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ABSTRACT

MIXED MODE FATIGUE CRACK GROWTH PATH AND LIFE PREDICTION
UNDER VARIABLE AMPLITUDE LOADING THROUGH EXTENDED FINITE
ELEMENT METHOD

Dirik, Haydar
M.S., Department of Aerospace Engineering

Supervisor : Assist. Prof. Dr. Tuncay Yal¢inkaya

June 2017, 79 pages

The main purpose of this study is to predict the crack growth path trajectories and
fatigue crack growth (FCG) life under variable amplitude loading (VAL) by using
Extended Finite Element Method (XFEM). For this purpose a computational algo-
rithm is developed in Fortran which interacts with a commercial finite element soft-
ware (Abaqus) and automatically propagates cracks which is initially modelled as
stationary crack. Nasgro FCG equation is used for FCG life calculation which has
a great accuracy among the FCG equations available in literature. Retardation effect
due to VAL is taken into account by using appropriate retardation models according
to nature of loading to show the capability of developed algorithm in covering the
retardation phenomenon caused by overloads (OL) and underloads (UL). Developed
algorithm is validated with several crack propagation tests available in literature in
terms of crack growth path trajectories and FCG life under mode I and mixed mode
loading conditions on different materials. Simulated and experimental results are in
good harmony.

Keywords: Variable amplitude loading, Fatigue crack growth path, Fatigue life, XFEM
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KARMA MODLU YORULMA gATLAGININ GENISLETILMIS$ SONLU
ELEMANLAR METODU ILE DEGISKEN GENLIKLI YUKLEME ALTINDA
YORUNGE VE OMUR TAHMINI

Dirik, Haydar
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi : Yrd. Dog. Dr. Tuncay Yal¢inkaya

Haziran 2017 ,[79 sayfa

Bu calismanin temel amaci genisletilmis sonlu elemanlar metodunu kullanarak degis-
ken genlikli yiikleme altinda catlak ilerleme yoniiniin ve dmriiniiniin tahmin edilme-
sidir. Bu amacla Fortran’da Abaqus ile etkilesime giren ve baglangicta duragan catlak
olarak modellenen catlaklar1 otomatik olarak ilerleten bir hesaplama algoritmasi ge-
listirilmigtir. Catlak ilerleme hesabi i¢in literatiirdeki denklemler arasinda biiyiik bir
dogruluk oran1 olan Nasgro denklemi kullanilmistir. Gelistirilen algoritmanin iist yiik-
leme ve alt yiiklemeden kaynakli catlak ilerleme gecikmesini hesaplayabilme kapasi-
tesini gostermek i¢in kullanilan yiiklemenin dogasina uygun olan ilerleme gecikmesi
modelleri kullanilarak ilerleme gecikmesi hesaba katilmistir. Gelistirilen algoritma
literatiirde varolan catlak ilerleme testleri kullanilarak yorulma catlag ilerleme yonii
ve omrii agisindan, birinci mod ve kompleks yiikleme modlarinda farkli malzemeler

tizerinde dogrulanmistir. Hesaplanan sonuglar ile test sonuglari iyi bir uyum igerisin-
dedir.

Anahtar Kelimeler: Degisken genlikli yiikleme, Yorulma catlag: ilerleme yoriingesi,
Yorulma omrii, Genisletilmis sonlu elemanlar metodu
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CHAPTER 1

INTRODUCTION

Fatigue and damage tolerance (F&DT) analysis of structural components exposed
to fatigue loading is a crucial issue in various industrial areas for damage tolerant
designs especially in aerospace industry due to certification rules. Aerospace struc-
tures have to be replaced when the probability of failure reaches a critical level even
if, it has a sufficient remaining life. Certification requirements necessitate that the
damage tolerance capability of the structure have to be demonstrated with simula-
tions and tests. To avoid unexpected results and over-conservatism, realistic fatigue
crack growth (FCG) path and life prediction of components have primary importances
from an economical and safety point of view. Thus, a reliable computational algo-
rithm is needed for crack growth analysis that estimates crack propagation path and
life in cyclically loaded structural components in order to prevent unexpected failure
of structure in service condition. Such an algorithm reduces the high expenses of real

testing facilities and replacement costs of components by estimating realistic results.

Cracks that have formed in structural components due to cyclic loadings may move
straight or changes their directions depending on the loading mode. For the analy-
sis of planar cracks under uniaxial loading a number of commercial tools have been
developed that solve the FCG problem of a predefined crack under either constant or
variable amplitude mode I loading condition e.g., AFGROW [1]] and NASGRO [2]]
which use handbook solutions for stress intensity factor (SIF) and appropriate FCG
rate equations available in the literature. However, industrial structures are mostly
under the action of mixed mode loading condition which forms non planar crack

path trajectories. The commercial tools cited above are not applicable for the case



of mixed mode loading conditions. For this reason, there is an industrial need for
the tools that simulate realistic crack path and life under mixed mode loading. In the
case of mixed mode loading better estimation of the cyclic life requires adopting a
cycle-by-cycle summation approach based on equivalent SIF that could cover the for-
mation of arbitrary crack shape as well as the effects of load interactions (retardations

or accelerations).

An effective way for curvilinear FCG simulation is to use numerical methods such
as finite element method (FEM). The conventional FEM has been used in many stud-
ies (see e.g. [3l 4, 15]) for FCG simulation with acceptable accuracy for modelling
of stationary and propagating cracks. However, FEM requires considerable effort for
capturing discontinuity created by cracks and some troublesome re-meshing burden

in each step of crack growth analysis.

Belytschko and Black [6] developed a new Finite Element formulation called Ex-
tended Finite Element Method (XFEM) which overcomes difficulties faced during
FEM simulations of crack initiation and propagation. In this method, there is no
need to re-mesh during the crack propagation, which reduces the computational time
and error associated with geometry mapping and mesh updating. XFEM has been
validated in several works (see e.g. [9, [10, [11} [12, [13]) and it has the capability of
accurately model the discontinuities such as cracks. Implementation of XFEM in
Abaqus/Standard has the capability of modelling stationary cracks accurately. It also
has the capability of modelling growing cracks. XFEM exercise in Abaqus uses the
traction-separation cohesive behavior approach by default, instead of using fracture
mechanics as stated in [14] for propagating cracks. However, the existing design
certification principles for damage tolerance assessments are based on theory of Lin-
ear Elastic Fracture Mechanics (LEFM) in most industries particularly in aerospace
industry. To meet the requirements of certification rules for damage tolerance as-
sessments, a LEFM based approach should be applied. Standard implementation of
XFEM in Abaqus can not deal with FCG simulations but it can effectively predict the
SIF of a stationary crack tip which is the basic parameters for LEFM based damage
tolerance assessments. Based on advantageous stationary crack modelling capabili-

ties of XFEM, cost effective and practical computational algorithm in the application



of the FCG prediction under mixed mode practical service loading conditions is pos-

sible by algorithms which use externally defined analytical methods.

Industrial structures are mostly under the action of variable amplitude loading (VAL)
through their service life. Although, there are many studies (see e.g. [15 16, [17]) in
the literature that analyse crack propagation under constant amplitude loading (CAL),
the studies that accounts for load history effects caused by VAL are very limited.
Moreover, in most of the numerical studies, cracks are propagated in manual steps,
that is time consuming and has increasing risk of errors. In this respect, the need for
practical and reliable computational tools in the application of the FCG path and life
prediction under mixed mode loading conditions by taking into account the effect of

the load history is obvious. Therefore, this area needs further investigations.

In order to eliminate the deficiencies mentioned above, the objective of this thesis
is to develop a computational tool to predict the FCG path and rate by using XFEM
along with available crack growth rate and path prediction methods. To achieve this
purpose, a tool is developed in Fortran which automatically propagates stationary
modelled cracks step by step. This algorithm interacts with Abaqus environment
and determine the FCG path and life by using embedded equations into the algo-
rithm under user defined load spectra. The Nasgro equation that is commonly used
in aerospace practices is used in the algorithm for life calculations through the simu-
lations. Stationary initial cracks propagated by using K;; = 0 criterion proposed by
Cotterell and Rice [[18]]. The load history effect is also taken into account by embed-
ding the modified form of Wheeler [[19] and Willenborg [20] retardation models to
the developed algorithm.

The preliminary results of the method for planar cracks under uni-axial loading condi-
tions have recently been presented in 21" European Conference on Fracture [21]] and
National Aviation and Space Conference (6" UHUK)[22] by Dirik and Yal¢inkaya.
Developed algorithm is also verified for the case of curvilinear crack propagation in
terms of crack path trajectories and FCG life in several specimens which has experi-

mental results in open literature. The results are in good harmony.



1.1 Outline of Thesis

This thesis is presented through five chapters. An introduction is presented in chapter

1 which includes motivation objective and contribution of this study.

The theoretical background and literature review about crack growth life, crack growth

path, retardation models and XFEM are given in Chapter 2 .

Main structure of the developed computational procedure is described in Chapter 3

by presenting an algorithm chart and giving the details on each step.

Several numerical case studies presented in Chapter 4 for the validation of the de-
veloped algorithm with the experimental results available in the literature in terms of

FCG path and life under different loading conditions for different materials.

Finally, Chapter 5 is devoted to discussion, concluding remarks and possible future

works.



CHAPTER 2

THEORETICAL BACKGROUND AND LITERATURE
REVIEW

This chapter reviews theoretical background of basic terms and methods used in de-
veloped computational algorithm such as the stress intensity factor (SIF), crack path
prediction models, life prediction models and retardation phenomena. Extended finite
element method (XFEM) was also explained in this chapter together with some crack
modelling tips in Abaqus by using XFEM. Along with this review a summary of the
previous work done in the literature are presented as well with their advantages and

limitations.

