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Abstract: In this study, a NURBS basis function-based extended iso-geometric analysis (X-IGA) has
been implemented to simulate a two-dimensional crack in a pipe under uniform pressure using
MATLAB code. Heaviside jump and asymptotic crack-tip enrichment functions are used to model
the crack’s behaviour. The accuracy of this investigation was ensured with the stress intensity
factors (SIFs) and the J-integral. The X-IGA—Dbased SIFs of a 2-D pipe are compared using MATLAB
code with the conventional finite element method available in ABAQUS FEA, and the extended
finite element method is compared with a user-defined element. Therefore, the results demonstrate
the possibility of using this technique as an alternative to other existing approaches to modeling
cracked pipelines.

Keywords: extended iso-geometric analysis; extended finite element method; crack; pipeline; ABAQUS

1. Introduction

The fracture phenomenon is a fundamental research topic in the field of solid mechan-
ics, and a misunderstanding of the fracture mechanism may lead to a poor evaluation of
a structure’s integrity. Several experimental and theoretical studies have been conducted
in this field covering this vast physical phenomenon. The cracking issue is among the
problems that arise in this regard, so the study of the various kinds of discontinuities
and defects that appear on the surface of structures is of major importance in the field of
design and modeling for ensuring the reliability of engineering structures. These defects
may appear in the form of notches, cracks, inclusions, holes, corrosion, and other types
of material degradation. The existence of a defect on an engineering structure can cause
material and human damage; this is caused by the propagation of cracks either in terms of
direction or propagation rates. Therefore, it is necessary to predict the crack propagation
rate to be able to estimate the critical load, and the acceptable length of the crack to ensure
the stability of structures. The initiation and propagation of the crack requires a specific
study of the defect, i.e., it is necessary to adopt a criterion of rupture in the context of
fracture mechanics. Since the beginning of this research field, many methods have been
developed to give a general vision of the fracture process in order to find adequate solutions
and improve the strength of structures. With this technological progress, the simulation of
the physical phenomena tends to become purely numerical; of course, experiments play
a very important role, but due to their difficulty, and to save time and take advantage of
the data-processing tools that exist today, we had to adapt to and develop in the world of
digitalization. Numerical simulation and discontinuity problems still do not agree, since
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researchers are always looking to improve numerical solutions to be able to reflect reality.
In this sense, various numerical methods are developed that cite the classical finite element
method (CFEM) [1,2], element-free Galerkin methods (EFG) [3], the extended finite element
method (X-FEM) [4-6], the phase field numerical manifold method (PFNMM) [7], the
boundary element method [8], and the thermo-mechanical peridynamic model (TMPM) [9].
Despite the huge use of the CFEM, however, it suffers from a certain lack of treatment of the
cracking problems; it imposes that the mesh conforms with the crack or to a surface defect,
and adopting a specific mesh creates difficulties at the simulation stage. The appearance of
the enrichment approach [10-12] overcomes the shortcomings of the conventional method
and is able to simulate all types of notches, cracks, holes, and other defects, regardless
of the defect shape and mesh type. The Lagrange polynomials were used to make the
interpolation with these new techniques, i.e., the geometry and the solution of the problem
are approximated by these polynomials. Since the basis functions used are not the same as
those used in the design, discretization errors appeared in the analysis stage [13]. The real
issue occurred when we wanted to move from modeling to simulation by the process of the
finite element method. Despite the integration of simulations in modeling software, such
as CATIA, most software is still not good in this area, compared to software that is already
simulation-integrated, such as ABAQUS. That is why there are still gaps between these
two parts. This subject has become an area of interest for researchers in approximating
conical shapes, as it is known that CAD software constructs this type of shape by B-spline
curves. The advantage of these curves is that they are able to reproduce all types of conical
shapes and free surfaces in an exact way. In this field, Hughes et al. [14] started to develop
a new approach to eliminate the shortcomings of the classical method, and due to their
research, iso-geometric analysis (IGA) was developed. On the other hand, industrial com-
putational software has not yet integrated this functionality without some works that have
made the implementation of these functions in specific fields of application, for example in
LS-DYNA [15-17]. They were among the first in this field; precisely, they integrated IGA
to study shells. In Altair RADIOSS [18], IGA was implemented and proved on industrial
benchmarks. In ABAQUS [19-21], an application of IGA was implemented for linear
elasticity problems. IGA has been employed in a variety of engineering fields, including
the mechanics of vibration [22,23], fluid mechanics [24], electromagnetic problems [25],
the medical field [26], and digital image correlation [27]. The issues addressed are diverse,
including nonlinear mechanics [28], shell analysis [29-34], contact problems [35,36], fluid—
structure interactions [24], the optimization of structural design [37], buckling failure [38],
and crack problem analysis [39]. From this research, IGA has indicated the effectiveness of
its results and it can sweep the world of numerical computation. Therefore, it can become
an alternative method to the classical finite element method in the future.

