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Abstract: This paper aims to numerically model the crack growth path in
linear elastic materials under cyclic loading. The effect of crack initiation,
propagation, and fatigue life under constant amplitude tensile loading
specimens has been studied. The model is preprocessed, the level set
updated, the stress intensity factor is calculated, and the crack propagation
analysis is performed using Abaqus built-in and external MATLAB
functions. Linear elastic fracture mechanics (LEFM) has been adopted for
the crack analysis process. The aspects of the implementation and
proposed treatments for enriched element processing, framework
preparation, stress intensity factor evaluation, and numerical analyses
have been described in detail. The proposed method's accuracy and
robustness are examined through numerical simulated examples of
stationary and crack growth problems using 2D and 3D models. Paris's
law has been used to evaluate the fatigue, which involves carefully
evaluating stress intensity factors. Different Extended Finite Element
Method (XFEM) methodologies and frameworks have been developed to
simulate the initiation and propagation of 2 and 3-dimensional micro-
cracks through versatile physical models of structures. The results have
excellent agreements with the literature's analytical, numerical, and
experimental analyses.
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1. Introduction

The Extended Finite Element Method (XFEM) uses a local unit partition to investigate the behavior of
materials under different loading conditions and stages. It allows prior knowledge about the solution of
the boundary value issue to be added to the approximation approach of the numerical solution by adding
enrichment functions, which can be accurately reproduced by the enriched numerical scheme [1][2]. To
obtain accurate solutions for crack tip solution stress, the crack proliferation simulation usually requires
reshaping the mesh around the crack tip as the crack propagates. The XFEM technique provides a
successful methodology for studying crack behavior. Building a mesh on surfaces with cracks is a very
delicate and troublesome process. [3]. The XFEM is based on introducing further Degrees Of Freedom
(DOFs), which are being in combination with the nodes of the interested elements by the crack geometry.
These additional DOFs, associated with some special functions, to get more accurate modeling of micro
and macrocracks [4]. This method (XFEM) can enhance the solution of different problems of crack
propagation problems [5]. Using XFEM in combination with Linear Elastic Fracture Mechanics (LEFM)
to investigate several factors might lead to a slower convergence rate and probably lead to suggestions
for some improvements to the fatigue analyses. One of the improvements was the divide of the unit
associated with the step function, which represents the displacement discontinuity, and this should have
the same order as the FE interpolation of the displacement field. Another improvement is defining the
region around the crack tip enrichment regardless of the element size [6]. Under LEFM conditions, the
Stress Intensity Factor (SIF) provides a single parameter that describes the stress and strain fields in and
outside the vicinity of the crack tip where the plastic region is introduced. The global approach of
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fracture compares the material's SIF and the toughness and isothermal fracture in specific areas. The
crack initiation and propagation have been studied in different mechanical components such as bearings
[7][8] and blades [9]. To determine the initiation and propagation of a crack in a material, the stresses
and strains around the crack tip should be sufficient to cause the material to be detached. According to
the standards, the defect evaluation analysis is based on a global approach to be applied with fracture
mechanics [10]. Based on this technique, the introduced crack has represented a mesh-independent;
therefore, the resampling technique is can be declined to describe the crack propagation. Furthermore,
the drawbacks of the classical Finite Element Method (FEM) for simulating the propagation of crack,
such as the crack propagation shape and the singularity of the node, can be improved by XFEM. This
numerical technique uses the standard displacement-based approximation near the crack, which is
enriched by integrating the discontinuous and asymptotic fields near the crack tip through the unit
partitioning method [11]. In the first, the concept (enriched specific element method) can be applied to
all initial formulas with appropriate enrichment for comparison, while in the second stage, is considering
the use of concepts borrowed from enrichment [12]. The idea of fracture propagation and its prediction
remains a challenging problem due to its dependence on the frequency of impurities and non-
homogenous structures within the fractured region. The assessment of the role of these non-homogenous
structures on fatigue has been studied by AL-Maliki et al. [13]. A comprehensive implementation of
XFEM for single hydraulic fracture propagation has been presented in a previous work of Réthoré et al.
[14]. The fracture tip field should be optimized to an adequately capture of the individual approach
because, for CFEM simulation, the global mesh should be continuously updated at each step to match
the growing fracture geometry [15]. This study aims to predict the spread and growth of cracks by taking
two cases from the models and investigating the difference between them and then pointing out the gaps
can be occured between them.

