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Abstract:

Driving force computation for fatigue crack growth based on the integration
of fracture mechanics with artificial neural networks

S. Navid S. Mortazavi, PhD.
ConcordiaUniversity, 2023

Fracture mechanics principles play a crucial role in characterizing fatigue crack growth (FCG)
rates based on the concept of driving force. Two-wediwn and promising driving forces in

fracture mechanics are the stress intensity faetar g e  ( @®Kliy Jirdegrdl @), Whi | e &K
is a linear elastic fractur e -plasticfnaaturd nieshanicd EF M)
(EPFM) parameter. However, both driving forces have limitations when it comes to FCG
char act er ilgta accoam for retativelyf lagecale plasticity, rendering it inadequate

for describing the short crack (SC) regi me. C
consider largescale plasticity, but its application on real engineering probiektsllenging. The

difficulty arises from the need to perform complex and tooesuming elastplastic analyses to

compute the actual elaspdastic stress, strain, and displacement fields near the crack tip for the
calculationo f  aJ . ‘Bxplorss the integdation of artificial neural networks (ANNSs) with
fracture mechanics principles to overcome these challenges. The research is carried out in three
phases:

Phase 1 focuses on integrating A-Nadedwmodsthat ®K as
solely formulate FCG rate based on the maximum stress intensity fagigd (Kand &K, t h
approach incorporates other controlling param
and stress ratio (R) in the long crack (LC) regime,andasa¢d t i on of stress | ev

to e&@eK and R in the SC regi me. -lkhéaNand compiex dev el
functions in both regimes, using experimental FCG data sets fr@#Al4V titanium alloy, 2024

T3, and 707516 aluminum alloysfor training and verification. Although this phase shows
potential, the reliance on limited FCG data sets due to costly procedures remains a challenge.
Mor eover, &K as a LEFM par amschleplasticityih the 8ht | y
regime.

To adiress these issues, a novel approach is suggested and investigated in Phases 2 and 3. Phases
2 and 3 propose replacing &K with &) as a pro
element (FE) analyses with ANN algorithms. Firstly, the implementatidfE models provides

ample datasets for training the ANNs. Secondly, this integration allows for the determination of

& through a | inear el ast-plastcamalysast i on r at her t

Phase 2 involves FE analyses to determine stress, stral displacement fields under elastic and
elastoplastic states near a crack tip for a notched specimen made of stainless steel (SS304) under
monotonic loading. Hypothetical elastic stress, strain, and displacement fields around the crack tip
are used sinput data for the developed ANNs. The corresponding actual -plastc stress,

strain, and displacement fields are the output of the ANNSs.-tna@tled ANNs successfully
establish relationships between the elastic and efdastic fields, enablingredictions of elasto

plastic stress, strain, and displacement based on hypothetical elastic dathoAsemodel based

on the equivalent domain integral (EDI) method is developed to detersimtegdal as a function



of stress, strain, and displacem#elds around the crack tip. This model can be served asa post
processing step after elagitastic FE analyses. In addition, it can be employed to determine J
integral based on ANN predictions. The accuracy of tHeuse model is verified by thdartegral

data in the literature. ANN predicted elaglastic stress, strain, and displacement fields are
compared and verified with those obtained from ela$tstic FE analyses. The proposed method
demonstrates significant accuracy in determinungtegrd values.

Phase 3 extends the approach to cyclic loading conditions. The developed ANNs are trained on
cyclic stress, strain, and displacement fields. TR mu s e mo d el i's upgraded
under cyclic loading. The accuracy of cyclic ANMedictedelasteplastic stress, strain, and
displacement fields is compared with those obtained from gdastic FE models, resulting in

significant agreement. The-mous e model I's verified by the &
&J val ues ppropabedenoddeldre dompatatiiego those directly determined by elasto
plastic FE analyses.

The integration of artificial neural networks with fracture mechanics principles provides valuable
insights into overcoming traditional driving force limitations HCG characterization. This
research offers a promising avenue for future research and practical applications in the field of
fatigue crack growth analysis.
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Chapter 1.

Introduction and Literature review



In this chapter, fatigue crack growth (FC@}p definition and significancen the industry are
briefly provided. Additionally, differenfatigue crack regimes duringhe progress otrack
propagation before the final fracture are discussed. Subsequentlpritiay conventional
approaches to determine the total life of a compbaabjected tdatigue are categorized. The
significant studies in the literature for each category are reviewed to specify the limitations of
current models in accurately and efficiently determining the fatigue life of engineering
components. Furthermgneeural network algorithms as machine learning methods are introduced.
Finally, the application of neural networks in the fields of fatigieek growthand elasteplastic
mechanics is discussed.

