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Abstract. Offshore structures are conventionally designed for a service life between 20-30 years
and mostly used beyond their service life. They are operated up to the point where costs of
operations, maintenance and repair exceed the revenue generated by the offshore structure. The
cyclic nature of environmental loading induces multi-axial stresses with high gradients in welded
tubular joints that lead to fatigue cracks emanating from imperfections in the welded materials.
Tubular joints may exhibit significant residual life after fatigue cracks formation due to crack
propagating around the weld circumference. It is important to understand tubular joints
behaviour and estimate the residual life beyond crack initiation as it promotes the safe operation
of the offshore installation, inspection planning and life extension of the asset. This paper
presents an overview of the residual life estimation of cracked tubular joints using numerical
methods. The recent developments and possible enhancements to the modelling methods of
cracked tubular joints are presented.

1. Introduction

In fracture mechanics theory, fatigue life is generally divided into three stages, namely, crack initiation,
crack propagation and final failure, though the traditional S-N curves based fatigue design methods
make no clear distinction between crack initiation and crack propagation. For tubular joints, fatigue life
may be divided broadly into four stages from N; to N4: N is the point at which the crack is first noted
by any inspection method, N> denotes the first visual crack, N3 denotes through-thickness crack, and Ny
represents the actual failure of the joint. Failure may be defined as the appearance of through-thickness
crack (N3) as the available experimental data showed that it is difficult to conclude N4 from S-N curves
[1-4]. Tubular joints may exhibit significant residual life after through-thickness crack formation due to
crack propagating around the weld circumference. Zhang and Stacey [2] reported that for a total of 281
test results the mean ratio between N4/Nj3 is 1.38. Residual life of damaged joints depends on joint type,
chord thickness, loading mode, as well as environmental exposures. It is important to understand tubular
joints behavior and estimate the residual life beyond crack initiation as it promotes the safe operation of
the offshore installation, inspection planning and life extension of the asset [2].

The behavior of cracked tubular joints can be studied using Fracture mechanics [5]. The behavior of
each tubular joint is unique in a way as many variables can affect the joint behavior, i.e. the crack
location, geometric dimensions, joint type, loading modes, stress ratio, weld profile, and boundary
conditions [6]. Full-scale laboratory testing of cracked tubular joints is expensive and time-consuming
while numerical simulation of fracture process of tubular joints has been a major task in recent research.
The advancement of numerical methods and computational power made it possible to assess cracked
tubular joints considering the uniqueness of each joint. Numerical methods such as finite element

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



COTech IOP Publishing
IOP Conf. Series: Materials Science and Engineering 700 (2019) 012035 doi:10.1088/1757-899X/700/1/012035

methods (FEM), extended finite element method (XFEM) and boundary element method (BEM) are
typically used for fracture mechanics analysis. FEM is widely used for stress analysis and fatigue life
estimation of cracked tubular joints [7-16], while applications for cracked tubular joints with the use of
XFEM has not been identified. BEM was encountered only once by Borges et al. [17] for comparison
between SIFs for cracked tubular joints estimated from FEM and BEM.

This paper presents a review of the residual life estimation of cracked tubular joints using numerical
methods. Based on the observations discussed above, this paper focuses on the numerical modelling of
fatigue life using FEM. In general, the numerical models are based on the assumptions of constant-
amplitude fatigue loading with crack propagating from a given initial crack within the domain of linear
elastic fracture mechanics (LEFM).

2. Fatigue life evaluation of cracked tubular joints

The assessment of structures using fracture mechanics approach requires sizing of a crack-like defect.
The size of the crack is determined mainly by the inspection method used. If the crack cannot be
observed, the crack size can be assumed as the largest undetectable crack. Once the initial crack size is
determined, fracture mechanics can be employed to evaluate the crack propagation until the onset of
unstable crack extension, at which the structural element will lose its structural capacity. Fracture
assessment of the component rely on the techniques of LEFM or elastic plastic fracture mechanics
(EPFM) depending on material properties and plate thickness [1]. The fracture mechanics approach
provides mathematical relationship between three critical variables, namely, flaw size, stresses in the
vicinity of the crack and toughness.

