5-4 for 1008 steel.

Table 5-4: Fatigue parameters of 1008 steel (UW)

Fatigue strength coefficient (=) 950.68 (MPa)
Fatigue strength exponent (b) -0.1309
Fatigue ductility coefficient (=) 0.151
Fatigue ductility exponent (c) -0.4067
#UAI EA OOOAT cOE AT A 1747.1 (MPa)
Cyclicstrainharde T ET ¢ A@bi 1 Al 0.3219

5.3.2 Shell FE modelling of a T-joint subjected to in-plane cyclic loading

The aim of this shell FE model is to determine the local reference stresaes () and perform the
postprocessing stress data in order to supply theired stresses for all of the contemporary fatigue
life evaluation. The membrane and bending stregsesaidA ) are determined by usiregjuatios
(3.12 and 3.1B Based on the geometrical features of the welded joints, the membrane and bendin
SCFs¢ AT #) can be determined by usieguatiors (3.5 and 320) in Section3.7. According to
equation(3.11), this is the required stress information that will determine the peaktebased

on the shell local stresses. The same stress data with proper+S@#sl (4 ) can be used to
determine the througthickness stress distributi@n.(y), as per the Monahan expression 3.1

The shell FE model should have the same géynas the experimental specimens, whereas the

local reference stress must be extracted from a specific location (exactly at the weld toe having the
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maxi mum stress normal to the weld toe |line).
locaion of the expected crack initiation is the lower weld toe of the gusset edge, as shown in

Figure5-3.

Note that the attachment plate and the main/base plate are modelled asphaiuieleshell
elements, and they are referred to as the attachment plafgdanaland the main plate mpdane.
Both plates are modelled with the actual experimental weldeint thicknesses. The weld itself was
also modelled as a middf@ane with a thickness equal to tiennerplate (i.e., thickness of
attachment or base). Following the meshing rules described in s&8prii{e meshing of the shell
FE model for the case under investigation is showkignre5-10to Figure5-10.

attachment plate

o~
Shell FE middle
plahne of thie
attachment plate
- P

Main/base plate

Actual width of the
tp

N

Shell FE middle
plane of the main
plate

X

Figure 5-8: Shell FE modelling mid-planes for the T-joint subjected to in-plane bending load
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First row of reference points along y-
direction on the attachment plate
mid-plane (upper weld toe physical

location)

First row of nodes along y-

plate mid-plane

direction on the attachment |
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e

First row of nodes along y-
direction on the main plate
mid-plane
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main plate mid-plane
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hf2+ /2"
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First row of nodes
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Figure 5-9: Shell FE modelling meshing rules for the Fjoint subjected to in-plane bending load
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Figure 5-10: Shell FE modelling rules for the Tjoint subjected to in-plane bending load

The meshing rules of the case under investigation were applied as follows:
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il

Meshing rules for the attachment plate fpldne shell elemén

The width of the attachment plate rpthne must be reduced by h/2 from the sides because of the
gusset edges.

The distance of the first row of nodes alondisection on the attachment plate ruihne should

be at a distance of (h/2) + (t/2) from thaimplate midplane.

The second row of nodes including reference points on the attachment platiameicdilong the-y
direction should be at a distance of h + (t/2) from main plateptaide.

The size of each element measured in the main platglane sbuld be (h/2) in the-girection.
Meshing rules for the main plate mpdane shell element:

The distance of the first row of nodes along thdirgction on the main plate mjglane should be

at a distance of (hgt2 from the center line.

The second row dhe reference points on the main plate 4pliahe along the-girection should be
h+ (i/2) from the center line.

Meshing rules for the weld edge shell element:

The gusset mighlane edge (curved end) should be created with at least two nodes with thfe size
(h/2).

The first row of nodes of the gusset Apildine must be on the main plate midne with a distance
of (h) from the attachment plate midane edge along thedirection.

The second row of reference points of the gussetphaide must be on the maplate midplane

with a distance of (h/2) from the first row of nodes along tidérection (previous point).

The thickness of the weld shell element must be equal to the thicknesstoftieeplate.