1.1.Fatigue crack growth and different crack regimes

The fatiguedamage procesomprises multiple damage phases, including crack nucleatanrk
growth, including early propagation of short cracks and long crack propagationtharfchal
fracture [1]. It is broadly accepted that fatigue failure is the momtnmonfailure mode in
numerous industrigg]. Sincethefatigue damage process occurs under cyclic loadiegrimary
purpose ofllmost all investigations on fatigd&ilure mode is to determine the fatigue life or the
total number of loading cycle® () a componentvithstandsbeforethe finalfracture.lt is widely
accepted that the total fatigue life includes the number of loading dpeesause the initiation
of incipient crack { ), and subsequenilthe number of loading cycles within crack propagation
from its initial to its final length just beforéhefinal fracture, as shown igg. (1.1)

6 5 0 (L.1)

The crack initiation is defined based on its detectability. A crack is considered to be initiated when
it i s -b0 n@ @rtarian®rdilyasuggested by the USavy. Consequently, crack initiation
i s d e fthenneegtioraamnd giowth ofshort crack to the experimentally detectable lafiq.

Fatigue crack propagation consists of differereick regimes based on the crack size and the
controlling parameters that govern the FCG behavior. FCG involves the propagation of short
cracks (SCs) and long cracks (LCs). SCs are classified asdtaagsshorter than 0.5 to 1 mm.

The microstructursignificantly affects the FCG behavior in the SC regime. 8fésdivided into
microstructurally short cracks (MSCs) and physically short cracks (PSCs). The length of an MSC
is comparable with the microstructural characteristics of the material, i.e., the grain size. As a
result, the material cannot be consideredmtiouum at that length scale. However, the size of a
PSC is adequately long to assume the mateelahvioras a continuum. The size of LCs is longer
than 0.5 to 1 mm. It is widely acknowledged that microstructural characteristics have no influence
on theLC regime[1]. The different crack regimes based on the crack sizechematicallyshown

in Figurel.1

There are mainly two distinguished approaches to determine the fatigue life of comporteets: 1)
Aicr iaitabond appr odlhehf aadt @) e me cdiseussedcas follovs:p pr oac h

1.2. Crack initiation

Thecrack nucleatiofbasednodelsconsider theaumber of loading cycles for crack initiatioi

as the total life. In other words, such models assume that components initially have no cracks and
the components should be replaced or repaired after the crack nucleation. The crack initiation
methods are categorized based on siiesqS-N approach)and straidife (--N approach)
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prediction methodss-N approaches quantify fatigue damage, antbsequentlyfatigue life based

on the nominal stress. On the other hdhd; -N approach employs the local notch tip strains and
stresse$o determine theatigue damage. Since crack initiation methods are noticeably applicable
in many industries, the-8 approacl3-5] and--N approacH6-12] have received great intst
among the researchef@ne of the mostritical shortcomings othe crack initiations approach is

the principal assumption that components have neepisting cracks. According tmost ofthe
fabrication process such an assumptiaontradicts reality.

Crack Grain
s -

Figurel.1 Schematic oflifferent crack regimef 3]

1.3. Fracture Mechanics

To the contrary ofhecrack initiation approachhefracture mechanics approach asssthat the
cracks are prexisting in structures. Such principal assumptisnin more accordance in
comparison with the one in crack initiation approach. The main aim of fracture mechanics is to
determine the FCG rate based on a proper driving forcepassh Eq.(1.2):

,&,(,” QQI QU Q (1.2)

Qu
N and a are the number of cyslend crack size, respectively. There is significant number of
controlling parameters affectinge FCG rate, e.g. the geometry of structures, the loading type,
alternative stress, mean stress, etc. The suggested driving force (ib.Zxgs required to be
comprehensive to account for as many controlling parameters affecting the FCG rate in order to
accurately calculate the fatigue life of structuretmdést all of the fracture mechanibssed
modek can be classifiethto the two main groups based on the elected driving force. The first
group is linear elastic fracture mechanfc&FM), and the second one is elagtastic fracture
mechanics (EPFM) disssed in detail as follows:

1.3.1. Linear elastic fracture mechanics

On of the most prominent parametar fracture mechanics the stress intensity factoo(. The
ssress intensity fthenagnitude oStheFsiressisimguldrity fatithe épdof aa s

fi



mathematically sharp crack in a linear elastic matevigll4] o r dieect fmeasure of the elastic
strain energy in a stressed material that contains a @§tk]. The SIHs mainlyusedto specify
the stress state around the crack tip of asteEl material in fracture mechanicehe SIF is
guantified by Eq(1.3):

O oW 13)

where Yrepresentshe geometry factor, Stands fothe nominal stress, anddenoteghe crack
length. Two wellknown SIFbased modelssedto characterizéhe stress/strain field around the
tip of cracks and deep notches are the Westergaard midijodndthe CreagefParis solution
[17]. The closed fornCreagetParis solutiorunder mode | type of loading/hich determins the
stress distribution in the vicinity of a blunt crack, igpshown in Eq(1.4):

