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Numerical modelling and comparison of SIF in pipelines exposed
to internal pressure with longitudinal crack using XFEM method

Abstract

This study investigates the feasibility of using the extended finite element method (XFEM) in the ABAQUS
commercial software, employing the maximum principal stress as the damage parameter. The primary
objective of this work is to calculate the mode | stress intensity factor, a key parameter for understanding
the crack initiation mechanisms in pressurized pipelines. Initially, an analysis of Von Mises stresses was
conducted, followed by a theoretical calculation of stress intensity factors based on analytical methods
from the literature. The results were compared with those obtained from numerical simulations using
XFEM. Validation of the findings was also carried out by benchmarking them against previous studies
employing the classical finite element method (FEM). Additionally, various parameters, such as internal
pressure and initial crack length, were examined to assess their impact on the fatigue behavior of the
structure. The numerical and analytical results demonstrated strong agreement, highlighting the robustness
of the XFEM approach for the analysis of cracked structures. This study aims to enhance the understanding
of longitudinal crack initiation mechanisms in pipelines to facilitate the development of a proactive
maintenance strategy that ensures their durability and reliability.

1. INTRODUCTION

Stainless steel 304 has long been used in the fabrication of pipelines for transporting energy resources in
nuclear power plants. Given their critical function, ensuring the integrity of these pipelines is a primary
concern, as environmental stresses can lead to structural defects, progressive material degradation, and
ultimately, complete structural failure (Sanchez-Silva et al., 2011). Research has extensively focused on crack
initiation and propagation mechanisms to minimize service interruptions and enhance pipeline reliability
(Zheng et al., 2024). The stress intensity factor (SIF) is a key parameter used to evaluate material crack
resistance, study elastic behavior, and define failure criteria. Simulation methods, such as the Finite Element
Method (FEM) and Extended Finite Element Method (XFEM), have been widely employed in these
investigations. For example, Okodi et al. (2020) explored the application of XFEM in Abaqus, utilizing
maximum principal strain and energy release rate as damage parameters to analyze crack propagation and
predict burst pressure. Bartaula et al. (2020) investigated oligocyclic fatigue in compact tension specimens and
pipelines, assessing the limitations of fatigue analysis codes in Abaqus. Similarly, Montassir et al. (2020)
examined semi-elliptical cracks in pipelines using XFEM to develop a failure evolution diagram, enhancing
the understanding of defect progression. Additionally, Chen et al. (2020) coupled XFEM with hierarchical
mesh adaptation and the direct method to model crack propagation, analyzing stress distribution at the crack
tip and calculating the SIF. Lin et al., (2020) proposed a novel crack initiation criterion based on variable
damage deformation at the crack tip.

Despite these advancements, the numerical modeling of rectangular cracks in pressurized pipes using
XFEM in the elastic domain remains unexplored. This study aims to address this gap by applying XFEM to
evaluate the effect of an external rectangular crack within the thickness of a pressurized tube. The results are
compared with those from the literature obtained using the FEM approach.
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2. MATERIALS AND METHODS
2.1. XFEM formulation