Over the last few years, the mathematical formulation of the IGA method has been
revised. In addition, it was expanded to fix issues concerning discontinuities, e.g., the crack,
under the partition of the unity finite element method [40]. This new concept is known as
the extended iso-geometric analysis (X-IGA). It has been utilized by a range of authors to
address crack-growth issues in the field of fracture mechanics [41-47]. Two main functions
have been added: the Heaviside jump function is used to enrich the displacement fields
around the crack surfaces, while crack-tip enrichment functions are used to model the
singularity at the crack tip. Most of the existing research works that use this innovative
approach are limited to 2-D plate cracking problems [48,49] and cracking problems in
the cantilever beam [50]. Therefore, the strategy has only been implemented with simple
domain geometries. As for cracked shells, research is still in progress because of the diffi-
culty of modeling the cracks and approximating the geometry with the NURBS functions.
Furthermore, it requires a mathematical background. That is what made this kind of model
interesting. In this field, X-IGA has been used for a cracked 2-D pipe. However, the method
has been applied through FORTRAN language [51]. For the present investigation, we will
study the efficiency and accuracy of X-IGA for cracks with 2-D pipe geometry given by
CAD curves, with a special focus on ensuring that all stages of the calculation are done
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in MATLAB code. It is noted that mesh generation is used in MATLAB independently
of another meshing software. The strategy presented in this implementation follows the
philosophy used in the traditional FE codes, and also benefits from having a MATLAB
routine that allows for the discretization of partial differential equations based on NURBS
and B-spline. Hence, the specific aims of this paper are to formulate the X-FEM concept
in the framework of NURBS and to enrich the solution in MATLAB code to adapt it for a
cracked pipe under pressure. To validate this strategy, a P264GH steel gas pipe has been
used with uniform inner pressure. The mechanical characteristics data of this model are
taken from an experimental study [52]. Based on the above literature review, stress intensity
factors (SIF) are widely used to characterize fracture mechanics. Therefore, we evaluated
the SIF with this implementation and the obtained results were compared with the CFEM
available in ABAQUS software and the X-FEM approach, which was implemented in the
ABAQUS user-defined element (UEL) [53]. Finally, to verify the results obtained by this
strategy of X-IGA application, we made a comparison with [51].

The present study begins with a brief discussion of the IGA concept, including an
assessment of the B-spline and NURBS basis functions. The concept of discontinuity
inside a continuum formulation is outlined to provide a background for the following
discussion on the X-IGA. Later, the methodology for implementing this improved approach
is introduced. The paper concludes by providing case studies of a pipe under inner uniform
pressure. The obtained results of the present study were evaluated against the CFEM and
X-FEM solutions.

2. Outline on B-splines, NURBS, and IGA Concepts

Piecewise polynomial functions with a specified degree of continuity are known as
B-splines. In a knot vector, vector E = {1,82, ..., §uyp+1}, with &1 > &j; i is the index
of knots, n is the number of control points, and p is the polynomial degree. A collection
of coordinates in parametric space is used to create univariate B-Spline shape functions.
The Cox-de Boor recursion model on the appropriate knot vectors determines the ith
B-splines basis functions N; ,(&) [14].

For a polynomial order p =0,

Ni,O(g) — { 1 if Cz’ < f;’ < ‘:i+l } (1)

0 otherwise

Forp > 1,
¢—Gi Givpt1 =6
N; = —"—"-Nj,_ + ————Nit1p- 2
ip(%) Gy G 1(8) Gyt — Gy 1(¢) 2)
The B-splines shape function’s first derivative with respect to the parameter is:
d p p
—= = (N; =——2-N,,_ — —————Nit1,p- 3

An example of a cubic B-spline basis function is illustrated in Figure 1. An open
knot vector was used in this example due to the multiplicity of the first and the last knots,
which are equal to p + 1. With IGA, the construction of the geometrical model is done with
B-spline functions of open vectors. This type of vector allows for an interpolation of the
basis function at the end; it is more than suitable for enforcing the boundary conditions.
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Figure 1. An example of cubic B-splines basis functions with knot vector = = (0, 0,0,0.5,1, 1, 1).