0 A N 0 ) ~ , 00—
» ——wWEE p | Qe 1| Qe ———WE
S SN q q N icl G
0 ., — e« R
” ——wEeEE p 1 Qe 1 Q&= ———WE (1.4)
MC“ 1 c c c Vlc“ lcl c
0 y e~ v . o, O 0 ) ;w0
T —— i Q& wéE bk WEi— ——i Qe
ng" 1 C C qG Nc“ 1gl C

where” is the radius of the crack tip, 8tands forthe SIF, r is the radial distance between an
arbitrary pointandthe origin of coordinate system, andis the angle between the r atite
horizontal coordinate axig.he origin ofthe coordinate system is located behind the crachttgp

distance of- as schematically shown Figurel.2

It has been widely acknowledged that stress and strain fields around the crack tip govern the
behaviorof FCG. As a result, Paris and Erdodas] suggestedhe SIF range Y0 0

0 ) asthe driving force in E@l.2). v andv |, correspondo the maximum and minimum

stress leva under cyclic loadingas schematically shown figure 1.3 for constant amplitude
loading. Asdepictedin Figure 1.3, the stress amplitude, (), mean stress, ( ), and stress range

(¥, are determined by E¢1.5-(1.7).

T (1.5

LA B 16
" c (1.6)
Y, . , (1.7)
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Figurel1l.2 Schematic of coordinate system in Creaaris solution.
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Figure1.3 Main characteristics of a constant amplitude loadirgj.

The model suggested by Paris and Erdogan is one of the mostneelh fracture mechanics
modelsusedto characterize FCG rat€hismodel is known as Pafikaw asexpresseth Eq.(1.8):

QL .
et AvA 1.8
b oYl (1.8)

where a and Mepresentrack size and the number of loading cgclespectivelywhile C and m

are the material constani&he Paris model is schematically showrFigurel.4. As depictedin

Figurel.4, Pari$law depictghe seconghasewhichis between th¥0 andY0 . TheSIF range

threshold Y0 ) specifies the minimum driving force required to cause fitgue crack
propagatiorin the LC regimeand the critical SIF rang&{ ) is corresponded to the final crack

sizeand the instantaneous fractukel t hough Pari sdé | aw is consider
LEFM, it has noticeable shortcomings. One of the most crdeifitienciesof the Paris model is

its incapability to account for the mean stress aafid. R-ratio, as an influential parameter

FCG behavior, is defined as E.9).



Y — (2.9
As schematically shown iRigure 1.5, the Paris modekxhibitsdifferent curves underariousR-

ratios intheLC regime for gparticularmaterial.Consequentiythe FCG rate ca be quantified by
means of Eq(1.10 as a function o¥0 and'Y.

] da
og(dN

Phase (1) Phase (II) Phase (1II)

log(C)

Figure1.4 Schematic of Paridaw.

Qe QY0 RY (1.10)
Q0 ) .

However, it has beedemonstratethat such characterizatipasillustratedin Eq. (1.10 is only
feasiblein the LC regimd1]. The inherentlisparitiesbetween the LC and SC regim&sownas
Asi militude abfollensk]downo ar e

i) FCG rates irthe SC regimearehigher tharthosein the LC regime — —

i) The threshold in th&C regime is lower thaatin the LC regime Y0 Y0 ;

i) The threshold in the SC regime varies with crack lenigtltontrast to thé.C regime where
the thresholdemainsconstant.

Experimental FCG data demonstrate tetFCG rate in the SC regime can be quantified based
on stress level, in addition to the/O and'Y as shown irEq.(1.11)
Qw

il QY0 FiYh, 1.11
a0 QYU hyh (111



The FCG rate and the mentioned similitude breakdown schematically shéwguial.6.

Thelimitationsof P a r i shéve pramptednany researchers tmvocate fovariousYU -based
modelsthataccount foithe R-ratio effect

Elber[20] and Newmarf21] were among thérst to proposethe concept ofcrack closure as a
crucial parameter thatsignificantly influences the FCG behavior. It was claimethat
comprehending the concept of plastiditguced crack closure is pivotal in quantifying the effect

of R-ratio on the FCG ratéAccording to the concept of plasticilgduced crack closure, plastic
deformation zonédPDZ) forms ahead of a relatively short crack, as depicted schematically in
Figurel.7(a). As the crack propagates, it penetrates through this RBZ.result, the craekwake
plasticity is formedConsequently, the surfaces of a relatively larger crack size become involved
with thecrackwake plasticityand its closure effect. Thafluence of the crackvake plasticity
increasesand finally stabilizes once the crack enters the LC regime. It has been widely
acknowledged by many researchers that the change in slope obserredaaddisplacement
curve during fatigue crack propagation results from the plastiwityced crack closure concept
[22]. To determine the SIF at the point of crack closure corresponding to the change in slope in
the loaddisplacement curve, it was suggested that both the openir(@ SIBuring loading) and
closingSIF (0 during unloadinginust be specifief23]. Consequently, the efféee SIF range

(see Eq(1.12) was proposeds the driving force to calculate the FCG rate.