The findings from the literature on analyzing cracking in pressurized pipelines rely heavily on the
application of the Finite Element Method (FEM). In this approach, the mesh must incorporate the crack,
positioning it at the interfaces between mesh elements, with the crack tip corresponding to a mesh node
(Alshoaibi et al., 2022). Near the crack tip, as analyzed by fracture mechanics, the stress field tends to infinity,
a representation that can be physically debatable. However, from a mathematical standpoint, this implies a
singularity in displacement, which typically hinders achieving optimal convergence rates for finite elements.
To address this issue, researchers have adopted an approach involving the refinement and updating of the mesh
around the crack tip. This remeshing operation proves costly and often difficult to control. To optimize the
guality of solutions provided by finite elements, researchers introduced the Extended Finite Element Method
(XFEM), which relies on a singular enrichment technique. For example, studies like those of Salmi et al.
(2020b) investigating the effect of three-dimensional elliptical profile cracks on pipes with a double-slope
transition using XFEM demonstrated that this approach is an effective tool for modeling cracks in pipes.
Pioneering work by Babuska and Milenk laid the foundation, followed by researchers like Nash and Gifford
and Alturi et al., who made modifications to the method, obtaining relevant results for stationary cracks.
Further contributors like Méos, Benlytshko, and Dolbow have also enhanced the XFEM methodology with
their research, thereby improving the quality of the proposed solutions. The fundamental principle of XFEM
consists of integrating enrichment functions close to the expected solution into the function base used to
approximate the problem (Merle & Dolbow, 2002).Within the XFEM the approximate local standard finite
element approximation is enhanced in order to describe the locally enforced discontinuities With this the strains
are handled particularly at a given node (x;), the approximation of displacement U is represented as follows
(Rahman et al., 1998):

U(x) = X N; (O[U; + U(apa; + Eg=1-4 Bk (x)bik )] 1)

Where: N —is the finite standard element (FE) shape function associated with node I,
U —represents the unknown displacement at node i in the standard FE formulation,
N is the set of all domain nodes N d — denotes the subset of nodes where the enrichment Heaviside function
applied. This subset includes nodes that are located in elements completely intersected by the crack surface.
We have (Lee & Martin, 2016):

1sip>0
H(X):{—lsi(p<0} @

Where : ¢ — is the normal level function,
a; —is the unknown associated with the enrichment function H(x) at node |
For these specific nodes indicated in Fig. 1 with a square, the following equations hold true. Undefined,
Npc N refers to the subset of nodes where the enrichment function p; is applied, respectively for part of
the elements only intersec by crack front. The crack tip is characterized using specific enrichment functions
(Salmi et al., 2019):

'gj(x) ={Vr sin(g) Vr cos(g),\/F sin(%) sin(0),vr cos(zg) sin(0)} (3)

. . _ > > _ ~1,Q . .
in which r=,/(Q? + ‘P_ and_e - tan (\P) with Q and v are the normal and tangential level sets , those
nodes are surrounded by circle in Figure 1.
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Fig. 1. The enrichment method in XFEM (Salmi et al., 2020a)

2.2. The theoretical computation of the stress intensity factor

The analysis of the behavior of cracked materials relies mainly on the principles of linear-elastic fracture
mechanics. Using the literature, the approach used to address pipeline cracking problems is the Stress Intensity
Factor (SIF), this gives an indication of the strength of the stress field at the extrimity of the crack. It is used
to measure fracture in a material and varies with the stress that is put on the structure and the geometry of the
structure. Raju also identified that the mode 1 stress intensity factor expression is (Raju & Newman, 1982):

- RZR‘RZ( [(zc;o+zc;1 )+3Gz( ) +4G3(Rie)3] 4)

Where: Q = 1 + 1,464 (D)5 for a/c < 1
with: R; — inner radius,
R, — Outer radius,
a — Crack depth,

P — Applied pressure inside the pipe,
Q — Shape factor,

¢ — Half-lenght of surface crack,
Gy,G41,G,, Gz — Functions dependent on geometry of cylinder,

The expression for Stress Intensity Factor Kl in a two-dimensional cracked plate is (El fakkoussi et al.,
2018; Merle & Dolbow, 2002):

K, = Fovma (5)
Where:

- [1,12 ~0,23 (%) +10,55 (%)2 — 21,72 (%)3 +30,39 (%)4] (6)

CRALE

R,

Fig. 2. Cylinder with an axial crack, shown in cross-section
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2.3. Sif calculation using the XFEM method