Extended finite element method

This research presents the discontinuous enrichment method in a general framework. It is also
investigates how the 2D formulation can be have fine meshing for more accurate crack modeling. The
concept of modified local enrichment into the FE partitioning of the unit is suggested by Melenk and
Babuska [16]. The displacement approximation u(x) in the XFEM is decomposed into a continuous and
enrichment part as:

U (X)=Ucon(X)+Uentn(X) 1)

The second part that can be added to Eq. 1 is:

Wnen (¥) = TNy Ny (X) (Zg51 Fa(x)bft )

Where: the continuous displacement approximation Ucn (x) = >, N1(x)ul is the standard approximation
in the FEM, and genre (x) is the enrichment part of displacement approximation near the crack (Figure
1). The N1 = (1, N) are the shape functions of the FE method; however, Fa(x), o = (1, M) are the
functions of enrichment, and Check is the vector for the nodal enriched DOF in combination with the
elastic asymptotic crack-tip function described by the field of Westergaard.
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Figure 1. Standard enrichment areas near the crack edges [14].
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2. Enrichments

Heaviside Enrichment for Discontinuity

The ability of XFEM to simulate discontinuities stems from applying the Heaviside enrichment function.
Various types of Heaviside functions have been proposed in the literature, including:

(1 V(>0
H(O_{—l V<0 &)

Where the value is evaluated of 8(x), the signal distance function is implemented, as shown in
point x in the domain of Heaviside after the enrichment process, and x; as with the projection of
considered point x onto the slit, it can be defined as:

§(X)=d.n} (4)
In which
d=x—Xxr (5)

The unit normal vector of the crack line xy is denoted by x.=.

By considering the S as the considered set of nodes that have the enrichment functions at the Heaviside,
uf® it can be represented as:

uf® = YiesN; (COHE)at (6)

Enrichment at the edge of the crack

Implementing Enrichment meanings at the crack tip reproduces the vastly nonlinear stress and
dislodgment fields around the crack with more accurate results. This process is used due to the variance
between the fields' behavior for locations adjacent to sequential cracks and other regions. The standard
shape function of FE cannot accurately approximate the fields in both areas. Therefore, because of
suitable enrichment at the crack tip, the elements around the crack tip can considerably improve the
results obtained in this region. The enrichments can be determined using the nature of these fields. By
Considering F as a set of enrichments at the crack tip, yields,

F={f1,f2,....fn} )
The crack tip displacement domain can be predicted by.
u'™ = Yierip Ni(%) (Zier fi oy Puk) (®)

The Tip is the enriched node using the functions of the enriched elements at the Tip, andbi are the
additional degrees of freedom due to the enrichment. The select tip enrichment functions for uniform
materials can be epitomized as follows:

F =+/rsin (g) AT Cos(g),\/F sin g sin (8), Vr cos (g) sin(6)} (9)

Theory

The stress intensity factor (SIF) is the most critical parameter in fracture mechanics. It can be used to
investigate whether a crack will propagate in the structure under certain loading conditions. If the stress
intensity factor is known, the analytical expressions for the stress and displacement fields at the crack
tip location can be solved. The stress component of the plane problem at the crack tip locations is usually
given in the polar coordinate system (r, 8). The analytical solution of the stress field of the first plane-
type crack at the tip location can be calculated by the Westergaard stress function method [17]. The
stress at the crack tip can be shown in Figure 2, and the governing equations will be:

K; ] ( . e . 33)
g, = cos—|1—sin-sin— 10
X \2mr 2 2 2 (10)

K; ] ( .0 . 39)
Ty = cos—|1+ sin—-sin—
Yy o \zmr 2 + 2 2 (11)

In the expression above, r and 6 are local polar coordinates with the origin at the crack’s Tip. When 0 is
equal to zero at the Tip of the crack, these equations become

Opr = (12)
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Figure 2. Stress element at the crack tip
Experimental Work
The samples were prepared from steel alloys and designed using the AutoCAD program. The plates
were cut according to the dimensions (80*160*4) mm, and the crack lengths were 5, 10 & 15 mm with
single central crack and edge crack samples, as seen in Figure 3. The analytical solution for the centrally
slotted plates can be found using the following equations [16][18]:

K; =Yoyma (14)
Y =14 0.256 (%) — 1152(5)? + 12.200(5)? (15)
Kn =g\ ma (16)
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Figure 3. (A) single-edge cracked sample, (B) center cracked sample.
The material used in this work is low-carbon steel 283, which is used in broad fields such as oil tanks,
bridges, and many other applications. The first test was the tensile test to determine the mechanical
properties. The dog bone test sample shown in Figure 4 was made according to International Standards.
A plasma cutting machine has been used to cut the required shapes with additional surface finishing to
match the standard requirements.
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Figure 4. Engineering Drawing By (Auto CAD ) for the Designed Tensile Test Specimen
The test samples before and after the test can be seen in Figure 5.