Ry Ry Ry Ry
//m R3 > RZ > Rl

log(AK)

da
log(ﬁ

Figure1.5 The effect of Rratio onFCG.
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Figurel.6 FCG rate in the SC and LC regime: a) 3D view for differemafids, b) 2D view for a constantiatio.
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Figurel.7 Description of plasticity induced crack closlité.
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The | iteratur e ¢ o mp rbasedensodels, amiete element (BH) andlysess |, pK
that focus on crack closuf24-36]. Among these models, the NASGRO model, known as the

Forman/Mettu equatiof87], shown in Eq(1.13) stands out as one of the most renowned crack
closurebased models.

o o W

‘ Y

Y0 . (1.13
P V]

&

24 p
Q0 p

where R is the stresatio, Y0 is the SIF threshold) s the critical value of SIF, C, n, p, and

g are calibration c o e fffinction desoribisg,the arackl clobureiThe t h e
mentioned parameters are discussed in detail in the litef8&]jre



Crack closurébased models have significantly advanced the characterization of FC{a tatess

of applicability Therefore, these moddiavefound practical applications even in the aerospace
industry. Nevertheless, uncertainties and questions have emerged regarding whether crack closure
truly serves as the primary lestont r ol | i n g -ljased raodedst Caverseiperspapikes
have been pposed to reinforce these uncertain{iels One of the most critical points among
these perspectives is the revelation that the change in slope observeddisgtaxment curves

may also be attributed to the presence of a PDZ ahead of the crack tip during the development of
a monotonic plastic zor&9, 40] Additionally, numerous constants need to be calibrated in the
majority of crack closurased models, which presents a considerable challenge in many cases.
These uncertainties and the dder extensive calibrations have hindered the widespread success
of crack closurdased models, especially in the SC regime.

Besides the craeklosure concepthei Un i f i e d agarparedcignifitadtintérestsamong
researcheras a meant modify theYU -based models in order to address the effect-miti,
which isnot considered n P a r TheUnified approactproposes the inclusion of in
addition toY0 as part othe driving force in Eq(1.2). One of the initial modslbased on the two
parameter driving forcesasproposed by Walkde1] as shown irEq. (1.14).

Qw ~ _— :

ol op YU 0 Yu 0 (1.14)
wherer) and/ are constantthat need to be determinédsed orthe procedure discussed in the
literature[41]. The walker model waatermodified by Donald and Parj42]. While both models
demonstrate significant agreement with FCG rate data in cases of relatively higtiersRthis
agreement diminishes notably in situations with lowamafbs. To enhance the accuracy of the
two-parameter driving forebased model, Kujawski3] proposedeplacingYV with the tensile
part of the stress intensity factor rar{y¢@ , as shown irEq. (1.15.
gm 6 Yo 0 (1.15)
Qu

Kujawskid snodelindicatesnoteworthy correlan with experimental FCG datddowever,the
correlation for positive Ratios is significantly higher than thatithin the range of negative-R
ratios. The wo-parameter driving forecbased model was also proposed by Sadananda and
Vasudevarj44, 45] Sadananda and Vasude\dd] claimed that two distinct threshalgdhould
be taken in to account in addition to the tparameter driving force. It was suggested that both
0 andY0 mustexceed theithresholdvalues denotedas  ; andYU , respectively, in
order tocause fatigue crack propagation.rblozi et al.[46, 47]proposed empldyg theresidual
SIF (0 ) in addition to the tweparameter driving force and two thresholds. That model is known
astheUniGrow model shown in Eq1.16):

Qw o

o 0 0 YU (1.16)

whereyand’ are the constanthat need to bdetermine based dheprocedure discussed in the
literature[46] andb andY0 are defined as E§1.17)-(1.18).

O 5 0 0 (1.17)



o

YO YO U (1.18)

where residual SIR)( ) is defined as:

0 , 0 O (1.19

where a is the crack length, ¢hd is the weight function determined by the procedure discussed
in the literaturg48], and, is the residual stress ahead of the crack tip, and x is the coordinate
axis along the crack axi$t. should benotedthat the crack is considered a micro notchihe
UniGrow model.

UniGrow model is considered one of the most recent and significant ierpemt in LEFMThis
model indicateghat a proper driving force can account for different controlling parameter
affecting FCG rateThe UniGrow modeldemonstrateshat by employing a promising two
parameter driving force to characterize FCG rate, diftecemves based on variousrgtios
collapse into a singlECGcurvepredicted by the model feach materiabs schematically shown
in Figure 1.8 This highlights the importance of using a comprehensive and appropriate driving
force in fracture mechanicEheUniGrow model has receivesignificantattentionin many studies
[49-54]. Unfortunately, application of UniGrow model or unified appras;im generalhas not
been reported successful so far in the casee3C regimd55, 56} It should be emphasized that
the success dhe UniGrow modelin the LC regimas attributed to themployment of residual
SIF (0 ) accounting for theffectsof residual stress field ahead of the craclrtipddition to using

a two-parameter driving force.