The parameter G represents the energy dissipated for an infinitesimal crack advancement, while the G theta
method is used to evaluate the J-integral in both elastic and plastic deformations. The J-integral, an analytical
concept introduced by Cherepanov (1967), was demonstrated by Rice (1968) to be related to G in elastically
dominated regions. This relationship is described by the stress intensity factor (SIF), where a point | is located
on the crack front C. The crack surface, denoted as T, is composed of an outer surface I'.* and an inner
surface I'.~. The volume V, which contains the crack front C (illustrated by the red arc in Figure 3) is defined
by:V=T,UT,Ul,UTl.*U I',” . Level set functions are employed as a regional reference at the fracture
edge to characterize the location 111 throughout the volume V. Sukumar utilized the gradients of these level
set functions to define this local basis (Fig. 5) ase; = V¥, e, = Vb ande; = e; Xe,

within the framework of the XFEM, the J-integral is expressed within this local basis (Figure 4) defined by
level set functions, and is given by the following equation (Moés et al., 2002):

I = f[‘c"' UTe le nj dar — fv le,e dv (7)

Py, is the Eshelby tensor defined by (1956):

Pim = W — Okm &1k (L m, k) € {1,2,3} 8

r — - T

AN o r;: )

o Crack front 8
-~ ( )
¢« Laodx I
r_o \
LT
\_ -

(@) (b)
Fig. 3. (a) The region V in J —integral; (b) Illustration of a 0 distribution in a two- dimensional space (Salmi et al., 2020a)

Crack face

\ Crack front

Fig. 4. Regional reference frame at the fracture edge (Salmi et al., 2020a)

With: w— is the elastic energy density,

o and € —representing the stress and strain, respectively, in the basis (eq, e, e3) (Figure4),
0 —is a displacement field parallel to the crack plane and normal to the crack front

(Fig. 3b), defined by:

0= pe; , p(H) =1land u(x) =0forxely, U I'LUT, (©)]

For materials exhibiting elastic behavior, G can be derived from the J-integral using the follow equation
(Merle & Dolbow, 2002):
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_ E J
G= 2(1-v?) X J.ndc (10)

The SIF is obtained from G using the follow equation (Merle & Dolbow, 2002):

E . .
o7 B = s in plane strain (11)

2.4. Materials

The material studied in this work is 304 stainless steels, a common alloy in the austenitic stainless steel
family, known for its chemical composition of iron, chromium and nickel, and its mechanical properties that
make it more resistant to corrosion. This characteristic is the main reason for its use in pipeline structures, as
these elements are exposed to corrosive environments. This type of material helps to extend the service life of
pipelines (Tang et al., 2001; Azouggagh, 2018):

Fig. 5. Fracture of a pipe with longitudinal crack (Ministére du Développement durable, 2014)

Tab. 1. Chemical composition of material specimens (weight%b) (Rogalski et al.,2020)

Fe Ni Mn Si C S
20 10.24 1.56 0.41 0.014 0.008

Tab. 2. Mechanical properties of steel 30L (Azougagh., 2018)

Young’s modulus E=198 GPa
Poisson’s ratio v=0.3

Yield stress Re= 165 MPa
Ultimate tensil strenght Rm= 240 MPa
Elongation to fracture A= 35%

2.5. Numerical modeling

This study focuses on determining SIF in mode | by modeling the performance of a cylinder within the
elastic domain using ABAQUS version 6.14 software. To evaluate the complete contour integral, Abaqus
offers two different methods. The analysis utilized the XFEM method, in which the required information for
the contour integral is self-determined based on the level set at a specific distance from the functions associated
with the nodes of a given component (Lone et al., 2023).