2.1 Stress Intensity Factor

As the radius of the curvature at crack tip approaches zero, the stress level goes to
infinity which is not a realistic behaviour of the structure. In such cases, the stress
concentration factor, a parameter that determines behaviour of the structure, no longer
reflects real behaviour of the structure and can not be used. As an alternative way, SIF
can be used appropriately to represent the stress field at the crack tip. For this rea-
son, SIF has an important role in fatigue and damage tolerance (F&DT) assessments.
At critical levels of SIF, cracks can be initiated, the initiated cracks may growth and
eventually catastrophic failure of the components might occur. SIF’s depend on the
mode of loading and crack configurations. There are three different modes of loading
used in fracture mechanics. These are mode I loading, mode II loading and mode II1

loading.



a) b) )

Figure 2.1: Loading modes a) Mode 1 b) Mode II c) Mode III.

Mode I is the crack opening mode, mode II is an in-plane shear mode and mode III
is an out-of-plane shear mode as illustrated respectively in Figure 2.1l By using the
stress state near the crack front presented in Figure 2.2] the SIF for three different
loading mode can be calculated through equations (2.1)-(2.3) for mode I, mode II
and mode III respectively. Where o;; represents the normal or shear stresses com-
ponents in the specified directions. The SIF is related to the nominal stress level
(o) and the size of the crack (a). In general, the relation for SIF is represented by
K = f(a/w)o/ma where f(a/w) is a geometric correction factor which depends on
structural member and crack length. The values of f(a/w) for standard specimen can

be found in handbooks.

Ozx
0, Xy
> 0y
Oxz

YA T
X
Crack front z
%ck faces

Figure 2.2: Three dimensional stress state at crack front.




Expression of SIF for different modes are given as,

K;= liH(l] V2rroy, (r,0) . (2.1)
r—
K= lin% V271roy, (r,0). 2.2)
r—
K = hH(l) V2nroy, (r,0). (2.3)
r—

2.2 Mixed Mode Stress Intensity Factor

In the case of mixed mode loading better estimation of the FCG life in cyclic load-
ing needs an equivalent SIF range that could cover the non planar crack formation.
Several studies on the mixed mode loading have been conducted in the literature to
determine a reasonable and applicable equivalent SIF range from AK; and AKy;.

The most important ones of these studies can be mentioned as following.

Tanaka [23] proposed one of the most striking examples and made a significant con-
tribution for the determination of mixed mode equivalent SIF range (A K.,) which is
based on the idea that cracks can propagate if the displacement behind the crack tip
reaches a critical value. Tanaka’s equivalent SIF expression is given as,

AK,, = [AK}+8AKH]"

(2.4)

Richard [24] presented an empirical equation for the estimation of equivalent SIF
range in which Mode I (K;.) and Mode II (K;;.) fracture toughness are used. Richard’s

equation for mixed mode SIF is expressed as,

1 1 Kr. 2
AK.y = Ki+ §\/ K244 ( KIII KH) . (2.5)

Tong and Yan [235] suggested another effective SIF concept which is simple extension
of the maximum tangential stress (MTS) criterion [26] to the case of mixed mode

FCG. Tong and Yan equivalent SIF description is given as,

AK,, = %cos <%) [AK[(14 cos(0y)) — 3AKrsin(6y)] (2.6)

7



where 6 is the crack growth direction proposed by Erdogan and Sih [26] in MTS

criterion.

Hoshide [28]] and Chen [29] also suggested relations for crack growth rate using J
integral for mixed mode situations. Among all these models, the mostly used one is
Tanaka’s model which has substantial experimental correlations, which is reliable and
easy to use. Therefore, in this study, Tanaka’s model is implemented to the developed

algorithm because of its mentioned advantages.

2.3 Crack Growth Life

FCG life is generally predicted by using an exponential function of SIF range AK
in LEFM. The SIF range AK is the basic term in determination of crack growth rate
da/dN. A log-log plot of da/dN vs. AK is shown in Figure In this diagram,
Region I is the crack initiation interval in which crack growth rate approaches to zero.
Region II is the stable crack growth interval. Paris equation accounts for this stable
crack growth interval. Region III is unstable crack growth interval in which crack
growth rate is very high and FCG life is very short. In this final fracture region, max-

imum SIF reaches the critical level (K.), which eventually results with fracture.

d ' .
Log (d_,c\l,) Region I Region II Region Il
(Threshold) (Paris Law) Koy aproaches to K,
' (Fracture)
A Log AK

Figure 2.3: da/dN vs. AK diagram.



There are various studies in literature to estimate the FCG rate (da/dN) for FCG
life calculations. The first pioneering work is suggested by Paris and Erdogan [30]
that introduced a SIF based tentative relation known as Paris equation,

da n
= C(AK) 2.7)

where, IV is the number of applied load cycles, a is the crack length, AK is the SIF
range. C and n are empirically determined material constants. Paris equation only
covers the Region II of the da/dN vs. AK diagram. This pioneering equation was

modified by several researcher over time.

Walker [31] modified the Paris equation to account for the stress ratio R = K,/ Kona-
Walker equation only incorporates the effect of mean stress to the Paris equation. It
does not account for Region I and III of the crack growth rate curve in low and high
level of SIF range and presented as,

o [7(1 _Ag 1_7} 2.8)
where C, m and y are the material dependent empirical constants. Values of -y ranges
from 0.3 to 1 for various metals. Lower values of parameter v means a strong depen-

dence of FCG rate to the mean stress.

Forman et al. [32] suggested a further modification on Paris law that incorporates
the parameter of critical SIF (fracture toughness) to the equation to account for Re-
gion III of the da/dN vs. AK diagram as follow,

da C (AK)"
IN (1 R) (K. Ko (29)

Hartman and Schijve [33] suggested another update on Paris law by adding a param-
eter of threshold SIF range to cover the Region I of da/dN vs. AK curve which is

initiation interval,
(07

da

dN

(AK — AKy,)
1 Ky /A

where D, A and a are empirical material constants and A Ky, is the threshold SIF

(2.10)

range.



Throughout the years, many contributions were done for the update of the FCG rate
relations and the efforts are converged to a commonly used equation referred to as
the Nasgro equation (also called Forman- Newman-de Koning equation) which is ex-
pressed in (2.11)). Nasgro equation is based on the Forman [34] relation and consider
plasticity-induced crack closure by using the crack opening function introduced by
Newman [35].

Nasgro equation is commonly used as a state of the art practice in major industries
particularly in aerospace industry in FCG assessments for CAL and VAL conditions.
It covers all regions (Region I, II and III) of the da/dN vs. AK diagram by taking
into account the R-ratio effect, the threshold value of the SIF range AK;, and the
fracture toughness of the material (/). The expression for Nasgro equation is given

as,

(1-3#)
da 1—f "7 AK
— = ——AK 2.11
AK,

where, N is the number of load cycles, a is the crack length, AK is the SIF range,
A Ky, is the threshold SIF range, K. is the fracture toughness of the material C, n, p
and ¢ are material constants. Here f is defined as,

R, A(] —|—A1R—|—A2R2 +A3R3, for R > 0

Ag + Ax, for—2< R<O0

where, Ag, A1, As, Az are given as,

1
2 m Smax a
Ap = (0.825 — 0.34 + 0.050) [cos | =——
2 (o))
SmCLZE
Ay = 0.415 - 0.071 |a (2.12)
0o

Agzl—AO—Al—Ag
A3 = 2A0 + Al - 1
aand S,,,. /0o appearing in the expressions for A and A; are the Newman’s canstants.

« is a constant which ranges from 1 to 3. The ratio of the maximum stress .S,,,; to

the flow stress oy is fixed to 0.3 for most of the materials. In the present work, the

10



values of « and Sg—g“ were used as proposed by Nasgro material database.

The threshold SIF range in (2.11)) can be calculated as,

a 1—f —(14+CyuR)
AKth:AKO’/aqLaO {(1_140)(1_]%)} (2.13)

where, a is an intrinsic crack size which depends on the material grain size, A K

is the threshold SIF at R = 0 and C}, is the curve control coefficient for different R

ratios. The effect of thickness is considered by using the critical SIF (X .) as below

K.
KIC

= 1 + Bye “At/to)’ (2.14)
where A, and By are fitting parameters, ¢ is the thickness and ¢, is the reference
thickness related to plane strain condition that is calculated as follows,

2
ch

g

ty=2.5 (2.15)

Y

where o, is the yield stress.

There are several examples in literature where Nasgro equation captures the fatigue
life of cracked components with a good accuracy (see e.g. [36], [37] and [38]). The
coefficients of Nasgro equation have reported for most of the engineering materials

in Nasgro software material database [2]].

2.4 Crack Propagation Path

In industrial structures, the cracks usually propagate by changing its direction de-
pending on the mode of loading conditions. Many criteria have been proposed in
literature for path prediction of growing cracks. The sounding works on the crack

path evaluation can be mentioned as following.

Erdogan and Sih [26] proposed the maximum tangential stress (MTS) criterion which
indicates that; a crack growth occurs when MTS reaches a critical level and crack

extent in radial direction corresponding to this maximum stress direction. Its mathe-

11



matical formulation is represented as,

K K \?
0, = 2tan~' |0.25 K—Ilfi <K—III) +8 (2.16)

where 6, is the crack growth angle.

Palaniswamy and Knauss [40] recommend the maximum energy release rate crite-
rion (MERR) which says crack extension occurs in the direction which maximize the

energy release rate dU/d A where U is the potential of the system.