2.1. Curve and Surface Building with B-spline

A linear combination of the shape functions and coefficients denoted by the control
points constructs a B-spline curve:

n

C(&) =) Nip(Z)B; 4)

i=1

N; , and B; are the ith B-spline function and control points, respectively.
A B-spline surface is defined by a tensor product and parameterized by two-knot

vectors, knot vector = { [&1,82, .. ., §n+p+1] o, ’7n+p+l] } as:

S@Em) = 3 3 Nip(@)My, (n)Bs )

i=1 j=1

where N; ,(¢) and M;,(17) are univariate shape functions and B is the 3-vector of control
point coordinates.

2.2. Non-Uniform Rational B-splines (NURBS)
NURBS is the generalization of the B-spline functions:
Nip(8) wi

Rin(®) = o W, Ow ©

where w; > 0 is the weighting parameter and N; ,(¢) is the B-spline basis function. For
w; =1, NURBS functions are transformed into B-splines functions. The Rhino Python
Editor performs the generation of the weights.

The NURBS shape function’s first derivative with respect to the parameter is:

G WENE - WENE)
az (@) = WE)Y

where W(Z) = 131 Niy(8) wi and W'(8) = 3Ly N's () w;.

@)
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2.3. Curve and Surface Building with NURBS
To construct the control points for the NURBS geometry, Equation (8) is utilized:

(B)j=—"L,j=1,...k ®)

where (B;) i is the jth element of the vector B; and w; the i*" weight. By using Equation (6)
in combination with Equation (8), the NURBS curve was constructed as:

C(@) = Y Rip(©)B; ©)

By analogy with the B-spline, NURBS surfaces are constructed from a tensor product
through two-knot vector arrays. It is introduced as:

oRC NP (@M (n)w;
S(é‘,q):zz . zm pl qu (10)
i=1j=1 Li=1 Lj=1 N; ()M (17)wij
The reformulation (10) can be done by setting up in the following form:
n m
S =Y Y Ri'Bij )

i=1j=1

where NY (&) and M!'(¢) are shape functions, respectively. Then, p and q are the order of
the basis function in the two directions and m and n are the numbers of control points in
the two directions.

2.4. Governing Equation

Let us briefly review the concept of discontinuity inside a continuum formulation.
The improved displacement field term is introduced, taking into account the displacement
field computation at the discontinuity. The concept of the partition of unity has been
used for Lagrangian basis functions; the properties of this technique are also suitable for
the B-spline and NURBS functions, which form the basis of the iso-geometric approach.
The full displacement field can be expressed as the amount of two subfields by using
this property:

N M
u"(x) = 124’1(96) <NI+J_Z:1/31JK1(X)> (12)

In Equation (12), ¢; represents the standard basis function, K; is the improved basis
function with m expressions, and the standard and the improved nodal degree of freedom
are 1 and fB;, respectively. To develop the approximation, M will assume the value 2, and
Equation (12) can be represented as:

Uh():%CP()
X X
I=1

4
ar+H(x)ar+ ) Fﬁ(x)b’gI] (13)
p=1

In Equation (13), Kj has been decomposed into two different enrichment terms, the
Heaviside function H(x) and the crack-tip function Fg(x), in order to capture the disconti-
nuity and the singular fields. a; and b introduce the improved nodal degrees of freedom.

To follow the crack, the level set methodology has been applied. This allows for
representing the discontinuity as a moving interface. The signed distance, which defines
the location of an arbitrary point with respect to the interface, is still the most popular:

o(x) =[x =% || sign(nr,.(x - %)) (14)
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where x is a point in a mesh element, £ is the closet point to x on the discontinuity, and nr,
is the interface normal.

The position of the crack in a domain is defined by the values of the level set function
that is represented as follows:

<0ifx € I
px)=| =0ifxeIy (15)
>0ifx € T

When the body’s forces are not present, the elastostatics equation, in its strongest
form, is:
D= 7.
div o= 0inX (16)
With the appropriate set of boundary conditions:
Essential boundary conditions:

i =upon Iy (17)
Natural boundary conditions:
— —
cn=TponT; (18)
Crack surface:
= = —
ognr, = 0 onl"d (19)

where 1 is the normal vector, nr, is the normal vector regarding the interface (see Figure 2),
o is the stress tensor, and u is the displacement vector.