The boundary conditions of thejdint shell FE mdel under investigation are shown in

Figure5-11. The bottom plate corners were constrained for all displacement, while a lateral force of

1000 N was applied to the attachment plate pinhole.
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Fixed corners

\

Weld toe

Figure 5-11: Shell FE model with boundary conditions for theT -joint subjected to in-plane cyclic loading(F = 1000
N)

According to the experiments, the maximum stress was expected to be at the weld toe of the
gusset edge. Netthat the reference points must coincide with the actual location of the weld toe of

the experimental specimen.

Figure5-12indicates that the maximum stress is located at the weld toe, as expected. However,
therequired shell FE local reference stresses are to be extracted from a specific reference point and
not at the maximum contour node. The distance between the attachment side and the weld toe
reference point of the shell model was h+h/2 = 6 mm. At thaifgpegference point (at the critical
location[weld toe]), the local reference stresseand, » were extracted on the opposite surface sides
of the main plate (top and bottom).
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Figure 5-12: Shell FE stress contours of the maximum stress normal to the weld toe line;jdint subjected to in-plane
loading (F = 1000 N)

The local reference stressgsand,, » are obtained from a reference point located at the upper
weld toe of the attachment plate as showRigure5-13. The reference point contaitie local
reference stresses, which represent the surface and bottom stresses through the plate thickness. These
stresses are used to determine the membrane and bending hot spot stresses that will be multiplied by

the proper SCFs (see Sectid) to calculate the peak stress at the weld toe.
@ Surface stress results or

shell FE local reference
stresses

ca

Figure 5-13: Shell FE local reference stressa® and Ub; T-joint subjected to in-plane loading
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The local reference stresses through the base plaa®d,, ») were recorded as follows:
»a=202.82 MPa

»b=-168.43 MPa

Therefore, the hot spot membrane and bending stréssesdA , perequatiors (3.12 and 3.13

respectively) were:

KA

®w 0 A
c p R

pydmo 0 A

C
Using the weld geometrical features of the current case, the SCFs were calculated. However,
because the attachment plate has a large thickness, the attachment plate thickness panaseter, t
multiplied by a factor of 3 as an assumptiontfte SCFs at the edge of the gusset. According to
available 3D FE data, thggarameter irequatiors (3.15i 3.16) cannot be greater than 3t. Therefore,
the assumption of gtvas used based on the fact that the effect of the edge disappears at distances

greater than 3t, and the SCF equations are not valid for large valyes of t

+ 1.591

+ 2.166

As perequation(3.8), the peak stress at the weld toe induced by the applied load was:
A A & K & T c&u- 0 A

Figure5-14 shows two stress distributions through the base plate thickness in the direction normal
to the weld toe. The linear stress distribution (hashed line) represents the local reference,stresses (
and, ). The nonlinear stress distribution (solid curve) represents Monahan equigt{gh (equation
3.11).
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Figure 5-14: The shell FE local reference stress data at the weld toe cross section of th@ifit under in-plane
bending; linear distribution of the local reference stressedli and (ib); and the Monahan nonlinear through-
thickness stress distribution

Figure5-14 provides the stress dataa(, b, Upeak andUxx(y)) required for the fatigue analysis of the
case under investigation. The stress datddare5-14 are obtained from a shell FE model and was
validated against a detailed 3D FE model before proceeding wiflatigue analysis. A 3D FE model
with the same geometry as the experiment is modelled in the following section to validate the shell

FE local reference stress data.

5.3.3 Finite element 3D modelling of a T-joint subjected to in-plane cyclic loading

This sectim shows how to model welded joints by using the 3D FE method. The objective of 3D FE
modelling is to validate the stress data obtained from the shell FE modelling. The validation includes
the shell FE local reference stressessndlb), the peak stress p e, ankl the througithickness

stress distributioi«(y) resulting from the pogtrocessing method. The actual peak stress magnitude
at the weld toe surface, in addition to the actuaHimear througkthickness distributiomnder the

weld toe, can be extracted directly from the 3D FE model. The membrane and bending hot spot
stresses can be determined by linearizing the 3D FE actudihean througkthickness stress

distribution, according to Sectiod.Q). The linearization of the actual ndinear stress distribution

results in determining the membrane and bending stresses that will be used to determine the stress