Maiti and Smith [42] proposed another approach which is known as maximum tan-
gential principal stress (MTPS) which indicates maximum tangential stress as a prin-
cipal stress and crack extension assumed to occurs in this principal direction. These
criteria have in common that, when second mode SIF at the crack tip is non zero, then

the crack extension follow a path which is continuously change its direction.

In this study, the criterion of local symmetry (K;; = 0 criterion) suggested by Cot-
terel and Rice [18] is used in crack growth simulations which is already implemented
in Abaqus. Criterion of local symmetry have been shown to provide good accuracy in
literature (see e.g. [43]). This criterion can be explained by considering an infinites-
imally small kinged crack shown in Figure 2.4l The mode I and II SIF’s, k¥ and k%,
at the tip of the putative crack can be represented in terms of SIF’s K; and K of the

parent crack as presented in (2.17)).

Parent crack ——> Putative
crack
K, \
Ky />
<
v

Figure 2.4: Schematic representation of kinked crack.

12



k‘]f = CnKr+ CiKyp

(2.17)
ki = Cou K + ConKyy
The C,,,, appearing above depend on polar kinking angle # as follows [40].

1 0 30]
Cy = 1 {3 cos 3 + cos ?
-3 0 30]
012 = T |:Sin§ + Sin?

(2.18)

17. 6 36]
021 = Z |:Sin§ + Sin?

17 0 307
Coy = 1 [Cosi + 3 cos ?

K = 0 criterion simply postulates that a crack will initially propagate in the direc-

tion that makes k%; equal to zero

1. 46 . 30 1 0 30
k’fj = 1 {smi + sin 3} K+ 1 {cos§ + 3 cos 3] K. (2.19)

2.5 Retardation Phenomena

The crack growth rate under CAL condition alters if the structure is under the action
of VAL condition. Significant acceleration or retardation might occur in crack growth
rate due to applied OL or UL. Therefore, the loading history have to be considered in
FCQG life calculations for better estimations. An OL immediately applied after CAL
cause to delay in crack growth rate at subsequent load cycles, while a subsequently
applied OL-UL reduce the positive effect of the OL on crack growth rate. The men-
tioned retardation effects are presented in Figure [41].

Many crack growth retardation models are available in literature to take into account
load history effect on the FCG life. The first category of these model is based on yield
zone size (see e.g. Wheeler [19] and Willenborg et. al [20]). The second category is
based on an effective SIF range AK. ;. The effective SIF is the difference between
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Figure 2.5: Retardation phenomena for OL and OL-UL. [41]

the applied SIF and the SIF for crack closure. These models contain many empirical
constants, which make them difficult to use. In this work, only the first category is
considered. Yield zone models are easy to use and the number of experimental param-
eters are relatively less compared to closure models. The yield zone models assume
that, if the size of the plastic zone developed by the current load cycle extends the
previously developed plastic zone size there will be no retardation on crack growth.
Otherwise, the crack growth rate will be retarded. Figure shows the relation be-

tween crack size and plastic zone.

Point to note is that, the specimen thickness has important influences on crack growth
rate behaviour of the specimen. Therefore, the size of the plastic zone at crack tip is
larger in thin specimen than for thick specimen. Such cases can be considered theo-
retically by assuming plane stress or plane strain condition for thin or thick specimen,
respectively. In the examined crack growth cases in this study for complex stress field
in the vicinity of the crack tip a plane stress assumption is made according to their
thickness. State of plain strain domination needs a specimen thickness that is suffi-

ciently large.
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a,= Crack Length at OL
Tpo1= OL Plastic Zone

a;=Current Crack Length Ao + TpoL — 4

rpi=Current Plastic Zone
a, oL

Figure 2.6: Crack tip yield zone.

The size of instant cyclic plastic zone (7,;) and and monotonic OL plastic zone (70;)

can be calculated by adopting following equations,

1 [(AK,\’
L= (=== 2.20
v 7r( 20y ) ( )
1 (Ky\>
Tpol = — ( ~ l) 2.21)
Yy

In here, AK., is the equivalent SIF range and K is the SIF caused by OL and o, is
the yield strength of the material. The first yield zone model used in this study is a
modified form of Wheeler model [[19]] and it has good agreement with experimental
studies when single OL applied periodically on a CAL spectrum. In Wheeler model,
delayed crack growth rate caused by tensile OL is covered by,

da da
{WL@:C {WL' (2:22)

The value of retardation constant C is determined as follow, where x is an experimen-

tally adjustable retardation parameter.

°w
7"‘ .
pr
— |, fora;+ 1y < ag+ rpo
C = Tpol + ao + a;

1, for a; + 1, > ao + Tpor
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[do

v N}m ., and [d—“L are the retarded and corresponding non-retarded crack growth

AN

rates respectively. a,; and a; are the crack sizes at the instances; just after the ap-

plication of the OL and at the subsequent i*" cycle respectively. Wheleer model has

lack of the capability to cover the crack arrest since the value of calculated [j—f\”,] .
ret,i

is always positive.

Meggiolaro et. al [44] suggested a modification on the original Wheeler model. By
this modification both crack retardation and arrest can be predicted. This approach
called the Modified Wheeler model and uses a parameter v to multiply AK instead
of multiplying [4%]  after the OL. In this model retardation is covered by using a
retarded SIF range,

AK,e(a;) = CAK(a;). (2.23)

The value of retardation constant C is determined as follows,
/rpz' K
— for a; +rp; < ag +r
c_ lrpol—l-aol-l-aj ’ 7 et = Tl T Tl

1, fora; + rpi > ao + Tpoi

where 7y is an experimentally adjustable retardation parameter and generally different
from the original Wheeler model retardation exponent p. AK,..;(a;) and AK (a;) are
the values of the SIF ranges that would be used at a; with and without retardation
due to OL respectively. This simple modification can be used with any of the crack
propagation equations that takes into account the effect threshold SIF range A Ky, in
determination of both retardation and arrest of fatigue cracks after an OL. The arrest

occurs if AK,¢(a;) > AKy,.

The second yield zone model used in this study is a modified form of Willenborg
model [20] which consider the effects crack growth retardation by using an effective
SIF concept supplied as K/ = K; — Ky in which K; is the typical SIF for the i
cycle and K, is the residual SIF,

a; — Qo

Kp=Kpg =K} [1—

max

- Kmam,z' (224)

T'p,ol

where q; instant crack size, a,; crack size at the application of OL, 7, ,; the yield zone

max

produced by the OL, K° maximum SIF of the OL and K pnaq,; maximum SIF for
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the current cycle. Willenborg et al. [20] model can not deal with effect of UL either.

Gallagher and Hughes [46] generalized the Willenborg model by modifying the resid-
ual SIF used in this model with an experimental material dependent constant. This
generalized model can only cope with OL effect. They proposed that K = &K}

where @ is given as,

Kmax,th

Kma:c,i
Sol —1

In which K4, 4, 1s the threshold SIF level related to the zero FCG rates and Sot

1—

P = (2.25)

is shut-off ratio required to cause crack arrest for the given material. In this model

retardation effect is sensed by the change in the effective stress ratio.

If
K:;Lin,i o Kmin,i - KR

Repr = = 2.26
1 Krer{afmi Kma:c,i - KR ( )
Thus, for the i*" load cycle, the crack growth increment Aq; is given by,
Aai = 1 f(AK R (2.27)
= —= = ,Repyr). .
AN If

Brussat et. al [47]) suggest a further modification on Generalized Willenborg model
to consider for the effect of UL also. In this modification a factor ® is used which is

given as follows,
d = 2.523®,/(1 + 3.5(0.25 — Ry))*¢, for Ry < 0.25
b =1, for Ry > 0.25

where Ry is the ratio of current UL stress (o,,;) to OL stress (o,;) and ® is a material

and spectrum dependent parameter which typically ranges from 0.2 to 0.8.

2.6 Extended Finite Element Method (XFEM)

A new finite element technique called XFEM has been developed by Belytschko and
Black [6] to overcome the difficulties encountered in traditional FEM modeling of
discontinuities such as craks. The mathematical background behind XFEM is the
partition of unity concept presented by Melenk and Babuska [7]. Partition of unity
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specified by a set of n functions f; that fulfilling the requirement zn: fi(z) = 0. Using
the concept of local partition of unity makes it possible to enriiZIll the FE approxi-
mation space. This enrichment in XFEM allows the discontinuities and singularities
around the crack to be represented independent from FE mesh. The objective in rep-
resenting discontinuities is simply to represent mesh 1 shown in Figure by using

mesh 2 plus some enrichment terms.

1 2 3 1 2 3
AY AY
2 4 & 5 11 4 x 5
o >
10
6 7 8 6 7 8
Mesh 1 Mesh 2

Figure 2.7: Mesh configurations.

XFEM displacement solution is given by

u(z,y) = Z Ni(x,y)(u;) (2.28)

In here, N;(z,y) is the shape function for node i and w; is the displacement vector
for the same node. By taking the average value of ug and u;9 as m and the distance

between the two nodes as n, it is appropriate to write

From these equalities, ug and w1 can be written written as m + n and m — n respec-

tively. Then, the expression for displacement solution can be written as,

u(a,y) = > Ni(x,y)(u;) + m(Ng + Ng) + n(No + Nio)H(z,y)  (2.31)

=1
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where H(x,y) is the jump function represented as

1, fory >0
H(z,y) =

-1, fory <0
In @2.31) NV, can be substituted for Ny + N;¢ and uq; can be substituted for m. Then,
the displacement expression can be rearranged as,

u(a,y) = (Ni(z,y)(w;) + Niyury) + (nNu ) H(z,y)). (2.32)

i=1

The first term of the equation corresponds to the conventional approach by the FEM,
and the second term represents the jump enrichment for new node with displacement
u1; and hence new degrees of freedom. The equation (2.32) tells us that the geom-

etry of a crack can be represented by a mesh which does not contain any discontinuity.