T4
nr )
<« Tl
«— rd
<« T,
«—
«—
«—
hX
Ly
XX XX

Figure 2. Domain ¥ with discontinuity I';.

2.5. Variational Formulation

As illustrated in Figure 2, a 2-D domain has been considered in this work with con-
ventional boundary conditions: the Dirichlet I';, and the Neumann I'y boundary. The crack
face presents further traction-free boundaries I'..

By using the virtual work theory, the weak form of the problem can be established
from the equilibrium equation, and is represented as:

Log= [(o() s e(@)dz ~ [(Tp.q)ar 0)
% T

The stress, the strain tensor, and the traction vector are described by o, ¢, and Tp, respec-
tively. u and g denote, respectively, the displacement vector and the virtual displacement.
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3. Extended Iso-Geometric Analysis (X-IGA)
3.1. X-IGA Formulation for Cracks

X-IGA aims to evaluate fractures in an engineering component without having to
re-mesh it. In the framework of the X-FEM approach, the enrichment of the shape functions
(B-spline, NURBS) is ensured by a Heaviside and crack-tip function since they constitute a
partition unit (PU). The former function was introduced to insert a discontinuity and the
latter to treat singularities at the crack tip. The approximation of the solution is given as [54]:

4
u@= Y R@Qu+ Y ROH@a+ Y, Re(@(Y ROk (1)
a=1

IeNstand jeNCrSplit KeNCrTip

where R; represents shape functions uj, and a; and by define the standard and the further
DOFs, respectively. Nytq,4 includes the standard nodes of the mesh, N¢, sy includes the
nodes of elements that have been split by the crack faces, and Nc,Ti, includes the nodes of
the crack-tip elements. The parameter coordinates are represented by ¢. The Heaviside
function, wherein the quantities on both parts of the split element are different, is denoted
by H(¢). The purpose of the crack-tip function, among others, is to increase the accuracy
of the results, and it is denoted by F,. These enrichment functions are characterized by the
following equations [55]:

H(E) =sign (900 = { 10950 @
Fy(8) = Fu(r,0) = {r% {sing,cosg,sinesinz,coszsinﬁ] } (23)

The polar coordinates of the crack tip are represented by , 6.
After substituting Equation (19) in the equilibrium equation, the final phase of the
processing stage is to solve the linear algebra system:

Ké‘ﬂi’ui’i’”’ — FE?ZV , (24)

where K" denotes an enriched stiffness matrix, F¢""" denotes a force vector, and U®""
enotes an enriched displacement vector as:
denot hed displ t vect

U™ = {U d by by by by}", (25)

where U is the DOF vector for the IGA normal, d is the DOF for Heaviside enrichment, and
b1,by, b3, and by are the DOF vectors for the crack-tip enrichment functions. K" and F*""
are constructed as follows from the element stiffness matrix:

Kuu  gua  guby  guby  gubs  guby 7]
Kau Kaa Kab1 Kahz Kah3 Kab4
Kbl u Kbl a Kbl bl Kbl bz Kbl b3 Kb1 h4

enr __
KT =1 wou gha  ghaby  ghobs  ghabs  globs (26)
Kb3u Kb3a Kb3b] Kb3b2 Kb3b3 Kb3b4
Kb4ll Kb4ﬂ Kh4b] Kb4b2 Kb4b3 Kb4b4
perr — L po P ple ps s }T. (27)

The number of control points Ngzn4, Ncrspiits Nerrip, and the number of enrichment
basis functions N, determine the size of each K" and F*"". Each component can be
written as follows:

Kfjs :/z (B;)TCB}? dx (r,s = u, d, by, by, b3, by) (28)
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F = / RTTpr, (29)
ry
o= / RTHTpdT, (30)
I
b = /r RT f, Tpdl (a =1, 2, 3, 4) (31)
t
AR,
a0
B=| 0 % )
aR; R,
Jy ox
IR,
afl o
Bi=| 0 NH (33)
aR; 15 AR
WH NH
IR, fp,
) ox BRQf
Bl — 0 alyh“ (x=1,2, 3, 4) (34)
ORifpy  9Rifp,
ay ox

The Heaviside function (Equation (22)) is represented by H, while the crack-tip enrich-
ment function (Equation(23)) is represented by f;,_ .