(a) da
dN

AK
(b)

da UniGrow prediction surface da
_— R, -

dN dN
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..JJA@QA r:l???; -
g 44 o = B

_— AA o
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(K'max.tat)p(ﬂktﬂt) ip
(Krmx‘tot)p(AKtot) 1-r

Figurel.8 a) Representative of FCG data under differemafios; b) UniGrow FCG prediction and its correlation
with experimental datfb7].
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One may realize that the actual elaglastic stress around the crack tip is required to determine
the residual stress and subsequenttheresidual SIF{ ). However, SIF, as aEFM parameter,

is only capable of converting nominal stress to the elastic stress field and does not account for the
actual elastglastic stress field around the crack #s a result, the UniGrow model integrates

the CreageiParis solution introduced iag. (1.4) with Neuber rule to determirtbeactual elasto

plastic stress/strain fields ahead of the crack tip.

Neuber[58] developed one of the most famous notch correction methado wn as Neuber O
Neuber 6 s r lithedotabstraanteresyy deffisity tat the notch root equals to the pseudo
strainenergy density and complementary energy density as if a body was to hypothetically remain
elasti® [59] as shown graphically ifigure1.9 (a) The superscptsfiedin(, ) and faod i
(, h ) stand for elastic and actual stress/strain fields, respectvelyu b er 6s rul e can
for uniaxial loadingypeas:

n - n - (2.20)

Topper et al[60] extendedthtNeu b er 6s rul e to account for a \
uniaxial cyclic loadings. Molski et &l61] proposed the equivalent strain enedgysity (ESED)

st at i mhg actudl elastgléstic strain energy density at the notch root equals to the pseudo

strain energy dengijtas if a body hypothetically behaved elasf&9] as shown irFigure1.9 (b).

Hoffman and Seegg62]e x t e nd e d Neankeqivaterst foomwad: e

w - w - (1.212)

where, and- are the equivalent elastic stress and strain, respectively, if the material remained
elastic, and and- are the actual elasfaastic equivalent stress and stratrthenotch root
respectivel y. Neub emnt@restamong eeseareghaiadit bas lmeenfuetlter a g r
extended under proportionahd nonproportional loadinggs well afor micro notcheg59, 63
68].Unfor t unat el vy, Neuberdés rule is Iimited to th
extended to the cracks so far.

As discussed in this sectioM) -based modelkave been significantly improved to address all
controlling parameters in the LC regimeabling them to characterize FCG rates in this regime.
However,Y0 -based models show significant limitations in the case of the SC regime so far. That
is attributed to the fact th&) is inherently a LEFM parameter. Although it is possible to employ

YU to characterize FCG rates in the presence of relatively small and ignorable PDZs around the
crack tip,YU is not able to account faherelatively large scale of plasticity around the crack tip.
Largescale plasticity occurst@er under high stress lelg, or in the case dhe SC regime where

the size of the crack is comparable witle PDZ size. Therefore, it is not possible to ignore the
plastic deformation around the crack tip in the latter case.

11
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Figure1.9 Graphical interpretation of Neuldsrrule[59].

1.3.2. Elasto-plastic fracture mechanics

Elastoplastic fracture mechanics (EPFM) employs a driving force (se@ B}).that is potentially
able to account forelatively largescaleplastigty in the vicinity of the crack tipin order to
accuratelydeterminghe FCG rate According to the literaturesuch driving forces mainlyclude
crack tip opening displacement (CTOD) avslintegral.

CTOD { ) can be defined as the distancenNmen theoppositefaces of a crack tip at the positgn
wherethe intercept of lines between gepositions and the crack tip estabbshhe angle of 90
degreesas shown inFigure 1.10 CTOD-based modelfave garneredgreat interest among
researcherf69-73]. Oneof the mosinotablemodelsbased on CTORo characterize FCG rate in
both the SC and LC regimaés the one proposed by Shyam et[@l-76]. This model suggests
consideing two stages. The firstage involveshe accumulation of irreversible damage as a result
of plastic response of material in the vicinity of the crack tip. The sestagédinvolveslocalized
fracture ahead of the crack tijue to theaccumulated plastic damages exceedim@r critical
value The latterstagecauses the crad extend Shyam et al. adopted CTOD to address the
accumulation of damage from plasticity or the plastic strain around the crack tip. That model is
given as Eq(1.22:
Qw .,
Q0
where k is &onstant that required to be calibrated based on the material, temperature, and loading
frequency.e ande are the monotonic and cyclic CTOD, respectively. According to that model
crack extension occurs if and onlyeif exceeds its critical value ( ), which can be defined

based on the procedure explained in the literaféder6]. Although this model was further
improved[77, 78] it is not successful in the full range of the SC regime.