To illustrate picking up the existing singularities, let all nodes be represented by the
set D, the nodes around crack the tips and faces are represented by the sub set D; and
D, respectively. Then, the approach for displacement calculation for crack modelling
in XFEM has such a form given by,

4

Ni(x) ) Fa(x)bf‘] (2.33)

a=1

Ungom = 3 Ni(@) () + 3 Nu(w) H(z)(a) + 3

1€D 1€D, 1€Dy

where, u; fer, 18 the displacement vector, /N; is the nodal shape function, u; is the nodal
displacement vector for non-enriched nodes, H () is the Heaviside function which is
+1 on one side of the discontinuity and —1 on other side of the discontinuity, a(z) is
the nodal enriched degree of freedom vector associated with Heaviside function, b
is the nodal enriched degree of freedom vector associated with crack tip enrichment.

F,(z) are the asymptotic crack tip functions for linear elastic isotropic materials,

{F, (2)}, = (Vrsin(a/2), Vrcos(a/2), sin(a/2)sin(a), cos(a/2)sin(a)) .
(2.34)

The main advantage of XFEM compared with the traditional FEM is that, it is not
needed for FE mesh to conform the boundaries of the geometric discontinuities such

as cracks. So the user gets rid of the troublesome burden of re-meshing in each step
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of crack growth analysis. In this way, XFEM gives a great flexibility to the user in
modelling discontinuities. The main goal in using XFEM is not determination the
stresses, strains or displacements. The interest here is to the determine the SIF for
available cracks. Similar to the traditional situation, the evaluation of SIF in XFEM
is based on evaluation of interaction integral over the crack tip area. Crack propa-
gation directions is determined by using the calculated SIF in appropriate crack path
prediction models available in literature. There are three criteria for crack path deter-
mination implemented already into Abaqus for homogeneous, isotropic linear elastic
materials, these are the maximum tangential stress (MTS) criterion, the maximum

energy release rate (MERR) criterion and the K;; = 0 criterion.

XFEM has taken the attention of users in modelling stationary and propagating cracks
since it was introduced in 1999. Many authors have applied XFEM to model station-

ary and growing cracks. Some of these attempts can be mentioned as follows.

Shi et al. [8]] developed and implemented a 3D XFEM coupled with a narrow band
fast marching method in the Abaqus FE package for curvilinear FCG path and life
evaluation in metallic structures. Giner et al. [11]] suggested an implementation of
XFEM for 2D LEFM applications with multiple cracks. Sukumar and Prevost [9],
presented a fortran implementation of the XFEM to a general purpose FE package
for modelling 2D cracks in isotropic and bimaterial media. The 3D X-FEM together
with the level set method was used to simulate curvilinear crack growth in [48] and

[49].

Due to many captivating features of X-FEM, several other attempts have been made
to implement XFEM to commercial FEM packages for SIF evaluation and crack path
determination (see e.g.[10, [11]). XFEM has also been validated in several works (see
e.g. [12,[13]) and it has the capability of accurately model the discontinuities such as
cracks. Therefore, It is possible to develop efficient tools in terms of practicality and
reliability in industrial applications based on the valuable contributions made in this

field.
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2.7 XFEM in ABAQUS

As discussed previously, stationary and propagating cracks can be modelled through
XFEM crack modelling capability of Abaqus. The SIF calculation in Abaqus through
XFEM is performed along the crack front for a finite number of nodes. These nodes
are called as contour integral evaluation points. The number of contours to be in-
cluded in the contour domain must be specified to calculate the SIF. These contours
are automatically determined by Abaqus at points where the crack tip intersects the
element boundaries. A schematic description of the element rings in Abaqus can be
seen in Figure[2.8l The first partial contour domain consists of the elements surround-
ing the crack tip. The next partial contour domain contains the first domain and the
next element ring directly connected to the first contour field. The contour integral
calculation is theoretically independent from the size of the contour but due to the
approximation with a FE solution, the SIF for the different element contour differs
slightly from each other. The demonstration of effect of requested number of con-
tours on SIF value is given in next section on a simple case study for the justification

of SIF extraction method through the whole study.

Crack

Contour domain height
|

Contour domain width

Figure 2.8: Contour domain in Abaqus.

The main difference between stationary and propagating crack modelling in XFEM
is the enrichment procedure. Different enrichment functions and number of enriched

nodes are considered in XFEM for stationary and propagating cracks as illustrated in
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Figure For stationary cracks, the nodes located on crack tip and crack face el-
ements are enriched with Heaviside function and the asymptotic near-tip singularity
functions. While the nodes located on the crack face elements are enriched only with

the Heaviside function.

#  Nodes enriched with
Heaviside function

ﬂ \ @ Nodes enriched with
Heaviside function
and the crack tip

/ singularity functions

I ’
"_\ @ Nodes enriched with
N

=

en

crack tip singularity
7 functions

Propagating Crack Stationary Crack

Figure 2.9: Enrichment procedure in Abaqus.

The enrichment radius shown in Figure 2.9 can be determined by the user. Higher
the enriched number of nodes means higher accuracy [8] with additional computa-
tional cost. The enrichment radius is used as recommended by the analysis default in
Abaqus/Standard as three times the element characteristic length through all study.

Current implementation of XFEM available in Abaqus/Standard has some constraints.

The most important ones can be listed as below.
e XFEM currently not available in Abaqus/Explicit. It supports only static and
implicit dynamic analysis in Abaqus/Standard.
e Stationary crack analysis can only be modelled with linear elastic materials.
e Only 1% order 3D solid continuum elements are supported for stationary cracks.

e Only 1% order 2D and 3D solid continuum elements, and 274 order tetrahedron

elements are supported for propagating cracks analysis.
e XFEM has some convergence issues in propagating crack analysis.
e XFEM has not the capability to capture crack branching.

e As declared in [14], standard implementation of XFEM has not the capability

to model fatigue crack growth.
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2.7.1 SIF Extraction from XFEM Solution

The SIF’s are obtained by performing a J integral calculation in Abaqus as stated in
[14]. The calculation of SIF from a known J integral is not straightforward for mixed-
mode problems. Abaqus uses an interaction integral method to compute the SIF’s

directly for a crack under mixed-mode loading.

The J integral is a contour integral for 2D geometries (see figure 2.10) and can be

extended to 3D geometries.

crack

Figure 2.10: a) 2D contour integral, b) 2D closed contour integral.

For the 2D case, the J-Integral can be written as [S0]

leim:/n-H-qu (2.35)
r

I'—0
where [ is the contour which connected to the crack faces and enclose the crack tip,
n is the exterior normal of the contour, and q is the unitary vector within the virtual

extension direction of the crack. The function H is defined by,

H:W~I—U~a—u (2.36)
ox

where W is the elastic strain energy, I is the identity tensor, ¢ is the stress tensor and

u is the displacement vector.

The 2D contour integral can be rewritten as a 2D closed contour integral as [50]

J:% m~H-qu—/ t~%-cde (2.37)
CH+CL+T4C- Ci+C— Ox
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where the contours, I', C', C'; and C_ are shown in Figure The normal m has
introduced as the unitary exterior normal to the contour C, respecting m = —n. Here
also the weighting function ¢ has been introduced as an unit vector applied in the
direction of the virtual extension of the crack tip, which respects § = ¢ in I' and
vanishes on C. In equation (2.37)), t is the traction on the crack surfaces. Traction on
the crack surfaces is not considered in this study and therefore the second term in the
J integral is disappeared. The J integral can be transformed to a domain integral with

the divergence theorem [S0]

J = /A (a%) (H-q) dA (2.38)

where A is the area domain enclosed by the closed contour, and dA the infinitesimal

area segment. By using the equilibrium equation,

(a%) o f=0 (2.39)

and the gradient of the strain energy for a homogeneous material with constant mate-

rial parameters,
oW (em) oW  Oe™ _ . e
dr  Oem dxr Oz

the 2D J-integral can be rewritten as [S0]

_ 94 A
J = /A{H.8x+<f &C) q} AV (2.41)

where ¢ is the mechanical strain and f is the body force per unit volume.

(2.40)

The 3D calculations are performed in a similar manner as the two 2D case, but the en-
ergy release rate is initially calculated with respect to finite extension of crack front,
denoted by J. This is then used to calculate the point-wise energy release rate .J (s)
for each nodes along the crack tip. This procedure is done by defining a parametric
variable s along the crack front with a local coordinate system. The local Cartesian
coordinate system is set up at the crack front with respect to s as seen in Figure
The axis, x3, runs tangentially to the crack, x5 is defined perpendicular to the crack
plane, and z; normal to the crack front. x; together with x5 creates a plane perpen-

dicular to the crack front. Hence, J (s) is described in the x; x5 plane.
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a) b)

Figure 2.11: a) Local coordinate system for s. b) Contours for 3D crack front.[14]

In 3D, the energy release for a unit segment of crack extension over a finite segment

of the crack front, .J, is defined as [50]

7 _ . 9a ou
J_—/V{H.&C (f &C) q} A% (2.42)

where H, f and u are defined as before but in 3D. The weighting function ¢ is defined
for the various surfaces. The point-wise J integral, .J (s) , for a general 3D crack front
is calculated by dividing with the increase of the crack area due to the crack extension
for the finite segment. The 3D case is a volume integral for the domain V shown in
Figure 2.11] which is a tubular domain for a closed contour along a finite segment of

the crack front. The 3D surface integral consists of A;, Ay, Acracks, Aends. represented

in Figure 2.111

The SIF’s K, K7, Krr are used in LEFM to represent the local stress field at crack
tip. As stated in [14], SIF’s are related to the J-integral through

J = %KT -B™' K (2.43)
where K = (K, K1, Kig I]T and B is pre-logarithmic energy factor matrix which is
diagonal for isotropic homogeneous material. Therefore, the expression for J integral
given above simplifies to

1

1
= (K7 + Kip) + 55 Ko (2.44)

S = 2G
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In here E = E for plane stress and F = % for plain strain, axisymmetry and three

dimensions.