guantities that are believed to be comparable to the local reference stressas;, ). The stress
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data must be extracted fthe came wal &be shelllFEErdoslel. Ear i t i c al
the case under investigation, the critical locations are expected at one of the gusset edges (see
Figure5-3). According to the shell FE model, the maximum stress occurs at the lower weld toe on the
compressive side. Therefore, it is expected the 3D FE model would have the peak stress at the same
location.Figure5-15 shows the 3D model boundary conditiobsie tothe symmetry of the problem,

only half of the component was modelled to reduce the computational time. The model was subjected

to an inplane bending stress generated by 1000 N. Just like the mepernd the shell FE model,

the bottom corners of the base plate were constrained for all displacements in the 3D FE model, and

the model elements were approximated by eight brick elements.

Restrained area

Symmetric face

Figure 5-15: Boundary conditions of the 3D FE simulated Fjoint subjected to in-plane bending load
The meshing was intensive at the critical area (weld toe of the gusset edges). This area was
expected to have the peak stress normal to the weld toe. The elementisgzaeelt toe should be
small enough to find a converged stress. The recommended element size is at least equal to quarter of
the weld toe radiuf64]. The meshing of the weld toe is showrFigure5-16.

The maximum stress (peak stress) normal to the weld toe line in the 3D model was found at the
expected locatiorFigure5-16 shows the critical location of the 3D FE model where the stress data
(the actual peak stress and the actual thrahigikness stress distribution) are extracted.
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Figure 5-16: Fine mesh atthe weld toe of theT -joint subjected to in-plane cyclic loading(3D FE model)
Based on the 3D FE modelling, the actual peak stress obtained at the weld toe was 358.39 MPa,
and the actual nelinear througkthickness stress distribution is showrFigure5-17. The actual
stress distribution was processed according to secti@)) {hile the membrane and bending hot spot

stresses were found by linearizatias mentioned irquatios (4.3 and 4.5)

A 18 w 0 A

s cpdp 0A

Equationg4.6 and 4.7) werthen used to find the linearized surface stresses as:
A K K ccare 0A

Y S S ¢ patyx 0A

== 3D FE actual nelinear through

;.m? 300 -
§ s thickness stress distribution y)
a<s
[}
5 é 200 - = | inearization of the 3D FE stresp
az distribution
¢ ¢ 100 -
S e
£ 8 0
£ 35
22 P
S8 -100 -
o
Fe

g -200 -

-300 -

Main plate thickness (mm)

Figure 5-17: The 3D FE stress data, actual stress distribution, and the equivalent linearized stress distribution at the
weld toe of the Tjoint model subjected to inplane bending loading
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In Figure5-17, the curve represeithe actual notinear stress distribution through the thickness
of the weld toe cross section based on the 3D FE model. In the same figure, the solid line represents

the linearization of the curve (actual nlimear stress distribution).

The stress redtis of both the shell and the 3D FE models @igeire5-14 andFigure5-17) were
compared after being normalized, as showhigure5-18 andFigure5-19. The normalization was
done by dividing the shell and the 3D FE stress data by a load of F = 1000 N. The normalization was
done so that the shell FE local reference stress data could be scaled later to the loads applied to the
experiment specimens, which were based on loads df326 N and F = 2000 N.

Figure5-18 shows a comparison between the actuatlivear throughthickness stress
distributiondi(y) obtained from the 3D FE model and the #ioear througkthickness stress
distributiontiw(y) generated from the shell FE local reference stress data aMtizdan equation.

0.5

0.4 Monahan through thickness strgss
distribution ™ xx(y)
0.3 -

0.2 - =i-3D FE actual nelinear through
thickness stress distribution ¥j)

0.1

(MPa/N)

0 .

-0.1 4

Normalized through thickness stress,
normal to the weld toe cross sectoin

-0.2 4

-0.3 -
Main plate thickness (mm)

Figure 5-18 Comparison of the normalized actual stress distribution (3D FE model) and the normalized stress
distribution (shell FE model and Monahan) through the main plate thicknessfahe T-joint

The difference between the actual peak stress based on 3D FE modelling (429.25 MPa) and the
peak stress based on the shell FE local reference stress data (358.39 MPa) was approximately 20%.
The compared stress distributions from both thel simel the 3D FE models showgdod agreement.