Fracture mechanics analysis of tubular joints is demanding. The tubular joint geometry with
boundary conditions induce mixed-mode loading of the crack [18]. In this respect, the detailed analysis
of stresses requires three-dimensional models of the joint [1, 2]. In the vicinity of the crack, the size of
the finite elements must be comparable to the size of the crack increments, thus the meshing procedure
becomes challenging.

Conventional FE approach can be divided into four main steps: (1) development of numerical model
with an initial crack-like defect; (2) evaluation of fracture mechanics parameters; (3) estimation of crack
propagation rate, crack propagation direction and selecting crack increment size; (4) updating the
numerical model with the new crack front. These steps are repeated for successive crack sizes until the
structure loses its load carrying capacity as shown in Figure 1.
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Figure 1. Conventional FE approach for fatigue life estimation of cracked tubular joints [19].

3. Numerical model generation

Numerical modelling of cracked tubular joints for fatigue life assessment is a computational expensive
task as computational procedures are repeated for each successive crack increment. In this literature
study, only simple tubular joints with focus on T/Y- joints are considered.
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3.1. Type of finite elements

Stress concentration is generated at crack-tip and mesh refinement is needed in the vicinity of the crack-
tip to capture the large stress and strain gradients. For sharp crack-tip, an inverse square root singularity
exists. The singularity must be considered for reliable analysis of stress. First attempt in modelling
tubular T-joint with a shallow weld crack was carried out using a wedge-shaped singular element [20].
The element was obtained by collapsing faces of 8-node brick element and choosing a displacement
interpolation function. Elements with 6, 5 and 4 faces produced from the brick element with the
displacement interpolation function updated accordingly. Later Rhee el al. [7] modelled K-joint for
fatigue crack growth analysis using singular elements for crack-tip with quarter point.

The most common finite elements used in recent literature are isoparametric elements with quadratic
shape functions. These elements can represent curved shapes with small number of elements. To capture
crack-tip singularities, solid elements such as those shown in Figure 2(a) — (d) are typically used. While
20-node hexahedral elements (Figure 2(a)) are generally used for structured mesh, 10-node tetrahedral
elements (Figure 2(b)) can be used for unstructured mesh [18, 21]. In the vicinity of a sharp crack-tip,
square root stress singularity can be obtained by collapsing the 20-node hexahedral element (Figure
2(c)) to 15-node Wedge elements and moving the mid-side nodes to quarter points.

a
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)

Figure 2. Typlcal solid mesh elements (a) 20-node hexahedral element (b) 10-node tetrahedral
element (c) collapsed quarter-point hexahedral element and (d) 20-node pyramid — collapsed
hexahedral.

The usage of tetrahedral elements allows decreasing the number of elements through thickness, away
from sensitive areas, which reduces the computational time. On the other hand, this approach requires
dense mesh around the crack-tip to produce convergence of the high stress-gradient expected and to
accurately evaluate stress intensity factors (SIF).

3.2. Mesh Generation

Finite element simulation can be facilitated using an automated mesh generation system to handle the
remeshing procedure during simulation. Many researches developed their meshing algorithms to carry
out the remeshing procedure [9-12, 15, 16, 22]. Generally, the mesh generation of cracked tubular joints
can be divided into two groups, structured mesh approach and unstructured mesh approach.

3.2.1. Structured mesh approach. One of the first automated structured mesh approaches was developed
by Bowness and Lee [11, 23]. Their algorithm was used to assess cracked T-Joints considering a doubly
curved semi-elliptical crack emanating from the weld toe. The algorithm is of ‘building block’ nature
starting with a discretization of a plain plate containing a semi-elliptical crack as presented in Figure
3(a) below. A modelling sequence, as illustrated in Figure 3 (a) — (f) [23], is implemented using the
following steps:

a) Adding an attachment to the plain plate,

b) Mapping to provide a weld profile at its base,

¢) Making the mesh curved round 90° to become a brace,

d) Mapping the main plate into a square,

e) Making the main plate curved around the crack plane by 90° to form the chord,

f) Finally, adding the rest of the chord to form a quarter tubular T-joint.
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(b)

(e)

Figure 3. Bowness and Lee modelling sequence, (a) quarter plain plate with half surface crack, (b)
mapped attachment and weld profile, (¢) half T-butt joint, (d) curved T-butt plate to form the brace
and weld, (e) chord-brace assembly from curved configuration d, (f) quarter T-joint, (g) Final mesh.