As stated in [14], the J-integral for a given problem can be written as

1
J = 8_K1B1_11K1 + 2KIBl_21KH + 2KIBl_31K[H + (terms without K[) (2.45)
m

The J-integral for an auxiliary field, Mode I crack tip field with k; as stress intensity

factor, is chosen as

1 .
Jua = o (k- Br' - i) (2.46)

Superposition of the auxiliary field and the real field gives

1
Jiy = — [(K; + ki) BR' (K + k) + 2 (Kp + k) B Kip + 2 (Kp + k) By K -

8T
(2.47)
The interaction integral can be expressed as
k
Jhy=Jdpy = Jre— J = ﬁ (Bi'Kr+ By K+ By Ko ) - (2.48)

The same procedure is done for Mode II and Mode III. The equations for the three

modes can be written as

Jo, = o

int — 47T

B K3 (2.49)

Choosing unit values for k,, the stress intensity factors are expressed in terms of the

interaction integral as

1
K=—B" Ju (2.50)
4

T . .. S
where J;,; = [J],, JI1,, JIIT]". The interaction integral can be evaluated in a similar
manner as the J-integral in for the three modes o« = I, 11, 1] including auxiliary

stress and strain fields

Jo,=1lim [ n-M*-qdl (2.51)
I'—0 Jr
where M“ is given as
ou\ 0
M*=o0:€,,1—0- (8—Z)am — O 8_z (2.52)

In here, aux denotes the auxiliary pure Mode I, Mode II and Mode III crack tip field

for the corresponding Mode «.
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2.7.2  Sensitivity of XFEM Solution to Element Size

XFEM in Abaqus supports only first order 3D solid continuum elements for stationary
crack analysis as stated in previous section. The general purpose C3D8 linear brick

element presented in Figure 2.12]is used throughout this study.

5 | 6
E 3 S 3
Pt /
1 2

Figure 2.12: C3D8 brick element.

An initial study for mesh convergence for five different crack length is presented be-
low. A Single Edge Notched Tension (SENT) specimen which has a width of 80 mm,
length of 200 mm and thickness of 5 mm is considered for this study. The crack

length (a) changes from 10 mm to 30 mm by an increment of 5 mm.

FE Model of the SENT specimen is illustrated in Figure A uni-axial far field
tension stress of 100 MPa is applied from the both ends of the specimen. The surface
of the specimen is constrained in out of plane direction to create a plane strain condi-
tion.

K expression for plain strain condition is given as [41]]

K= (3) o/ (2.53)

a

f (—) —1.12-0.23 (

w

3) +10.56 (3)2 —21.74 <3>3 +30.42 (%)4 (2.54)

w w w
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Figure 2.13: FE model for SENT specimen.

S, Mises S, Mises
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Figure 2.14: Von misses stress contour for SENT specimen.
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Table 2.1: Effect of requested number of contours in XFEM

C1 C2 C3 (€4 (G5 Cé6 C7 C8 (9 C10 Average
2953 1943 1775 1719 1627 1664 1563 1608 1492 1583 1628.88

2870 1824 1734 1639 1657 1577 1533 1560 - - 1616.67
2690 1771 1687 1637 1572 1543 - - - - 1609.75
2514 1687 1613 1550 - - - - - - 1581.50

Effect of requested number of contours is investigated by considering 4 to 10 contours
by an increment of 2 on crack length a=30 mm by using a mesh size of 0.75 mm. The
results are presented in Table Cx in table stands for contour number. As stated
in [14], Abaqus defines the contour domains in terms of element rings which sur-
rounds the crack tip. By this explanation it is expected that the result of the first 4
contours will be the same when comparing the SIF values from different number of
requested contours. But this case has not been observed. Moreover, the SIF results of
the first two contours which are written in bold have a tendency to be higher than the
remaining contours average as seen from presented results. The first two contours are
discarded and the remaining contour values are averaged to make a fair calculation.
Requesting eight contours gives the nearest value when compared to the analytical

SIF (1612.3 MPa y/mm).
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Figure 2.15: SIF results at 10 mm crack length for different element sizes.
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Figure 2.16: SIF results at 15 mm crack length for different element sizes.
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Figure 2.17: SIF results at 20 mm crack length for different element sizes.
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Figure 2.18: SIF results at 25 mm crack length for different element sizes.
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Figure 2.19: SIF results at 30 mm crack length for different element sizes.
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Based on this study, eight contours requested in XFEM solutions for SIF calculations.
In XFEM solutions four different mesh sizes are considered (0.375 mm, 0.75 mm, 1.5
mm, 3 mm ) for each crack length. The SIF results from each contours for each crack

length and mesh sizes are presented in Figures 2.15]through 2.19

Averaged SIF values from last six contours are presented in Table along with
analytical SIF results and percentage error. As seen from the presented results in
Table 2.2] for mesh sensitivity, the smaller the element size, the lower the error per-

centage.

Table 2.2: Mesh sensitivity of XFEM solutions for different crack length.

Mesh Size [mm]

Crack Length [mm]

Analytical KI KI_XFEM % Error

0.375 30 1612.3 1611.2 -0.07
0.75 30 1612.3 1616.7 0.27
1.5 30 1612.3 1649.8 2.32
3 30 1612.3 1759.0 9.10
Mesh Size [mm] Crack Length [mm] Analytical KI KI_XFEM % Error
0.375 25 1330.8 1349.5 1.41
0.75 25 1330.8 1344.8 1.05
1.5 25 1330.8 1379.5 3.66
3 25 1330.8 1437.3 8.01
Mesh Size [mm] Crack Length [mm] Analytical KI KI_XFEM % Error
0.375 20 1086.9 1095.2 0.77
0.75 20 1086.9 1094.0 0.66
1.5 20 1086.9 1117.3 2.80
3 20 1086.9 1208.8 11.22
Mesh Size [mm] Crack Length [mm] Analytical KI KI_XFEM 9% Error
0.375 15 868.5 867.7 -0.09
0.75 15 868.5 867.5 -0.11
1.5 15 868.5 886.8 2.10
3 15 868.5 937.8 7.98
Mesh Size [mm] Crack Length [mm] Analytical KI KI_XFEM Y% Error
0.375 10 663.6 676.4 1.94
0.75 10 663.6 675.2 1.76
1.5 10 663.6 693.1 4.45
3 10 663.6 720.0 8.50
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Some recommendations are given based on this study.

e Perform a mesh sensitivity study and determine the mesh size which does not
change the results by further refinement. Choose a reasonable mesh size by
this way. As seen from Table 2.2] there is no such a big change by mesh re-
finement in XFEM solutions after a reasonable mesh size. In coarse mesh sizes
relative error is much higher. Further refinements might be unnecessary after a

reasonable mesh size since it increases the computational time.

e Discard the first two contours which are far away from actual value. Honestly,
take the average value of the remaining contours. It is advisable to discard only
the first contour if a small number of contours are requested. Requesting eight

contours by excluding the first two is recommended.

e It is also recommended that if there is any value which is far away from the

average value omit these values as well.
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CHAPTER 3

COMPUTATIONAL ALGORITHM

In this study, an automatic fatigue crack propagation and life determination algo-
rithm is developed which can propagate both edge and internal cracks under mode
I and mixed mode loading conditions. This algorithm uses the capability of mod-
elling stationary cracks of Abaqus software in order to model propagating cracks.
In this algorithm, a Fortran script which calls Abaqus for each incremental crack
growth analysis step is used for determination of SIF’s and crack growth direction
from Abaqus solutions. Analytical FCG life calculations under user defined loading
spectra are performed by considering the load history effects by using appropriate
retardation models presented in section 2.5. Before the script automatically propa-
gates the crack, one has to provide an input file of modelled initial stationary crack
in Abaqus environment in a file with .py extension which is used by Abaqus to con-
struct the analysis model in each step of crack tip update. At the end of each analysis
step Fortran script reads the SIF values from Abaqus result file. The script automati-
cally calculates the crack growth rate (da/dN) through Nasgro equation presented in
(2.11) for each loading cycle available in user defined load spectrum. Crack growth at
each cycle is summed up until the total crack growth amount reached a predetermined
value. This predetermined value can be set by user to lessen the number of analysis.
But, it should be small enough for the correct crack path and life prediction. Direction
of crack growth is determined by K;; = 0 criterion which is already implemented in
Abaqus. The script updates the crack tip by calculating the new crack tip coordinates
after the predetermined crack growth increment is reached. Crack growth analysis is
carried out by this algorithm until calculated SIF values exceed the critical SIF. The

main structure of the developed FCG algorithm is presented in Figure 3.11
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Figure 3.1: FCG algorithm flowchart.

A simple schematic representation of crack updating is illustrated in Figure[3.2] where

0 is the crack growth direction and (z;, ;) is the crack tip coordinates at i*" cycle.

Tit1 = z; + Aacos(0) 3.1

Yir1 = ¥i + Dasin(0) (3.2)
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Figure 3.2: Crack tip update procedure.

The procedure for each successive step can be described in detail as follows.