Figure 5. Simple tensile test specimens before the test (LHS) and after the test (RHS).

3. Results and discussions

The load-displacement curve for the test sample was recorded by software linked to the tensile machine.
The stress-strain curve was drawn using the gained data, as shown in Figure 6. The mechanical
properties of this curve are illustrated in Table 1.
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Figure 6. Stress-Strain Curve For Carbone Steel 283
Table 1. The mechanical properties of the tensile test specimen
. Ultimate Stress
Thickness Yield stress cru(MPa) Elongation g:ggt?élijts of Poisson's
mm oy(MPa) % E(GPa) y Ratio v
3 350 472 20 208 0.29

The Chemical Test

This test aims to determine the required chemical compositions of the selected material to ensure the
material matches the standard requirements [15]. The chemical compositions of the test material can be
seen in Table 2.
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Table 2. The Chemical Properties Composition of The Chemical Test Specimen
Thickness (mm) C% Si% Mn% P% S% Fe%
3 0.16 0.19 0.80 0.0075 0.006 Remainder

Numerical Simulation with Its Results

Finite element models and typical mesh generations show the reinforcement plate mesh, as shown in
Figure 7 and 8. The mesh type used is square, one of the reinforcement node mesh types for S4R 14460
shell elements and C3D8R 32156 solid elements. XFEM is used in the Abaqus 2020 software version,
which allows for the modeling of complex shapes and differs from the traditional method. Boundary
conditions and loads can be applied directly to the reference points. For the boundary conditions, the
incorporated constraints moving in the direction of the force with the z-axis were only used, constraining
all the axes of rotation.

Casel

With the XFEM facilities, the crack propagation simulation has been presented, and the potential of this
technique has been revealed. The first case involves taking rectangular panels, as previously mentioned.
The dimensions were used in Abaqus software, and the crack lengths were three different. With this
software, the crack propagation and the spread of the cracks around the crack tip can be achieved. In
this case (case 1), the applied loads were also changed, but the boundary conditions were still the same.
In this case, one side is fixed, and the other consists of the applied loads. Figure 7. shows the sample
design used in the software and the boundary conditions.
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Figure 7. The sample and boundary conditions for the single-edge crack sample.

Looking at the parts of the above figure, the stress distribution around the Tip of the crack can be
observed. It is clear that the areas close to the crack cause dispersion in the physical structure of the
metal, and the disintegration of its molecules leads to the spread and growth of the crack. It has also
been observed that the difference in the crack length affects the speed of its propagation and the change
in its path.

Case 2

In the second case, the crack in the middle of the plate is less susceptible to failure because two ends of
the sample are exposed to high stresses, leading to different stress distributions. After the collapse, the
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material breaks down first at the crack tips. The stress concentration on the edges causes crack
propagation in both directions. This reduces the crack spread speed due to carrying the load in two
locations instead of one, as shown in Figure 8. The majority of stress concentration and growth are at
the crack edge. The first part of the figure in the second row displays the beginning of the crack, the
second shows the spread of the crack, and the last presents the occurrence of failure.

2

Figure 8. The distribution of von Mises stress under load initiation on different configurations of
crack geometry,
Stress Intensity Factor (SIF)
The first test was conducted as an example to calculate the stress intensity factor Kl for three different
crack lengths of 10 mm, 15 mm, and 20 mm and an element size of 0.589 mm. The results are illustrated
in Table 3.
Table 3. Stress Intensity Factor (SIF) KI for various crack lengths and No. of nodes

Number of points taken a=10 a=15 a=20
0 35,6 36,8 50,6
1 38,99 40,2 60,1
2 36,3 40,67 65,5
3 36,9 43,5 66,9
4 36,1 41,6 64,3

It is clear from Table 3 that the SIF (K1) can be calculated by extended finite elements, depending on
the crack lengths and the element's size.

4. Conclusions
The present study investigated the tensile, flexural, and fracture toughness of a cracked blate made from

steel alloys using the XFEM technique. Different crack propagation rates from different models were
compared to improve the prediction accuracy, and the causes of varying the SIFs were discussed.
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At the critical region, the stress distribution around the crack tip is lower in the centrally cracked
specimen than in the side-edge cracked specimen. The modulus of fracture of the central crack was also
lower. Therefore, the central crack is less susceptible to failure under fatigue loading than the side-edge
cracked specimen. The simulated tensile data were also validated with the experimental results reported
in the previous studies. The tensile results were used to check the fracture toughness and SIFs.
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