Lie et al. [15] developed a structured meshing algorithm to study cracked T/Y-shape joints. The
algorithm creates a surface crack block which is divided into three parts: (1) crack tube part, where the
crack front is located, (2) part which acts as transition from crack tube to the rest of the model and (3)
part which contains the crack faces. Then it creates the chord-brace intersection zone by double mapping
a flat vertical attachment and fillet weld.

3.2.2. Unstructured mesh approach. The advantage of unstructured mesh approach is that no focus
mesh is required around the crack-tip, which significantly reduces the time and effort needed to develop
the meshing algorithms. Yagi et al. [16] used tetrahedral elements to study surface-cracked T-shape
joints. The approach was based on creating an intact three-dimensional CAD model for the joint then
inserting an initial semi-elliptical surface crack at the weld toe. Solid elements meshing with quadratic
tetrahedral elements were applied with double nodes on the crack surface to simulate a seam crack. The
meshing procedure was repeated for each crack increment.

3.3. Weld profile

Typical tubular brace to chord joints are full penetration butt welded, characterised by changing weld
profile from crown heel to crown toe due to the projection of the tubular brace on the tubular chord. It
was found that weld toe radius and weld angle affect the SIF [24, 25]. Hence, it is important to model
the weld profile if cracks emanate from weld toe or root. The influence of the weld leg size and weld
angle to the SIF is prominent for smaller crack depth [26]. Typical weld details across the joint are
shown in Figure 4.

Lie et al. [15] and Bowness et al. [11, 23] map the attachment to include fillet weld, then the
attachment and the weld is being curved to simulate the brace. Mapping fillet weld does not conform
with butt-weld profile at the saddle location see Figure 4, especially for joints with high brace diameter
to chord diameter ratio. However, SIF at the crack deepest point was in a good agreement with
experimental work. The effect of weld profile is not dominant at the crack deepest point. In fact, it will
be more dominant towards the crack corners.
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Figure 4. Weld profile of a typical offshore tubular joint.

3.4. Crack front shape

Crack front shape is generally double curved, and difficult to describe and predict [27]. Under fatigue
loading, cracks emanate from the surface then evolve to through-thickness cracks. Through the
literature, surface cracks are idealized as semi-elliptical cracks [14, 25, 28, 29]. In reality, cracks initiate
at multiple locations and then coalescence to form a part-elliptical shape [30, 31]. Qian et al [3] showed
variation up to 7% between semi-elliptical crack shape and the true-crack front profile. The variation
translates to more than 20% in the crack growth rate.

Modelling surface cracks is more complex than modelling through-thickness cracks. For surface
cracks, if the cracks exist on the chord side, the crack surface will be of inclined plane and the crack
geometry will lead to mixed-mode condition [32]. The crack surface was assumed to be perpendicular
to the free surface all the time by YongBo et al. [14]. While Bowness et al. [33] showed that the crack
surface is not perpendicular to the free surface and that it curves away from the axis perpendicular to
the free surface by a fourth degree polynomial function.

3.5. Singularities in cracked bodies.

For a surface crack in a homogeneous material not restrained by a weld, two sources of stress field
singularity exist along the crack-front, near field stress singularity and vertex stress singularity. Near
field stress singularity extend over most of the crack front and diminish to zero at the corner points.
Vertex stress singularity exists at the corner points. The power of the vertex stress singularity is weaker
than the near field stress singularity. The power changes monotonically from -0.5 at the interior to -0.37
at the free surface [34]. The weaker stress singularity at the corner point eventually leads to drop in the
SIF from the interior of the crack front. Practical approach can be used by extrapolating the SIF from
the interior part to the corner point and use it to evaluate the crack growth rate and direction [16]. Vertex
singularity is a function of the material Poisson’s ratio and the angle between the crack front and the
free surface f. If the angle is small then SIFs tends to zero at the corner point, while if the angle is large
SIFs tends to infinity. The crack front is observed to intersect the free surface at a critical angle . for
which SIFs are finite. The critical angle is a function of material Poisson’s ratio (equation 1) and type
of loading. For steel materials with v = 0.3, under mode I loading, the crack front intersects the free
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surface at a critical angle of 100.4° and an angle of 67.0° for antisymmetric loading [27]. Hence, the
assumption that surface cracks are of semi-elliptical form (Figure 5) may not be valid.
The critical angle . for mode I case is given by:

B, = tan™? (V N 2) )

| 2c N

I~ d

Figure 5. Part-elliptical surface crack [27].