Stepl. The FCG algorithm starts with initial inputs; FCG rate equation constants,
retardation model parameters, initial crack length and initial crack tip coordinates. For
the first analysis step the code needs an initial input file which contains the definition
of initial stationary crack modelled by XFEM in Abaqus environment. This main
input file must also contain the finite element mesh, model boundary conditions and
dummy load on the model. The initial model is submitted to the FE solver and the
code stand idle until the analysis end. At the end of analysis, script reads the SIF
values on the node located at mid point of the specimen thickness from the previous
analysis outputs. Fortran script calculates the correction factor f(a/w) by using this
SIF value obtained under the loading on the model through general SIF expression,
K = f(a/w)oy/ma. The load on the model can be set by the user since the further

SIF calculations performed by using the linear relation between load and SIF.

Step2. The script automatically calculates the crack growth rate (j—]‘i,) for each cycle

defined in external spectrum file. If an OL or UL is detected in the spectrum, retarda-

tion effect are taken into account in crack growth rate by using a retarded crack growth
da

rate formulation (W) -+~ The calculated crack growth at each cycle is summed until

the total crack growth reached a predetermined value.

Step3. When the predetermined crack growth increment is reached, the script cal-
culates the new crack tip coordinates by using crack growth direction extracted from

result file. After performing the calculation of new crack tip coordinates, the script
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writes the new crack tip coordinates to the its location in crackupdate.py file. Crack-
update.py file is exported to the main script to update the XFEM crack in Abaqus.
By this way, in next step of analysis the model recognize the updated crack as new
XFEM crack and solve the updated model. The same procedure is followed by this
way. This analysis procedure is carried out until the calculated SIF values exceed the

critical SIF or a desired level by the user.
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CHAPTER 4

MODEL VERIFICATION WITH EXPERIMENTAL RESULTS

In this study, validation of developed computational FCG algorithm is demonstrated
by a series of experimental results reported in [S1} 52,53, 154]. Details of simulated
specimens, comparisons of predicted FCG path and life with experimental results are
presented from section 4.1 to 4.4. FCG simulations for all case studies are presented
through 3D hexahedral elements (C3D8). Mesh convergence studies are carried out
before each analysis to ensure that appropriate element size and predetermined crack
growth increment values are used. XFEM results are almost insensitive to the mesh
refinements after a reasonable mesh size as demonstrated in Chapter II and in litera-
ture studies (see e.g. [53,55]). In XFEM simulations, the mid-side node through the
thickness direction of the specimen is considered for SIF calculations. Model with
initial crack is created in Abaqus environment and analysis input file is submitted to
automatic crack growth script. The rest of the analysis completed by automated crack

growth script.

4.1 FCG Life and Path Under Mode I Loading

The experimental study, on internal through cracked specimen conducted by Porter
[S1] on 7075 — T'6 aluminium alloy specimen is used for the purpose of proving the
capability of the developed algorithm in estimation of crack growth life and path un-
der variable amplitude loading conditions in uni-axial mode I loading. The material
properties are as follows: elastic modulus, £/ = 69.6 GPa, Poisson’s ratio v = 0.33

and yield stress o, = 520 MPa. The specimen has a width of 305 mm, length of 915
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mm, thickness of 4.1 mm and an initial crack size of (2a) 12.7 mm. The geometry of

the specimen is shown in Figure 4.1l The FE model is also presented in Figure

2 L J

Figure 4.1: Geometry of internal cracked specimen [51].

A mesh size of 0.4 mm is used in simulations. Predefined crack growth increment is
considered as 2 mm. Modified Generalized Willengborg retardation model presented
in (2.25)-(2.27) are used in this series of simulations to accounts for the retardation

effect caused by OL and OL-UL.

z X

Figure 4.2: FE model of internal cracked specimen.
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The analytical SIF solution for center cracked specimen under mode I loading is ex-

pressed as

= L (2)
where, t and w are the thickness and width of the specimen, P is the applied axial
load and f <ﬁ> is the geometry correction factor which depends on crack length to
specimen wi:iltjh ratio and given in [41] as

f (g) = ”sec%. 4.2)

Nasgro material parameters C and n are calibrated according to CAL test result. Other
parameters are used as proposed by Nasgro material database and presented in Table

Table 4.1: Nasgro equation constants for Al 7075-T6 internal cracked plate[2].

AKy, AK; C n p q Smaz/00 «
80M Pa/mm 730M Pay/mm 9.86107'2 2.9 05 1 0.3 2.0

Schematic representations of the loading spectra used in FCG analysis are given in
Figures 4.3land 4.4

E< ncycles >l
: = m cycles N E

Stress [MPa]

Number of cycles

Figure 4.3: Block of OL spectrum for internal cracked specimen.
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Figure 4.4: Block of OL-UL spectrum for internal cracked specimen.
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Table 4.2: Load spectra for Al 7075-T6 internal cracked specimen [51].

Spectrum No 0, [M Pa]  0yae[MPa]  ou4[MPa] oy4[MPal m n

Spectrum 1 3.45 68.95 — — CAL CAL
Spectrum 2 3.45 68.95 76.54 — 29 1
Spectrum 3 3.45 68.95 103.43 — 29 1
Spectrum 4 3.45 68.95 103.43 — 50 1
Spectrum 5 3.45 68.95 103.43 — 300 1
Spectrum 6 51.72 103.43 155.14 31.03 50 1
Spectrum 7 51.72 103.43 155.14 5.17 50 1

A total of seven different loading spectra which are presented in Table 4.2] are used in
XFEM FCG simulations. The same simulations were also conducted by using Nas-
gro software to compare the resulting FCG life under defined loading spectra. In this
preliminary study only K is considered since K;; always zero through crack length.
The results obtained from XFEM based automatized algorithm, Nasgro software and
experiments presented by Porter [51]] were compared with each other and presented

in Figures [4.5] through [4.111
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Figure 4.5: Comparison of FCG life for constant amplitude loading.
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Figure 4.6: Comparison of FCG life for spectrum 2.
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Figure 4.7: Comparison of FCG life for spectrum 3.
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Figure 4.9: Comparison of FCG life for spectrum 5.
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Figure 4.12: Retardation on-off for spectrum 3.

In order to show the importance of the retardation effect in the calculations, an anal-
ysis is performed for spectrum 3 without taking into account the retardation effect.
As seen from Figure .12 spectrum 3 resulted with a shorter FCG life than CAL
spectrum (spectrum 1) due to effect of periodic OL. Incorporating the retardation ef-

fect to the calculations has been seen to be lengthened the FCG life by a great amount.

As seen from presented Figures through FCG life results agree with Nas-
gro and test data with some minor discrepancies related to material and test data. By
these series of simulations, the capability of the developed computational algorithm
proven to be reliable in mode I loading in terms of crack path evaluation and FCG life
predictions by accounting the load history effect. It is obvious that neglecting load
history effect of in FCG life calculations under VAL can lead to completely invalid

life predictions.

The effect of OL spacing and amplitude can also be seen in presented figures. The
retardation effect is better observed in the case of OL applied at large intervals since

in the case of small intervals a new OL is applied before the retardation effect is over.
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Another remark is that, in the case of higher OL levels the retardation effect is also
higher, due to the fact that, the larger the OL means higher yield zone region and
consequently higher the delay effect on crack growth rate in subsequent load cycles.
However, this is valid up to a certain level of OL. Very high OL can lead to sudden

acceleration and failure of the components.

S, Mises
(Avg: 75%)
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(Avg: 75%)
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+2.000e+02
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+2.197e+01 +2.252e+01

Figure 4.13: Crack growth path for internal cracked specimen.

The resulting crack growth path from Abaqus simulation along with Von misses stress
distribution is presented in Figure Since the simulated specimen is under the
action of uni-axial mode I loading, the crack propagates straightly in the direction

perpendicular to the loading as expected.

The case studies under mixed mode conditions which is the main purpose of the

undertaken study are presented in the following sections.
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4.2 Crack Path Under Mixed Mode Monotonic Load

In this case study, crack path evaluation capability of proposed algorithm under mixed
mode condition has been validated for different initial crack lengths and crack lo-
cations in polymethyl methacrylate (PMMA) beam given in Figures 4.14] and
without and with holes configurations respectively. Available experimental results

presented in [52] are used for the verification of simulated crack paths.

The loading acts on top mid-span location of the specimen and is a monotonic load
of 100 kN . The simulated beam has a length of 2L, = 508 mm, a width of w = 203.2
mm and thickness of ¢ = 12.7 mm. The overall dimensions, hole locations and hole
sizes for all specimens are the same. Crack location and crack length differ for each
specimens. For the first configuration, the initial crack has a length of ¢y = 25.4 mm
and located at distance of d = 152.4 mm from the mid-span of the beam. The second
configuration differs from the first one in terms of initial crack length of ag = 63.5
mm. The third configuration differs from the first one in terms of initial crack length
of @y = 38.1 and also initial crack location, which is located at a distance d = 127
mm from mid-span of the beam. The material properties are assumed as elastic mod-

ulus of £ = 205 GPa and Poisson’s ratio of v = 0.3.

This case study is conducted for the purpose of testing the crack path prediction ca-
pability of the algorithm in mixed mode loading condition. By using the developed
algorithm, angles of the crack extension and positions of the crack tip have been de-
termined for each crack increments. Each of three specimens was simulated with and

without hole configurations as presented in Table

Comparison of experimental and simulated crack tip coordinates for all specimen
configurations are presented in Figures[4.22]through[4.27. The last step of crack prop-
agation paths from Abaqus simulations for each specimens along with Von misses

stress contours are also presented in Figures 4.28] through
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Figure 4.14: Geometry of PMMA beam without hole configuration [52].
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Figure 4.15: Geometry of PMMA beam with holes configuration [52].