The model examined in this study is a cylinder with a longitudinal rectangular crack extending to the outer
surface. This choice was driven by the critical significance of such cracks in pressurized cylinders. Numerous
researchers have investigated the behavior of pressurized pipelines with elliptical cracks using various
numerical methods (Yu et al., 2023). However, the numerical modeling of rectangular cracks using the XFEM
method in the elastic domain remains unexplored. The impact of parameters influencing crack initiation, such
as its length, the type and magnitude of the applied load, and the mesh size used, was studied. The results of
the SIF in mode | and the distribution of Von Mises stresses were extracted and compared to analytical and
numerical values obtained from the classical method.
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Fig. 6. Pipe and crack geometry

The cylinder is exposed to a constant amplitude internal pressure distributed across the walls of the finite
element model, with its value defined according to the studied cases. For The boundary conditions used in this
study are defined to prevent any displacement in the direction of the y-axis. The displacement, noted by w,,, is

constrained to be zero across the entire surface of the cylinder (Eshelby, 1956),which is mathematically
expressed as follows:

uy(X, Y, z) =0 for (x, y, z) € 0Q. (12)

The dimensions of the pipline geometry adopted in this work are shown in table3 (Azougagh., 2018).

Tab. 3. Geometric characteristics of the pipe

Rint 193.2 mm
Rext 203.2 mm
Thickness (t) 10 mm
Lenght 500 mm

Fig. 7. Crack position in pipe geometry
2.6. Geometry meshing

Meshing in the XFEM is designed to present discontinuities, such as cracks, without requiring specific
mesh refinement around them (Yu et al., 2023). Unlike the conventional in the finite element method, XFEM
employs enriched shape functions that enable a crack to propagate through the elements by introducing
additional degrees of freedom to the pertinent nodes. This approach captures singularities and crack openings
without local mesh adjustments, thereby reducing computational costs. XFEM is particularly advantageous for
complex geometries, where it avoids the challenges associated with creating a mesh that conforms to cracks
(Xiao et al., 2021). Although a high-quality mesh can still enhance
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To obtain precise and convergent results, the entire cylinder was modeled with a mesh of axisymmetric
linear elements. We used 777,500 C3D8R elements with a size of 2 mm and 1,874,256 nodes. The mesh size
was determined through testing conducted on a crack with an initial length of 1 mm, subjected to pressures of
10 MPa and 5 MPa. The mesh was refined and the number of elements increased. The results were analyzed
for both pressure values. It was observed that the Von Mises stress increases with the number of elements, and

Fig. 8. Full tube meshing

SIF results converge towards analytical values for a mesh size of 2 mm.

Tab. 4. Von Mises stress for a =1 mm

Fig. 9. Meshing of rectangular crack

P=5 MPa P=10 MPa
Number of elements Von-mises stress (MPa) Number of elements Von-mises stress (MPa)
6200 104.9 6200 209.8
7728 104.6 7728 209.1
9828 104 9828 209.5
12638 104.4 12638 2125
34362 118 34362 236.1
49600 125.4 49600 250.9
116625 140.3 116625 280.5
207414 152.1 207414 304.2
777500 168.5 777500 366.6

250

200

o (MPa)

150 _‘_////
100

12638 34362

49600 1166215 207414 777500

Number of elements

—t— P=5MPa

—8— P=10MPa

Fig. 10. Variation of Von Mises stress with the number of elements for a=1 mm

3. RESULTS AND DISCUSSION

3.1. Discussion of results

The Von Mises criterion, also referred to the distortion energy criterion, is crucial in materials science and
engineering for assessing the failure of ductile materials. This criterion is based on the principle that a material's
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failure is determined by the distortion energy rather than the total deformation energy. Mathematically, this
criterion compares the distortion energy, represented by the Von Mises equivalent stress, to a critical threshold,
usually the material's yield stress. The Von Mises stress is formulated based on the principal stresses of the
material, and it is computed by means of the equation (Wang et al., 2021):

o = 301 =020+ (0= 0302 + (03— 0, (13)

Material failure is anticipated when the Von Mises stress reaches or exceeds the yield stress, indicating the
onset of plastic deformation.