3.2. Construction of 2-D Pipe with X-IGA Concept

A patch with an internal interface is used to model a 2-D pipe problem (Figure 3);
this interface is the result of coinciding control points in the circumferential direction at
the beginning and end of the patch. To solve the problem correctly, we must confine the
control values of these overlapping control points so that each pair of control values for
the corresponding coincident control points is the same. The master—slave approach is a
simple solution to this problem. This method is implemented in the present study by the
global renumbering of DOFs in the physical space, where coincident DOFs are numbered
by the same indices. The global numbering is saved in an array and given as an additional

input argument.

P

Pi3

.

Pis

Figure 3. 2-D pipe with the iso-geometric analysis approach.

&-direction

Pio.1s

Internal Interface

P17
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3.3. Enrichment Topology for Control Points

In IGA, every basis function is linked to its corresponding control point in a specific
way. The intersection of each supported domain with the crack face leads to enrichment by
the Heaviside function. The domain support, which contains the crack tip, will be enriched
by the singular function. According to [56], there are two ways to enrich the crack tip: with
either topological or geometrical enrichment. In this work, topological enrichment has
been employed. Figure 4 shows a schematic representation of this concept.

Crack Standard control

Heaviside enriched

control point
Tip enriched control

point

Figure 4. The enrichment concept used in NURBS modelling [57].

According to the Figure 4, Cs denotes the crack-face control points, while Cr denotes
the crack-tip-enriched control points, and C; denotes the standard control point. For the
purpose of selecting enriched control points, the level set method has been used. We
applied the procedure that has been used by [58]. Initially, the level set values of the crack
at the mesh’s vertices are computed according to these level sets, and the formulation
determines the elements intersected by the crack and the crack-tip element.

4. Numerical Integration in the Elastic Field

For numerical integration, the standard Gaussian quadrature method cannot be ap-
plied explicitly to the XIGA since it contains various discontinuous elements. To assess
the integration rule of the crack’s split and tip elements in this study, the triangular sub-
domain methodology is used (Figure 5). This technique has been successfully implemented
by X-FEM [42], as seen in Figure 6. Each sub-triangle element has a defined number of
integration points.

Crai‘ Crack-tip
Sub-triangle\s‘

Element
(a) (b)

Figure 5. Partitioning the crack face (a) and crack tip (b) using the sub-triangulation technique [42].
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n + + + + + +

Discontinuity Location + 5 .
Y * + + T bub-triangles
\ tx % + *

+
+ _,_auSs-Roints 3

Figure 6. Sub-triangles technique around the crack and the distribution of the Gauss point.

5. Fracture Parameter Evaluation

The stress intensity factor (SIF) is a crucial criterion in crack formation and growth
research. As a result, when a numerical simulation is used to solve fracture mechanics
issues, one of the objectives is to quantify the SIF. There are a range of ways to calculate
this parameter, which is used in so much of the interaction integral method [55]:

uux act

ouj 0
act aux M q
M= /[ i ax o'l]” ax1 -W 51]‘| o —dr, (35)

where M is the interaction integral with the aux and act index defining the auxiliary and
the actual state, respectively. The stress and the displacement are represented by ¢;; and u;,

respectively. WM represents the interaction work; it can be described in the following form:

1
WM 2 (o_z;cteaux Ul:;ux tlzjct>, (36)

where ¢;; and g define the strain and an arbitrary function, whose values are defined as:

B {1, |at the crack tip 37)

0, |along the contour

The stress intensity factor with these two modes (I, II) and the J-integral are related by:

] = g, (K2+K ) (38)

Based on this correlation, the following equation has been derived:

M= ;/ (KuctKaux Kact aux) (39)
where
E for plane stress
/ p—
E= { 15/2 for plane strain (40)

E represents the Young’s Modulus, v is the Poisson’s ratio, and M represents the
interaction integral.