4. Stress intensity factor evaluation methods

For crack-like defects in structural components under loading, there will be relative movement between
the two crack faces, and stress field will develop at the crack tip. SIF describes the stress field in the
vicinity of the crack and represents the tendency of the crack to advance under static loading conditions.
As a minimum, to accurately determine the SIF for a crack in a tubular joint, the following parameters
must be taken into account: crack position, crack front shape, coalescence of cracks, variation of stresses,
and residual stresses.

Analytical solutions of SIF for a three-dimensional surface crack in tubular joints do not exist in the
literature. Approaches that can be used to determine the SIF of cracked tubular joints are; classical
solutions for idealized geometries modified to represent tubular joints, Semi-empirical methods based
on full-scale testing or numerical methods. Numerical methods are the only approaches that can take
into account all the parameters required to accurately determine the SIF [1].

The evaluation of SIF using conventional FEM requires that the mesh conform to the crack tip
geometry. The accuracy of stress intensity factors depended on the quality of the FE mesh [3, 15-17,
26]. Several numerical methods exist for the evaluation of SIF in three-dimensional cracked
components, the methods can be divided into the two main categories: (1) stress and displacement
matching methods and (2) energy-based methods [19].

4.1. Stress and displacement matching methods.

These methods match the stress or displacement field calculated by the FEM with the analytical stress
or displacement field which contain the SIF. For instance, using the displacement extrapolation
technique [7, 8, 11, 15, 22, 23] the SIF is estimated from the elastic displacements behind the crack-tip.
Then the displacements are extrapolated along a radial path to the weld toe as illustrated in Figure 6. For
plane strain conditions, K; can be estimated from the following extrapolation [35].

] Euy, 2m
K; =lim

-0 [ 4(1—v2) | r 6=m) 2

where K; denotes SIF for mode I loading, r is the radial distance between the crack-tip and the point
of displacement extrapolation, E is Young’s modulus of elasticity, v is Poisson’s ratio, and 6 is the
angle between the crack plane and the point of displacement extrapolation.

For plane stress loading, K; can be estimated from the following expression.

KFQI@[%E] (6=m) €)
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Crack ny

Figure 6. displacement field at crack tip [35].

4.2. Energy-based methods.
Energy-based methods relate the singular stress field to the energy release rate. The change in energy
release rate associated with crack propagation can be evaluated by performing two numerical analyses,
one with crack length a, and the other with crack length a + Aa. Energy-based methods are more-
efficient than the stress and displacement matching methods, as energy is insensitive to mesh refinement.
As an energy-based method, the virtual crack extension (VCE) method was used [10, 15, 16, 23]
based on the assumption that the energy release rate (G) for a growing crack from length a to a + Aa is
equivalent to the work needed to close the crack by Aa. It requires the calculation of stresses and
displacements at the crack-tip. Numerical representation of VCE in a two-dimensional FE problem is
shown in Figure 7.

j—1
oL _ .
= i1

Auy o - —
- X; X
i+1

R el EEEEEEY

a1 Aa

Figure 7. numerical representation of the virtual crack closure integral method [36].

Two stress or displacement calculations are required to evaluate the SIF using VCE for one crack
configuration and the procedure can be numerically expensive. The analysis can be performed only once
if the crack intervals Aa are small [35] and hereafter the procedure is called the modified virtual crack
closure method [36].

Energy domain integral methods. It is the general framework for numerical analysis of J integral.
For arate-independent quasi-static fracture analysis, a single analysis is required to determine the energy
release rate in the vicinity of a growing crack. J-integral is a function of the energy release rate associated
with crack advance. The J-integral yields an accurate solution to the stress intensity factors within the
LEFM domain, though it cannot easily used in the condition of mixed mode loading which is present in
the tubular joints. In addition, J-integral lacks path independence at the crack corners because of the
presence of two stress singularities, one caused by the crack-tip and the other caused by weld [14, 23].