(@ (b)
Fig. 11. Von Mises stress distribution for a=1 mm with (a) P=5 MPa; (b) P=10 MPa

The use of the Von Mises criterion is commonly employed to evaluate stress states in isotropic materials
(Xiao et al., 2021). This study presents an in-depth analysis of numerical results obtained using Abaqus
software to evaluate the impact of initial crack length and applied pressure on the fatigue behavior of pipelines.
Two initial crack lengths were considered (a=1 mm; a=2 mm), along with two levels of internal pressure
(P=5MPa and P= 10 MPa). The evaluation of stress distribution was performed using the Von Mises criterion.
The results reveal a marked concentration of stresses at the crack tips for both initial crack lengths. This
concentration intensifies with increasing pressure, leading to a significant opening of the crack. When the
pressure increases from 5 MPa to 10 MPa, the crack opening grows substantially due to the stress
concentration, which amplifies the forces acting on the crack tips. For P=5 MPa, the maximum stresses remain
below the material's yield strength, indicating the absence of plastic deformation. However, under a pressure
of 10 MPa, the stress levels around the crack approach the yield strength (240 MPa), signaling a potential risk
of structural failure. A comparison of the two initial crack lengths reveals that the crack opening is consistently
larger for a=2 mm than for a=1 mm, regardless of the applied pressure. This highlights the critical role of the
initial crack length in the structural behavior. The longer the crack, the greater the deformations caused by the
applied pressure. These findings demonstrate that crack initiation and propagation in an elastic material
strongly depend on the combined effects of the initial crack length and the applied load intensity.Furthermore,
these results underscore that the initial crack length is a key parameter in determining the mechanical response
of pipelines. Understanding the influence of these factors is essential for designing effective maintenance
strategies and preventing catastrophic failures in pipelines subjected to cyclic loading conditions.
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Fig. 12. Von Mises stress distribution for a=2 mm with (a) P= 5 MPa; (b) P=10 MPa

The analysis indicates that stress concentration zones at the crack tips serve as the primary sites for plastic
deformation and crack propagation. The increase in applied pressure exacerbates this phenomenon, reducing
the load-bearing capacity of the structure and increasing the risk of failure. These findings also highlight that
the initial crack length is a critical parameter in determining the mechanical response of pipelines.

The precise calculation of the stress intensity factor in mode | (K1) relies on the numerical model's ability
to accurately capture the stress concentration at the crack tips. A sufficient number of contours and iterations
is essential to ensure that the obtained K1 values are stable and independent of numerical choices. This study
analyzes the evolution of K1 as a function of the number of contours and iterations for two pressure levels and
two initial crack lengths. The results show that the K1 values converge starting from the fifth contour, which
is located around the crack tip. The stability of the results is also influenced by the number of iterations, as
demonstrated in the evolution curves presented in Figures 15 to 18.

=
0 e contour |

30 ——comtour

Ky[MPaymm)
8
K,[MPaymm]

1 2 3 . 1 2 3 . s

Number of iterations Number of iterations

(@) (b)

Fig. 13. Evolution of SIF for each contour the based on the count of repetitions for
(a) a=1 mm, P=5 MPa; (b) a=1 mm, P=10 MPa

The values of the stress intensity factor increase significantly for both crack lengths and applied pressures.
This is explained by the ability of K1 to capture the intensity of stress concentration at the crack tip. Based on
these results, it can be concluded that the stress intensity factor in mode I is a key parameter for describing the
distribution of elastic stresses near the crack tips under normal opening. It is directly related to the
concentration of stresses at the crack tips, where the stresses increase significantly due to the initial crack
length and the applied loading conditions.
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Fig. 14. Evolution of SIF for each contour the based on the count of repetitions fo
(a) a=2 mm, P=5 MPa; (b) a=2 mm, P=10 MPa