Table 4.3: Simulated PMMA beam configurations.

Specimen No Crack length almm] Crack location dfmm] Hole Configuration

1 25.4 152.4 Without holes
2 25.4 152.4 With holes
3 63.5 152.4 Without holes
4 63.5 152.4 With holes
5 38.1 127 Without holes
6 38.1 127 With holes
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Initial FE models for specimens are presented in Figures and 417l Specimens
are constrained from left pin locations in all degrees of freedom as in the case of
experiments and only first translational degree of freedom . is unconstrained in right
pin location. The plate is under the action of a concentrated load ( 100 kN ) which

acts on the top mid-span location.

Figure 4.16: FE model for PMMA beam without hole configuration.

z X

Figure 4.17: FE model for PMMA beam with holes configuration.
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The effect of mesh density on crack path is investigated on specimen 2. Two different
mesh configurations (Mesh 1= 2 mm, Mesh 2=1 mm) are used in simulations with a
crack growth increment of 12.7 mm. Simulated crack paths with two different mesh
configurations along with experimental crack path is presented in Figure 4.18]in a
close view. There is no big difference between crack path but finer mesh has better

agreement with experimental result as seen from Figure

O Experimental Path
120F Simulated Path (Mesh 1) |
Simulated Path (Mesh 2)

100 b

80

60

Y Coordinate [mm]

40

20

80 100 120 140 160 180 200 220 240
X Coordinate [mm]

Figure 4.18: Effect of mesh sizes on crack path for specimen 2.

The effect of the amount of crack growth increment is investigated on specimen 6,
which has the most curved crack path in experiment. As seen from Figure there
is no significant difference in simulated crack paths with crack growth increments
of 6.35 mm and 12.7 mm. The crack path deviates from the experimental trajectory
when a crack growth increment of 25.7 mm is used. Based on the simulations for
different crack growth increment and different mesh size, the amount of crack growth
increment is taken as 12.7 mm and mesh size used as 1 mm in performing all other

simulations.
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Figure 4.19: Effect of crack growth increment on crack path for specimen 6.
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Figure 4.21: Last step of crack path simulation with da=25.7 mm for specimen 6.
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Figure 4.22: Experimental and simulated crack tip coordinates for specimen 1.
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Figure 4.23: Experimental and simulated crack tip coordinates for specimen 2.
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Figure 4.24: Experimental and simulated crack tip coordinates for specimen 3.
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Figure 4.25: Experimental and simulated crack tip coordinates for specimen 4.
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Figure 4.26: Experimental and simulated crack tip coordinates for specimen 5.
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Figure 4.27: Experimental and simulated crack tip coordinates for specimen 6.
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Figure 4.28: Last step of crack growth simulation for specimen 1.
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Figure 4.29: Last step of crack growth simulation for specimen 2.
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Figure 4.30: Last step of crack growth simulation for specimen 3.
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Figure 4.31: Last step of crack growth simulation for specimen 4.
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Figure 4.32: Last step of crack growth simulation for specimen 5.
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Figure 4.33: Last step of crack growth simulation for specimen 6.
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In these series of simulations, holes behave as crack stopper and attract the crack path
to propagate towards it as observed in the experimental investigation of the specimens
by Ingraffea [52]. In specimen 2, middle hole attracts the crack path and crack stops
on this hole. In simulation for specimen 4, since the initial crack length is higher than
the specimen 2 the crack path by passes the middle hole and stops in upper hole. In
the specimen 6, the first hole attracts the crack path initially due to location of initial
crack but the crack by passes it and stop in middle hole again. These results support
that the algorithm can be used to locate crack-stopping holes used in designs against
damage tolerance. The evaluated results for crack paths have excellent agreements
with experimental crack path trajectories as seen from presented results. By these
series of simulations crack path trajectory tracking ability of the developed algorithm

has been proven to be reliable in mixed mode loading.

4.3 FCG Life and Path Under Mixed Mode Loading I

In this case study, the experimental work conducted by Liu et al. [53] on a Al 7075-T6
hole modified CT specimen is used for demonstrating the ability to predict FCG life
in mixed mode loading as well as under CAL and VAL conditions. The hole on the
sample was opened to manipulate the crack path towards the hole. The geometrical
dimensions of modified CT specimen with and initial crack length of @ = 10.5 mm
are shown in Figure 4.34l The material properties are as follows: elastic modulus
E = 71.7 GPa, Poisson’s ratio v = 0.33 and yield stress o, = 516 MPa.

Initial FE model of the specimen along with its boundary condition is presented in
Figure The specimen is constrained in all translational degrees of freedom on
its bottom pin location center and the center points are connected to the half bottom
region of pin holes by means of coupling connection. It is also constrained in upper
pin location in x and z directions, only translation degree of freedom in y direction
is left free. A mesh size of 0.4 mm is used in simulation. The constructed FE model
of the hole modified CT specimen with the specified initial crack and predetermined
crack growth increment of 1 mm is studied through developed simulation algorithm.
The automatic propagation process continues until the required final crack size is

reached.
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Figure 4.34: Geometrical dimensions for Al 7075-T6 modified CT specimen [53].

Figure 4.35: FE model for Al 7075-T6 modified CT specimen.
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Two types of spectra are used in this case study. The cyclic CAL spectrum has a
lower limit of 200 N and a upper limit of 2000 N. For the case of periodic OL (VAL)
spectrum, an OL of 3000 N was applied at every 50 cycles of CAL as represented
schematically in Figure

Load

Pmax,ol

50 cycles

}%nax
/ Pmin

Figure 4.36: Load spectrum for Al 7075-T6 modified CT specimen [53].

Time

Nasgro equation (see 2.11) material parameter C and n calibrated according to CAL
test result. Other parameters are used as proposed by Nasgro material database and
study conducted by Liu et al. [53]]. Nasgro equation parameters used in simulations

are presented in Table (4.4

Table 4.4: Nasgro equation constants for Al 7075-T6 CT specimen [2] [53].

AKy, AK; C n p q Snw/00 «
80 MPay/mm 730 MPay/mm 1.2x10~** 3.0 0.5 1 0.3 2.0

The comparison of simulated and the experimental crack path is presented in Figure
4.371 The hole on CT specimen was specially located to manipulate the crack path
towards itself. The last step of crack growth simulations for both constant amplitude
and periodic OL case is presented in Figure The crack growth paths under
constant amplitude and periodic OL are almost identical to each other, which is also
demonstrated by our simulations. Since the OL has no effect on crack path a single

figure is presented.

60



50 ‘ ‘
O Experimental Path
Simulated Path R

45}

N
o
T

!

w
(631
T

!

w
o
T

) |

Y Coordinate [mm]
N N
o ()]

=
[6;]
T
!

=
o
T
!

0 10 20 30 40 50
X Coordinate [mm]

Figure 4.37: Crack tip coordinates for Al 7075-T6 modified CT specimen.
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Figure 4.38: Crack growth path for Al 7075-T6 modified CT specimen.
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The basic parameter for life evaluation is the SIF. Analytical SIF calculation for stan-
dard CT specimen can be found in various handbooks. The analytical SIF solution

for standard CT specimen is expressed as follows in [41]].

K; = %5%) 4.3)

where f ( %) is the correction factor which depends on crack length to specimen width

ratio and represented as follow

f (3> = (2;%); [0.886 +4.64 (3) 13.32 (3)2 1 14.72 (3>3 56 (ﬁﬂ .
w 1— ) w w w w

4.4)

This handbook solution for correction factor is proposed for mode I loading. In this
modified specimen a curved crack path formed due to existence of the hole. The
solution for correction factor which is given by equation is not valid any more
due to curved crack path. The main advantages of mixed mode crack propagation by
numerical methods can be seen at this point. The realistic values for f <ﬁ) which
differ from analytically obtained handbook solutions for standard CT spegimen can

be obtained by XFEM.

Mode I SIF’s at each simulation step is extracted from XFEM solutions and sub-
stituted to the equation to get the geometry correction factor f <%) A fourth
degree polynomial is fitted to the determined correction factors as given in the equa-
tion 4.3

f (3) — 94501 (3)4 + 4200 (3)3 — 2567.2 (3)2 +690.21 <3> — 63.509

w w w w w
4.5)

The analytically determined correction factor f (ﬁ) for standard CT specimen is
w
compared with the correction factor values determined by XFEM for hole modified
CT specimen in Figure As the curved crack path formed, the f (ﬁ) trend
w

diverges from each other.

62



20 T T T T T
Modified CT (XFEM)
Standard CT (Analytical .

18}

16} b

0 1 1 1 1 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5
alw

Figure 4.39: f ( ) for Al 7075-T6 modified and standard CT specimen.
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Figure 4.40: FCG life for Al 7075-T6 modified CT specimen for CAL and VAL.
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The FCG life is computed through the mixed mode equivalent SIF sugessted by
Tanaka [23] (see 2.4) along with Nasgro FCG equation (see 2.11) and Generalized
Willenborg retardation model (see 2.24-2.27). Mode I and mode II SIF’s are used
as follows: K(a) along crack length is calculated by using the polynomial fit of the
f (ﬁ) determined by XFEM solutions, K;(a) expression is also determined from
K Iui/alues at each propagation step along crack path by fitting a polynomial function

in terms of crack length.