The 20% difference for the tensile part, which is the most important part because it is considered the

o

l ocation of the peNardethwsllt ress needed for the U
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Figure 5-19: Comparison betwea the 3D FE and the shell FE linearized stress field across the weld toe cross section;
T-joint subjected to in-plane cyclic loading

The linearized througthickness stresses from the 3D FE model were higher than the shell FE
local reference stresses irethending and tensile parts of the base plate surfelcedinearized
stresses are compared to find out which stress part is causing the differences in the shell FE and the
3D FE stress data.

This validation is important because the peak stress baséé shell FE model will be used to
determine the fatigue crack initiation life using the sttd@method. In addition, the through
thickness stress distribution based on the shell FE and Monahan e@84dtipmwill be used to
determine the stress intétysfactor required to calculate the fatigue crack propagation life using the
LEFM method.

The JD Company performed two series of fatigue tests to verify the predicted fatigue life for the
T-joint subjected to iplane cyclic loadingBoth tests were condted under fully reversed loading,
but the first series of test specimens was subjected to F = + 1320 N, whereas the second series was
subjected to F = £ 2000 N. Therefore, the peak stress and the thhiclgiess distributions obtained
from the shell FEnodelling (the green curve Figure5-14) were scaled to thead levels applied to
the experimental specime(fs = 1320 N and F = 2000 N), as showrrigure5-20 andFigure5-21.
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Figure 5-20: Scalednon-linear through-thickness stress distribution for a load of (F = 1320 N), based on the shell FE
local reference stress data and Monahan equation
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Figure 5-21: Scaled nonlinear through-thickness stress distribution for a load of (F = 2000 N), based on the shell FE
local reference stress data and Monahan equation

The fatigue life predictions were performed with and without the residual stresses. The residual
stress was measured at the plate surface Grdy99 MPa), whereas the distribution was
approximated by sekquilibrium of the linear field. The approximate residual stress distribution

shown inFigure5-22 was based on limited experimental data.
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Figure 5-22: Approximation of the residual stress distribution through the attachment plate thickness of the -Joint
subjected to inplane bending load

5.3.4 Fatigue life prediction of a T-joint subjected to in-plane bending

The fatigue | ife iNandphe EGN methedd babed onuhe shellfE lbdale U
reference siNmetlsod pratliats tiae fatiglienceack Uhitiation life, whereas the LEFM
method predicts the fatigue crack propagation life. Bogthods, which are coded into thehiouse

FALIN and FALPR software packages, were used to find the total fatigue lives of the currefit-case (
joint subjected to ifplane cyclic loading The total fatigue lives were determined by summing both
the initiation and the propagation fatigue lives. Finally, the predicted total fatigue life was compared
with the fatigue life of the experiment.

The first step is to determine the fatigue crack initiation life according to the procedure of the
strainlife method destbed in SectionZ.2). The material properties iFable5-2 andTable5-4 were
input to the FALIN software to calculate the stresses and strains for each load cycle based on the
RambergOsgood fatigue stresdrain curve and the Neuber equation Seerre5-4 and
Figure2-12). The SWT equation (2) was then used to calculate the fatigue crack initiglife. The
FALIN software simulates the stresgain response and corresponding fatigue crack initiation life at
the weld toe (output datalhe fatigue crack initiation lives were predicted tloe current case when
subjected to load levels ofF1320N and F = 2000 N, without the effect of the residual stress, as
shown inFigure5-23 and

104



Figure5-24. Figure5-25 andFigure5-26 show the fatigue crack initiation lives for the same load