3.2. Comparison and validation

A detailed comparison was conducted between the results obtained through XFEM simulations and those
derived from analytical calculations of the stress intensity factor (SIF) using Equations (5) and (6). The SIF
values from XFEM simulations closely match the theoretical results, with an error margin not exceeding 1.6%.
This low margin of error highlights the reliability of the XFEM approach in modeling cracked structures with
high accuracy. Furthermore, validation of these results was performed by comparing them with the work of
(Azougagh., 2018), who employed the classical FEM approach in his study. The disparity between the
analytical and XFEM curves and the FEM curves, as depicted in Figures 23 and 24 for the two adopted values
of crack length aaa, illustrates the limitations of the FEM method in addressing crack-related problems. These
limitations stem from issues such as singularity at the crack tip and the requirement for repeated remeshing
during crack propagation analysis. In contrast, the XFEM approach resolves these challenges by eliminating
the need for remeshing and accurately capturing discontinuities. This capability results in more precise
outcomes compared to both the classical FEM method and other damage models implemented in ABAQUS.
Based on this comparison, it can be concluded that XFEM is the superior choice for accurately capturing crack
growth. Its advantages lie in its ability to model crack propagation without remeshing and to represent
discontinuities with a level of precision that surpasses classical FEM and other modeling approaches. This
robustness makes XFEM an invaluable tool for analyzing complex fracture problems.

Tab. 5. Analytical and numerical results of SIF for a =1 mm

P (MPa) | FEM results (MPaymm) XFEM results(MPaymm) Theoretical results(MPaymm)
5 56.92 181.1 191.76
10 110.67 383.3 383.53
15 170.76 544.1 575.29

00 e THEORICAL CALCULATION
——FE

600 ——FEM

. /‘

400

300

K, (MPaymm )

200

[+] 2 4 (3 8 10 12 14 16
P (MPa)

Fig. 15. Comparison of the variation of stress intensity factor for a=1 mm
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Tab. 6. Analytical and numerical results of SIF for a =2 mm

P (MPa) | FEM results (MPavmm) XFEM results(MPaymm) Theoretical results(MPaymm)
5 129.65 228.6 271.19
10 237.17 380.1 542.39
15 379.47 686.3 813.59

500

Ky (MPaymm)

P(\MPa)

Fig. 16. Comparison of the variation of stress intensity factor for a=2mm

4. CONCLUSIONS

This study investigates the elastic behavior of a material containing a longitudinal rectangular crack
embedded within the thickness of a pressurized tube. The study examines the effects of internal pressure,
applied force, and initial crack length on the structural integrity of the tube. The Extended Finite Element
Method (XFEM) was employed to effectively model the 3D rectangular crack problem using enrichment
functions, enabling an accurate representation of the crack’s geometry and behavior.

Initially, the distribution of Von Mises stress was analyzed for two initial crack lengths. The results revealed
a significant stress concentration at the crack tips, leading to an increase in crack opening as the pressure
increased. The analysis demonstrated that the tube becomes prone to failure when the applied pressure exceeds
5 MPa, emphasizing the critical role of stress amplification induced by the crack in compromising structural
integrity. Subsequently, an analysis of the evolution of the Mode | Stress Intensity Factor (SIF) was conducted,
showing that this parameter is a key measure for understanding the severity of cracks in materials. The impact
of the number of contours and iterations in the XFEM simulation was also assessed, with the results confirming
the SIF's capability to capture stress concentration accurately.

A comparative evaluation between theoretical, XFEM, and classical FEM results revealed strong agreement
between the analytical values and those derived from the XFEM method, validating its reliability. Conversely,
FEM results exhibited discrepancies due to limitations such as singularities at the crack tip and the necessity
for remeshing, highlighting the advantages of XFEM in accurately and efficiently capturing crack behavior
without these issues.

This study confirms the robustness and precision of the XFEM model for analyzing rectangular cracks in
pressurized tubes. It also underscores the susceptibility of these tubes to plastic deformation when internal
pressure exceeds 5 MPa, particularly near the crack tip. The findings provide a fundamental understanding of
crack initiation mechanisms in pipelines, serving as a foundation for future investigations into the fatigue
behavior of these structures. Future work will focus on analyzing defect propagation under critical loading
conditions, enabling the prediction of pipeline lifespan and the development of proactive maintenance
strategies to mitigate potential failures.
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