5. Crack propagation models

Under static loading, the necessary condition for crack propagation is determined by material properties
and the stress field in the vicinity of the crack expressed with SIF. Typical fatigue crack growth
behaviour in metals can be described by a log-log curve of da/dN and AK as shown in Figure 8. da/dN
is the crack growth rate and AK is the stress range expressed with SIF’s K, ;,,— Kinin. The curve consists
of three regions; the first region, includes the threshold value AK;;,, below which the crack will not grow.
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The second region describes the linear relation between log da/dN and log AK. In the third region the
crack accelerates eventually until final failure of the joint.

A

da
Log ﬁ Region
|

Region

Region i

AK, AK
th LogAK Ic

Figure 8. Typical fatigue crack growth curve

Paris-Erdogan proposed a power relation of the form;
day dN = CAKeg™ “)
where C and m are material constants, and AKerr = Kpmax — Kop, Kmax 1 the maximum stress
intensity, and K,,, is the stress intensity at which the crack opens.
Paris-Erdogan law was being used extensively in cracked tubular joints literature [3, 14, 16, 26, 37,

38]. Paris-Erdogan law is insensitive to the stress ratio R defined by Kj;;;,/Knay and considers only
region II (Figure 8). The most common expression to describe fatigue crack growth is called NASGRO

[39].
AK )P
da (1— th)
W=CAK“‘—(1_ - ¥ )
Ic

where C, m, p, and q are material constants and K. is fracture toughness

NASGRO expression considers the three regions for crack propagation rate and is sensitive to the
stress ratio. The number of cycles (N) required for a given increase in crack size from an initial length
a, to a final length ay is given by:

N = U  da
- J f,(AK) ©

5.1. Fracture criterion
Under mixed-mode loading condition, the use of equivalent stress intensity K, is necessary to consider
the effect of K;, K;; and Kj;;. Cracks can grow under the following conditions.

Ken < Keq < Kic (7)
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Figure 9. Mixed mode loading with fracture limit and threshold surface [40].

Rhee [18] considered the effect of mixed-mode on the SIF by converting the energy release rate
relation which is given by
AK?Z 1—? K
=G= — <K12 + Ky? + — ) (8)

1-v

Rhee [41] proposed another parameter to describe the effect of mixed-mode on the SIF and it was
used by Qian et al. [3], YongBo et al. [15] and Chiew et al. [3, 12, 14].
2 Ki? + Ki® + Kip?

Keq” = n ©)
-V
Another criterion was proposed by Richard [42], which is based on the MTS criterion,
Ky 1
Keq = 7‘ + E\/KIZ + 4(1.155K ;)2 (10)

5.2. Crack propagation direction

Crack propagation in solids under mixed-mode loading tends to eliminate mode II and mode III loading
conditions. For crack propagating under mode I and mode II, the crack tends to eliminate mode II
condition by adopting a crack path direction corresponding to the Mode I loading. When a crack
propagates under mixed-mode loading, the crack front tends to both deflect and twist the orientation of
the crack to comply with mode I loading [32, 33].

Crack propagation direction criteria can be divided into two groups, the first group describes the
crack propagation direction at each point on the crack front by using the values of the SIFs and can be
called local type criteria [32]. Example of these criteria is the MTS criterion, proposed by Erdogan and
Sih [43] and extended to three dimensions by Schollmann et al. [44] and simplified by Richard et al.
[45]. The second group describe the crack propagation by considering the mean value of SIFs along the
whole crack front and can be called global type criteria. Examples of these criteria are the criteria by
Pook [27] and Lazarus et al. [32, 46, 47]. Crack deflection and crack twisting angle by Richard et al.
[45] can be described as;

a .
K K
o=7|a K] +B< K| ) (10

i Ky + Kyl + [Kyyl Ky + Kyl + Ky |
where 6 < 0° for K;; > 0 and 8 > 0° for K;; < 0 and K; = 0.
— IKnl < IKnl )2
-F|c D (12)
v Ky + Kyl + Ky Ky + Kyl + [Kyyl

where ¥ < 0° for K;;; > 0 andy > 0° for K;;; < 0 and K; = 0.4 = 140°,
B =-70°C =78°and D = —33°
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Figure 10. Polar coordinates at point P along the crack front with crack deflection angle 8 and crack
twisting angle ¥ [42]

Yagi et al. [16] used the three dimensional MTS criterion proposed by Gerstle [48], and formulated
the crack deflection angle in the form of;

[ |
0= 2tan‘1| 28K |
[AKqu + J (AKieq)” + 8(AK )2
where AK,, is an equivalent SIF range including the mode-III effect, and given by;
AKjeq = AK; + B|AK ] (14)
where B an empirically determined factor = 1.0.