. (1.22)
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Figure1.10 Definition of CTOD based on the ftintercept proceduri 3].

Jintegral is aline integral in a twedimensional state. Ric€79] introduced dntegral to
characterize stress and stréelds around the notch tip for the first time. Rice suggested that the
integral pathmuststart from one surface on the notch, continue throughdtched bodyembrace

the notch tip, and reach the other surface of the notch. The schematic of an arbitrasy fwath (
define the dntegral is depicted ifrigure1.11 The J-integral is quantified by the means ©d.

(2.23:
, R o ¢ I
0 WwQw W%f‘Ql (1.23
@

where W is the strain energy density, x and y are the coordinatecaxe® (Qw ), T is the
traction vector defined with respect to the normal ve@ipalongthe path integral3(), u is the
displacement vector, and s is the infinitesimal element of the integral®atkV(and T can be
defined ashown inEg. (1.24) and(1.29), respectively.

® odw o - , Q- (1.24)

Y o, & (1.25

where, and- are the stress and strain tensor, respectidety.c or di ng t o HEgr eenosos
(1.23)as a line integral can be rewritten as a surface integral in a 2D analysis as follows:

—a

: T o f 6 .
0 — — , —_ Qb (1.26)
wlw W

where dA is an infinitesimal area element (dA=dxsiyyrounded bg in Figurel.11

The Jintegral can be defined as the potential endeyysityrelease rate with respect to the notch
lengthextensionas shown in Eq1.27) and depicted schematically figure1.12
QU

o (1.27)

0
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Figure1.12 Schematic of potential energy release rate with respect to the notch length extension.

where P is defined as the potential energy per unit thickness ig the> direction (Sed-igure
1.12). The Jintegral should be regarded in two different states to be physically interpféted

In the elastic state, the potential enedgysty only consists of elastic strain enemgnsity As a
result,the Jintegral equalghe strain energy release rate with respect to the notch lemdkie
absence of any external traction force onrtbieh(0  "Q. In this case, two distinguishemergy
types can be considered during the notch extension. The first one is the surface daTesity
related to the new surfaces created as the restiieabtch extension. That energy increases the
potential energgensity The second energy type ietelastic strain energlensitydecreasing the
potential energy density with the notch exten$&fyj. The conflict between thegensity ofsurface
energy and the elastic strain energy is schematidalhycted inFigure1.13 As shown inFigure
1.13 theextension othe notchbeyonda critical value(d) results in the decreasing of potential
energy densityAs a resultd is the minimum notch length required to have notch extension in the
elastic state.
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Figure1l.13 Schematic of the different energy types with respect to the notch length.

Since the <ntegral equals (Xhe strain energy release rate in the elastic stegdsintegral has a
closedform relationship witithe SIF in thecase of elasticityas shown in Eq(1.28 and(1.29
under plane stress and plane strain condition, respecki@ty

0 (O] (1.28)
o ouv (129
p
where E and aretheelastic modulsand Poi ssond6s ratio, respectiyv

advantages of-ihtegral in the elastic state is its patldlependency. It has been proved that the
value ofthe J-integral is the same for any arbitrary pathch as the one schematically shaw
Figurel.11lif and only if[79, 81}

i) material response to the load is linear elastic,-lim@ar elastic,or deformationtype elaste
plastic. In other words, the steeis oneto-one function of straiMashing behavior).

i) there is a absence of any force or stress on the notch faces and tip.

On the other handhe J-integral lose#s physical interpretation deestrain energy density release

rate in the elastplastic state. The reason is attributedhe fact that there is the plastic strain
energy type in addition to the elastic strain energy and surface energy sheigur@il.13 That

being said, a portion of energy is lost and cannot be quantified directly as the result of plastic
deformation around the notch tip.

It has been shown that the concept-oitdgral can be extended to craeksl threedimensional
cracked/notched bodig39]. The Jintegral has been defined based on deformation theory of
plasticity and not incremental theory of plasticity. In other words, unloading is forbidden when the
Jintegral is employed. With this in mind, the critical questlmatarose isisit is possilbke to adopt

the J-integral to characterize FCG rate? Dowling &adjele}{82] and Lambd83] suggestethat

cyclic Jintegral (V) required to be defined only based on the loading half cycles to characterize
fati gue cr adhatsdseYbcantba definedrashown inEq. (1.30:
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Dowling and Begeley84] employed bottY0and Y0 as the driving forces to characterize FCG
ratesin both the LC and SC regimelt was experimentally shawthat theagreenent between
suggested/i-basedmodel (as EPFM modeland experimental FCG data is significaridigtter
thant he agr eement (@eUEMM rodelrRdaexkpersnéntal FEW data in the SC
regime or largescale plasticity. However, the accuracy offbmodelsvasreported to béhesame

in the case of LC regime or smaltale plasticityEl Hedad et al[85] further investigated the
application ofthe Y0-based model in the SC regime for different materials and geomeinids
noticeable agreement between ¥iebased model and experimental FCG rates was obséksed.
a resultY(-based models have receivgreat interesh determiring FCG rate in the case of large
scale plasticityf86-88]. One of the most crucial studies ¥ was provided byranaka[80], in
whichthe physical interpretation dunder elastglastic statés suggestedTanakd80] defined
Y0 as a measure of energy dissipation spent on movement of dislséatitbe PDZ around he
crack tip during one cycle.