Comparison between simulated and experimentally obtained crack length vs. number
of loading cycles up to failure for CAL and periodic OL (VAL) spectra are presented
in Figure As it can be seen from FCG life curve presented for CAL and periodic
OL (VAL) spectra, the simulated FCG life by using Generalized Willenborg retarda-
tion model have in good agreements with experimental results presented in [53]]. The
OL delays the FCG life in our simulations by a significant amount around 25.000
cycle as in the case of experimental observation. By this simulation the capability of
the developed algorithm in FCG life evaluation under mixed mode loading conditions

is proved to be reliable.

4.4 FCG Life and Path Under Mixed Mode Loading 11

In the last case study, the developed algorithm is verified again for mixed mode crack
propagation in a SAE 1020 hole modified CT specimen with different materials and
more complex nature of VAL condition from the previous one to show the versatil-
ity of the algorithm in mixed mode VAL conditions. The FCG experimental results
which have been performed by Miranda et al. [54]] on a SAE 1020 hole modified CT
specimen is used for the purpose of validation. The material is cold-rolled SAE 1020
steel plate with yield strength o, = 285 MPa, Young modulus £ = 205 GPa and
Poisson’s ratio of v = 0.3. The geometrical dimensions for modified CT specimen

with a initial crack length of @ = 8.3 mm are shown in Figure 4.41]

Initial FE model of the specimen along with its boundary condition is presented in
Figure The specimen is constrained in all translational degrees of freedom on

its bottom pin location center and the center points are connected to the bottom half
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Figure 4.41: Geometrical dimensions of SAE 1020 modified CT specimen [54].

Figure 4.42: FE model for SAE 1020 modified CT specimen.
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region of pin holes by means of coupling connection. It is also constrained in upper
pin location in x and z directions and only translation degree of freedom in y direc-
tion is left free. The constructed FE model of the hole modified CT specimen with the
specified initial crack and predefined crack growth increment of 1 mm is simulated. A
mesh size of 0.4 x 0.4 mm is used in simulation. The automatic propagation process
continued until the required final crack size was reached. The loading history used in

simulation is presented in Figure

16000 T T T T T T

14000 |
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Figure 4.43: Load spectrum for SAE 1020 modified CT specimen [54].
Nasgro equation parameters C and n are calibrated according to experimental results.
Other parameters are used as proposed by Nasgro material database [2] and study

conducted by Miranda et al. [54]. The parameters of Nasgro equation used in simu-

lation are presented in Table

Table 4.5: Nasgro equation constants for SAE 1020 CT specimen [2] [54].

AKth AKC C n p q Smax/UO «
11.5 MPay/m 285 MPay/m 1.515x107** 3.7 0.5 0.5 0.5 2.5

In experiment conducted by Miranda et al. [54], the hole on CT specimen was spe-

cially located to manipulate the crack path. In our simulation, the crack path was
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initially attracted by the hole but it by passes the hole and continues to propagate in a
straight direction as in the case of experiment. Comparison of simulated and experi-
mental crack path is presented in Figure4.44l The last step of crack path from XFEM
simulation is also given in Figure
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Figure 4.44: Crack tip coordinates for SAE 1020 modified CT specimen.

S, Mises

(Avg: 75%)
+3.151e+03
+1.500e+03
+1.375e+03
+1.250e+03
+1.125e+03
+1.000e+03
+8.751e+02
+7.502e+02
+6.252e+02
+5.002e+02
+3.752e+02
+2.503e+02
+1.253e+02
+3.106e-01

L.

Figure 4.45: Crack growth path for SAE 1020 modified CT specimen.
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Mode I SIF’s at each simulation step is extracted from XFEM solutions and substi-
tuted to the equation[.3]to get the geometry correction factor f <ﬁ> . A fourth degree
w

polynomial is fitted to the determined correction factors as given in the equation

f (3> — 1070.8 (3>4 — 19318 (3>3 +1318.9 <3>2 — 376.22 (ﬁ> +43.263

w w w w w
(4.6)

The analytically determined correction factor f (g) from equation B.4] for standard

CT specimen is compared with the values determined by XFEM for hole modified
CT specimen in Figure

The FCG life is computed through the mixed mode equivalent SIF sugessted by
Tanaka [23] (see 2.4) along with Nasgro FCG equation (see 2.11) and Modified
Wheeler retardation model (see 2.23). Mode I and mode II SIF’s are used as follows:
K (a) along crack length is calculated by using the polynomial fit of the f (%) ,
K1(a) expression is also determined from K (a) values at each propagation step by

fitting a polynomial function in terms of crack length.
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Figure 4.46: f(a/w) for SAE 1020 modified and standard CT specimen.
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Figure 4.47: FCG life for SAE 1020 modified CT specimen.

Modified Wheeler Retardation parameter for straight crack propagation on the stan-
dard CT specimen under the same loading nature was determined by Miranda et al.
[54]] as 0.51. The resulting finding of Miranda et al. showed that, load interaction
models calibrated using straight cracks can be used safely to predict retardation be-
haviour of non planar cracks under the similar nature of VAL conditions. Reasonable
results are obtained for crack path and fatigue life under the defined complex loading
spectrum by using the Modified Wheeler retardation parameter based on Miranda’s
work. Comparison between simulated and experimental crack length vs. number of
loading cycles up to failure is presented in Figure The FCG is predicted as
the same trend in test with some minor discrepancy related with material and test

parameters.
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CHAPTER 5

CONCLUSION

In this thesis, an automated XFEM-based FCG tool which allows mesh independent
crack insertion and growth is presented for the estimation of crack propagation path
and FCG life. XFEM was used to calculate the SIF’s and crack path at each propa-
gation step without re-meshing burden. Although the main purpose of the study is to
determine the crack path, it can effectively predict the FCG life with the realistic ma-
terial parameters under either CAL or VAL conditions by accounting the load history

effects.

Stationary crack modelling technique was used and crack was propagated by a For-
tran script. By this way, full enrichment capability of Abaqus on stationary cracks
is used which is not applied to propagating cracks in Abaqus. Moreover, the con-
vergence problems encountered in the solution of propagating cracks with XFEM in
Abaqus are eliminated. Stepwise crack propagation process gives more control and
the analysis possibility to the user since it is not needed to propagate crack at ev-
ery load cycle. There is an improvement in the computational efficiency compared
to Abaqus self-crack propagation simulation which has heavy cost in computational

means.

As an important contribution, unlike standard implementation of XFEM in Abaqus
for propagating cracks, developed algorithm uses LEFM based approach and it can
be used in damage tolerance assessments where there is a necessity for LEFM based

approaches.
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In this algorithm, the crack propagation path and fatigue life was calculated by using
a cycle-by-cycle integration method considering overload retardation effects. Afore-
mentioned retardation effect has significant improvements on the FCG life and would
result in conservative consequences if not included in the calculations as demon-
strated by presented case studies. This conservatism has been prevented by using

appropriate retardation models according to nature of the loads.

Developed numerical algorithm is validated successfully by conducting general curvi-
linear FCG simulations under both CAL and VAL spectra. Four different specimens
are examined under different load spectra having different configurations in terms of

crack growth path and fatigue life.

In the first case study, an internal cracked tension specimen is analysed through a
total of seven different loading spectra with a CAL spectrum. In this case study the
crack path is planar due to applied uni-axial loading as expected and doesn’t change
its direction during simulations. The main interest in this study was to demonstrate
FCG life evaluation capability. The obtained FCG life by using modified generalized
Willenborg model is compared with Nasgro software and available test results. There

is a quite a good agreement in this comparative study in terms of FCG lives.

In the second case study, a three point bending PMMA specimen is considered. The
main goal in this study is to verify the code in terms of crack path under mixed mode
loading. A total of six configurations of specimen are simulated with and without
hole configurations. The obtained crack path has excellent agreement with available
test results. By this series of simulations crack path evaluation capability has been

demonstrated.

In the third case study, a hole modified CT specimen is analysed under CAL and
VAL mixed mode conditions. The generalized modified Willenborg model is incor-
porated into the algorithm for this case study. The FCG life results with calibrated
material parameters based on Nasgro material database has good agreements with ex-

perimental results.
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As the last case study, a hole modified CT specimen with different dimensions, ma-
terials and more complex loading nature from the previous one is considered. In this
case , modified Wheeler model is adopted to the code to cover the retardation effect.
The FCG life with calibrated material parameters based on Nasgro material database

has good agreements with experimental result.

Validation with experimental results shows that the presented numerical methodol-
ogy could effectively simulate the crack propagation paths and fatigue lives under
either mode I or mixed mode loading condition. The developed code may have ap-
plication areas as follows. Users can identify fatigue critical regions where the cracks
are likely to occur and crack propagation trajectory can be found through this numer-
ical algorithm. Crack stopping measures can be taken on the predicted crack path
trajectories such as crack stopper holes or any other design solutions. The user can
also use this algorithm in life estimations of standard and modified test samples and

industrial components.

The results of this study show that based on the advantageous fracture modelling
capabilities of XFEM, cost effective and practical computational algorithm in the ap-
plication of the FCG path and life prediction under mixed mode practical service
loading conditions is possible by algorithms which use externally defined analytical
methods. The obtained accuracy of XFEM in predicting FCG under VAL in an auto-
mated scheme gives the users the confidence to apply the methodology to industrial
components under complex service loading conditions. The outlook for future works

can be summarized as follows,
e Different crack path prediction models can be employed for crack path evalua-
tions.

e Different crack growth rate equations and retardation models can be imple-

mented and used for comparison purpose in analytical fatigue life estimations.

e Experiments on other materials and geometries can be conducted and compared

by the results obtained from the developed XFEM based algorithm.
e Conventional FEM based analysis or other type of methods can be developed
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and compared with the XFEM based methodology in terms of computational

performance practicability and reliability.

e Through the developed FCG algorithm real industrial components under real-

istic fatigue spectrum loadings could be analysed.
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