levels, includiy the residual stress effect.
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Figure 5-23: FALIN input and output data for the T -joint subjected to in-plane loading (F = 1320 N); a) Manson
Coffin curve, b) Stress loading history, c) Cyclic Rambergdsgood curve, d) the output data, €) Simulated stress
strain material response at the weld toe
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Figure 5-24: FALIN input and output data for the T -joint subjected to in-plane loading (F = 2000 N); a) Manso
Coffin curve, b) Peak stress loading, c) Ramber@®sgood curve, d) Output data, e) Simulated stresstrain material
response at the weld toe
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Figure 5-25: FALIN input and output data for the T -joint subjected to in-plane loading (F = 1320 N) in addition to
the residual stresdlr : a) Manson-Coffin curve, b) Peak stress loading, ¢) Ramber@®sgood curve, d) Output data, e)
Simulated stressstrain material response at the weld toe
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Figure 5-26: FALIN input and output data for the T -joint subjected to in-plane loading (F = 2000 N) in addition to
the residual stresdl; : a) Manson-Coffin curve, b) Peak stress loading, ¢) Ramber@®sgood curve, d) Output dah, €)
Simulated stressstrain material response at the weld toe
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The second step in the fatigue life analysis is the calculation of the fatigue crack propagation life
using the LEFM method coded in the FALPR software. The observed cracks by the JD éatigue t
experiments of the current case were found to be-e#imiical in shape with a surface crack length
of approximately 2c = 3.5 mm. Therefore, the initial crack size was assumed to be not greaer than
= 0.5 mm in depth with an aspect ratio of (af2.286). Accordingly, the predictions of the fatigue
crack propagation life were based on assuming a-etipiical planar crack in a finite thickness

plate.

In thecase of semelliptical cracks, two stress intensity factors at the depth and surfads aEn
needed. Using the weight function method, with the threthiggtkness stress distributiaix(y) based
on the shell FE modelling and Monahan equation, the stress intensity factors at the crack depth and
surface (points A and B iRigure3-13) can be determined. These two stress intensity factors are
important for the determination of crack increments after each cycle for both surface and depth
directions, as pexquatios (2.21 and 2.2R The crack increments due to the applied load cycles are
calcul ated by wusing Par 2200 Tofusethe Batisguatiorrfadigu& gr owt h

crack growth properties C and m are required for the material of the welded joint under investigation.

Fatigue crack growth properties for the material of the current case can be determined according to
Section(2.3)by us i n g [4Nequatonsz Fobtlse determinatitre Pariequationconstants C
and m, the material propertiesTiable5-2 andTable5-4 were input to the FALIN softwarddence m
= 3.720 and C = 1.95 x 1%, corresponding to R = 0 at N =‘dycles

The threshold stress intensity range and the critical stress intensity factor for the material of the

current case & = 0 were:
Y+ o®- OW PATHA yrm OW .

The througkthickness stress distribution based on the shell FE model and Mosgnationwvere
input to FALPR to determine the stress intensity factors. It was found that the crack grew on the
surface faster than the depth because of the high stress at the wél].tdderefore, the crack
increments of the surface and deepest point have to be determined for each load cycle. Accordingly,
the aspect ratio (a/c) has to be updated after eachindremens i ng Pari s6 fatigue ¢

fatigue crack propagation life has been predicted for tfwent weld subjected to #plane loadings of
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(F =1320 N, and F = 2000 N). The predictions of both load cases were carried out with and without

the residubstress to investigate the effect of the residual stress.

Figure5-27 throughFigure5-34 show the data input to FALPR, the predicted crack depth versus
the number of agles, the stress intensity factor versus the number of applied load cycles, the fatigue
crack growth lives predictions, and the fatigue crack propagation lives of the weld joint under
investigation when applying F = 1320 N and F = 2000 N, respectivelyeastegure5-31 through
Figure5-34 show the same results including the effect of the residual stress. Note that including the
residual stress effect was done to study its effect on the fatigue life evaluation.
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Figure 5-27: FALPR input data for fatigue crack propagation analysis of the Fjoint the T-joint subjected to in-plane
cyclic loadingF = 1320 N (without residual stress): a) Paris fatigue cracgrowth curve, b) Loading history of the
peak stress, c) Geometry of the crack, d) Fatigue life, €) The normalized throughickness stress distribution
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Figure 5-28 a) The crack depth versus the number fapplied load cycles to failure (aN diagram), b) The stress
intensity factor values at the surface and depth points of the serlliptical crack versus the crack depth (ka
diagram); T-joint subjected to in-plane load F = 1320 N (without residual stress)
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Figure 5-29: FALPR input data for fatigue crack propagation analysis of the Fjoint subjected to in-plane loading F
= 2000 N (without residual stress): a) Paris fatigue crack growth curve, b) Loading history of the peak stress, c)
Geometry of the crack, d) Fatigue life, €) The normalized throughhickness stress distribution
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