Although Y0 has been suggested as a promising driving force in order to calculate FCG rates in
the presence of largecale plasticity, its application has been reported significantly diffieititter

by the means of experimental procedures or numerical methods. NgoulB8} déveloped an
in-house model to numerically determii¥®to characterize FCG rates for the cracks initiated in
various butt and welded joints. Unfortunately, calculation of stress and strain tensors during the
crack deflection was reported dramatically difficult and timescomng. Metzger et a[90]
suggested to employ virtual crack extension (VCE) method as airbuilinctionality of
commercial FE pd@ge ABAQUS to determin¥\. However, éce the buikin functionality of
ABAQUS is not able to calculate cyclic J integidietzger et al. developed a restart analysis via
postprocessing and a useraterial subroutine. Su@napproach was reported besignificantly
complicated. Thereforeghis method is strictly limited to the lab specinseihere are different
approaches to determing), e.g. employing handbook solutions, analytical approximation
equations, experimental procedures based on defldction curves, and FE analy484-95].
Unfortunately almost all of the mentioned approach are either very time consuming or limited to
particular geometry or lo&y conditions[81].

One of the most appealing method to calculate J¥ni$ equivalent domain integral (EDI)
method first introduced by Miyakazi et §96] and further developed by Nikishkov et[&7, 98]
The EDI method suggestsalculatingd andY0in an equivalent domain surrounded dyinner
boundary § ) andan outer boundary3(), as schismatically showim Figure1.14 A proper g
function (known as-function as well) as schematically shownFigure 1.14is required to be
adopted in order to achieve the same value of YWdrased on conventional and EDI methods.
Such gfunctionwasfirst introduced by Loren [99] to define the virtual crack extension in a 3D
cracked body. The procedure to choose the approprftection is discussed in the literature
[100]. According b the EDI method, Eq1.26) can be rewritten as E@L.31) using theweight
function (q).
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wherdg is Kronecker delta and q is a wight functionof®w andw  asthecoordinate ass.
Theg-function has its maximum value en and it decreases linearly to zeronThe maximum
value of g in a 2D problem is one.

General formulation of thEDI method under mode | and Il loading in crackedlieshas been
discussed in the Appendix A

TheEDI method has a significant advantage dheconventional method in calcuiaty J andY(
values. That advantagdjes inthe fact that it is possible to exclude the crack tip and its vicinity in
the EDI method calculation. One of the most crucial difficulties in amadyasicracked body
problem is dealing withthe singularity problemaround the crack tipThere are differen
approaches to overcontlieis problem. One such approaches is considering the crack as a micro
notch as a simplifier assumption. As a result, the radios of the crack tip would be a firrEraon
value. Another approach is employiBgrsoum elements in Fa&halysesTheseelemens, first
introduced by Barsourfl01], are high order elementisat account for the singularity problem.
The required characteristicssifich high order elements are described in detalil in litergitQdg.
However, almost all of the approaches to overcdheesingularity problem are either not
coincident with eality or difficult to employ. The other crucial difficulty of FE analyses in the
presence of cracks is the necessity of using very fine mesh around the gratiictipincreases

the computational time especially in the ¢if@ problens. As a resultthe EDI method which
avoics dealng with singularity problem andhe vicinity of the crack tip,has a compelling
advantag®ver conventional method in thentegral calculationAdditionally, it has been proved
thatthe EDI method is a mahindependent approa¢h02], substantiallyeasingthe FE analyses

to determine -integral.ConsequentlyEDI method has received great interest among researchers.

Raju and Shivakumgd 03] compared the EDI method and conventional method to calculate J
integral values uret different modes of loadirig a FE analysisThe accuracy of the EDI method

was confirmed under various types of loading in that study. Shivikumar andllR@juemployed

the EDI methodn a FE analysi$or threedimensional mixedanode fracture problemand the
determined <ntegral values were reported to be in good agreement with the ones in the literature.
Okada and Ohafd04] used the EDI methoih a FE analysi$or cracks with differenturvatures

and kinks in a 3D spac@ noticeable accuracy was observed in that studyrBmks with kinks

and various curvatures.

Figure1.14 Schematic of EDI method andfgnction
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Wang et al[81] developed a FE model to characterize FCG rate for 304 stainless steel by using
EDI method. The results confirmed the accuracy of predicted FCG rates based on EDI method.