(13)

Criterion by Pook [27] can be calculated in a step-by-step process.

K;sin® = —K};(3cosf — 1) (15)
16
0.83K; + J 0.4489K,% + 3K ;2 (16)
Ky = G
2Ky (17)
tan2 = ——— 0
Ky (1 — 2v)

In Pook’s criterion the equivalent stress intensity K, considers the effect of K;, Kj; and K. Keq
can be described by the following relation.

18
Koyn(1+ 2v) + \/KVI,IIZ(l + 2v)2 + 4Ky, (%)

2
Another crack propagation criterion in use is the minimum strain energy criterion as presented by

Sih [49, 50]. The crack is then assumed to propagate in the direction of minimum strain energy density,
S, expressed as;

Keq =

_ a11K® + 2a;, KKy + a,5Ky” + azsKyy? (19)
T

where a;; are coefficients relating crack deflecting angle 6, elastic modulus and Poisson’s ratio.

5.3. Crack increment step

Typically, the crack growth increment and direction are calculated for each node at the crack front based
on SIFs, and the crack is then extended for the next step. The number of nodes at the crack front is kept
the same for all increments [16, 29].
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Crack increment step is influential to fatigue life estimation. There are two approaches for crack
increment step; the first is based on a constant crack length increment and the second is based on a
constant number of cycles increment (Figure 11). Due to the geometry and loading of the tubular joints,
it is expected that SIF will vary along the crack front. As a result, the crack will not advance equidistantly
along the crack front for the same number of cycles. Therefore, for accurate crack propagation
estimation, crack increment step based on constant number of cycles may be used.

2c

»l
" '

Crack front
N;

Crack front
Niyq

Figure. 11. Surface crack and schematic illustration of the crack propagation [29].

6. Conclusion

The objective of this paper is to provide an overview of the fatigue life estimation of cracked tubular
joints using fracture mechanics and FEM. With respect to mesh generation, the methods proposed over
the last two decades considered two different types, structured and unstructured mesh generation.
Structured mesh generation is considered as systematic approach and provide reliable results. However,
the method is limited to simple geometries. Unstructured mesh has the potential to be extended to more
complex geometries due to the less effort needed for automation and model creation. To the knowledge
of the authors the meshing algorithm which accommodate the automatic transition from surface cracks
to through-thickness cracks has not yet been implemented and documented.

Through the literature, surface cracks are idealized as semi-elliptical cracks. In reality, cracks initiate
at multiple locations and then coalescence to form a part-elliptical shape. That idealization may cause a
discrepancy in crack growth rate up to 20%. The crack front in tubular joints is of double curved nature
and subjected to mixed mode loading due to the joint geometry. The assumptions for calculation of
crack propagation angle was limited to the use of MTS criterion. The MTS criterion provides crack
deflection and crack twisting angles for each point on the crack front which fits well with meshing
algorithms.

The methods for SIF evaluation of cracked tubular joints, found in the literature were displacement
extrapolation, VCE and the domain integral methods. VCE method for a crack configuration requires
calculations of two stresses or two unknown displacements to evaluate the SIF. The method is regarded
numerically expensive. The domain integral method performs poorly under mixed-mode loading
conditions and at crack corners it is not path independent. The displacement extrapolation method is
thus recommended for SIF evaluation of cracked tubular joints

The advantage of the LEFM is that each parameter that may affect the fatigue life may be assessed
individually and it is possible to extend the test data to other conditions than those under which the tests
were performed [1]. However, none of the studies reviewed considered the influence of the following
parameters on the residual fatigue life of cracked tubular joints: residual stresses, stress ratio effects,
environment (air, seawater) exposures and variable amplitude loading.

The complexity of evaluating the residual fatigue life of cracked tubular joints is due to the inherent
shortcomings of FEMs, including;

e Finite element discretization at crack tip area in 3D is complex.
e The assumption of crack propagation direction prior to calculation of SIF.
e Explicit definition of the crack front.
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The literature study shows that the XFEM can overcome the limitations listed above. The method is
independent of crack initiation or propagation and it can provide solution-dependent crack initiation and
propagation path. The accuracy of XFEM is however not tested with applications for tubular joints.
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