Althoughthe EDI method significantly simpliésthe J and/J calculations in compaon withthe
conventional method, a complicated Horear elasteplasticanalysis is required to characterise
FCG rateusing¥J-based modeldJnfortunately, such analyses are not tieficient to be applied
in many industries. That reason has led masgagchers to apply higher level of analysegsh
as machine learning algorithie estimatethe lifetime of engineering specimens.

1.4.Machine learning

Artificial intelligence (Al) has received great interest in almost all engineering and scientific areas.
Al is simply defined as the simulation of the whole processes and procedures of human intelligence
by means of machise specifically computer systems. Al embracearious techniges and
approaches. However, the most developed and numerously applied branch of Al is machine
learning as shown iRigure1.15 Machine learning (ML)jncludes any developed algorithm that

is able to extract specific pattern(s) from a given dataset and establish logical relationship(s)
between its input(s) and output(s). Milas initiallydeveloped to be applied in limited areashsuc

as image and voice recognition, traffic controls, marketing, and weather forecasting. However, its
application has spread through almost any fidlde first and the most crucial step of ML
application is to provide pplicadiantofaMLadfestothdre t er
sequence of inputs and their corresponding outpitanethods are mainly categorized into four
different classes based on the learning progasrshown irFigure 1.16 Supervised learning,
unsupervised learning, sesupervised learning, and reinforcement learnSwupervised learning

is a type of ML technique that estabksia logical relationship betwadabeled datasets. In other
words, the inputs and tineorresponohg output(s) are determined in advanced and then fed to the
training process. Training process is referred to the process in theiotachine leareafrom the
datasets.

Machine Neural Deep

Learning Networks Learning

Figure1.15 Al as a broad term.
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Figurel1.16 Different Types of ML

Such types of ML are mainly applied for regressierg{ distortion assessment of DMD parts)

and classification (e.g.failure detection in nondestructive evaluation methods) types of
problems.The most important algorithms implemented in regression type of problems are linear
regression, neural network, support vector, decision trees, lasscsregyeglge regression, etc.

The most welknown techniques in the case of classification type of problems are Blayes
classifier, decision trees, support vector machines, and random forest as skauneih.16. On

the other hand, the algorithms implemented in unsupervised learning methods are trained based on
unlabeled datdn such cases, the target variable is not available, or particufauteuwtannot be
assigned to the corresponding inputs. In these algorithms, the machine tries to determine the
similarities and differences between the data. As a result, such methods aseiteellfor
clustering types of problem$he reinforcement learning algorithms, known as decision making
algorithms, try to determine the best decision foicalted intelligent agents in a particular
environment in order to maximize the cumulative reward.

Many of mentioned algorithms have beeweival noticeable interest from researchers in solid
mechanics such asartificial neural networks (ANNSs), decision trees (DTs), support vector
machines (SVMs), etc. However, unlike the numerous and-osgdinized datasets that are
available in many figls such as image recognition, the reliable datasets that are appropriate to be
fed to the ML algorithms are limiteid solid mechanicsThe reason is attributed to the fact that
such datasets in solid mechanics are provided by expensive experimentaliestsnake them
exclusive to the companidéisat performed the tests. Therefore, the application of ML algorithms

is inits early stagem solid mechaniceomparedo otherresearch domains.
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1.4.1. Neural Networks

As shown inFigure 1.15 neural networks (NB) are one of the strongest and most appealing
approacks among researchers as a ML method that is able to extract complex relationship(s)
between the inputs and output(s) through a-aejhnized dataset. NNs are mainly developed into
three groups based on the applicatesshown inFigurel.17.

1 Atrtificial neural networks (ANNs):ANNs are the most weknown and extensively
utilized type of NNs that can be implemented in both regression and classifpratobems
(seeFigure 1.16). ANNs have shown a noticeable potential to extiaty pattern or
relationshipsjncludingcomplicated and nehnearrelationshif, between the inputs and
output(s) of a propertprganized and adequate databebughits layerbased structures
schematically shown ifrigure 1.17. There are different types of hyperparametéars
addition to the number of layersuch aghe number of neurons, weightandbiases that
are employed to extract the relationships.

Figure1.17 Different types of neural networks.

The mentioned hyperparameters will be discussed in detail in the follodhids estimate the
output as a function of inputs and all initially determined hyperparameters through a forward
propagation. Then a backwgpdopagation is operated to evaluate the error and subsequently
minimize that error by adjusting the weights and biases. Such a process is known as the network
training and the combination of one forward and backward propagations is\kasan epoch.
Training of an ANN may take hundreds of epodhs.shown inFigure 1.17, information is
transferred only in one direction in the traigiprocess of an ANN. The structure of an ANN
and its hyperparameters will be discussed in detail in the following.

1 Recurrent neural networks (RNNRNN is higher level of NN algorithm compaato the ANN
approach. RNNs are developed to overcome partitoigationsof ANNs. RNNscan handle
a given dataset that includes different types of data sizes and/or formats, which cannot be
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