The crack opening is the field of interest of this study. Therefore, the SIF in mode I can
be obtained by choosing K7**=1 and Kf{{* = 0. Finally, the SIF is defined as:

/!
K =L M (41)
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6. Process of Implementing a X-FEM Code in ABAQUS

The idea of implementing the X-FEM technique is based on the fact that the ABAQUS
software does not include the stress intensity factor computation for a 2-D crack. The two
enriched functions that correspond to the Heaviside and the crack-tip functions that
appeared in Equation (13) were implemented through a user-defined element (UEL).
The implementation process requires three phases: pre-processing, processing, and post-
processing. In this study, to make the implementation easier, the input file (XFEM.inp) has
been generated by ABAQUS, and then the interaction between the crack and the mesh
was constructed to apply Equation (14). Therefore, the enriched elements and nodes have
been determined. The user-defined element (UEL) in ABAQUS is used to program the
processing stage (UEL.for) to compute the stresses and strains. The last stage consists of
calculating the Mode-I SIF, KI, by a post-processing code; indeed, the interaction integral
method explained in section five (Fracture Parameter Evaluation) has been programmed in
FORTRAN. The details for the file descriptions are based on [53], who introduce the X-FEM
implementation in ABAQUS. Thus, we have adopted the principle of this implementation
for our problem. The ABAQUS command is used to run the main file (XFEM.inp) and the
user subroutine file (UEL.for): Abaqus job = X-FEM user = UEL.for.

The resulting information of this simulation is stored in (XFEM.fil), and the ABAQUS
output conventions are included in this file. Then, we used an external subroutine for
computing the stress intensity factors. This subroutine is compiled through the ABAQUS
command “ABAQUS make job = interaction_integral”, and then run with the command
“ABAQUS interaction_integral”. The implementation process is described in Figure 7.

job=interaction_intecralL.for

} }
1| Step 1: ABAQUSFEA |
1 1
| Pre-processing v -
| I
! XFEM.inp I
D e emememoo - r
) . . € |
________ Crackmesh interaction X .. Abaqus job=XFEM.inp
1 }
E Step 2: User defined ' UEL.for
: Element-UEL '
!'| Processing emen R !
| M |
: UEL.for :
} 1
Compute stresses and strain
v
XFEM.fil
__________________________________ .
}
Step 3: Code Fortran !
- i i 1
Post-processing v | Abaqus make
|
}

1
: Interaction_integral.for
1

Model SIF, KI

Figure 7. X-FEM implementation process in a Finite Element Code.
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7. Process of Implementing a X-IGA Code in MATLAB

In this section, the main steps of the XIGA implementation code to numerically model
a structure with a pre-existing discontinuity (a crack) have been summarized in Figure 8.
To understand the implementation, it is necessary to know two major things: the three
steps of a finite element code (pre-processing, processing, and post-processing), and the
identification of a crack using the level set method (LSM). The flowchart starts with the
introduction of the input parameters, which contain the geometrical data and the material
properties. Then, the elasticity matrix is integrated. In addition, the data required by the
NURBS functions, such as the polynomial order, control points, and node vectors, are
introduced to build the NURBS model. The next step is to introduce the crack data, length,
and coordinates of the crack points with the level set method to determine the position of
the crack and to select the enrichment points. Then, the Heaviside and crack-tip functions
are imposed on the nodes according to the technique that precedes this step. Then, the
boundary conditions, nodal force vector, and stiffness matrix are calculated. The stress,
strain, and displacement values are the output of this process. These data can be put to use
in the interaction integral to compute the stress intensity factor.

CAD input
v

Elasticity matrix

v

XIGA: NURBS orders, Controls points and vector

v

Crack data: Xcr, XTip,
NoCrack and LgthCrack

Level set Computation

(Choose enriched nodes)

¥

v

Heaviside function for split node

Crack tip funcqion for tip Node
\ 4

Boundary Conditions

Y

Stiffness matrix computation

Nodal force vel:‘ctor computation

v

Solve System Compute stress, strain,

[K] = [F{U} i and displacement

Compute interaction integral
(SIF)

Figure 8. Flowchart of the implementation.

8. Numerical Results and Discussions

The iso-geometric analysis is extended and used in this section to analyze the cracked
model under mechanical loading; a specimen from the industrial field is chosen. Pressure
pipes are commonly used and the performance of these systems is still under investiga-
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tion. In a 2-D linear static analysis case, an isotropic and homogeneous pipe has been
studied. The plane stress is thought to be the stress distribution state. For this analysis, The
P264GH material is used and its mechanical and chemical characteristics are described in
Tables 1 and 2, respectively.

Table 1. Mechanical characteristics for the P264GH [59].

Properties Values
Young’s Modulus 207 GPa
Poisson ratio 0.3
Yield Stress 340 MPa
Ultimate tensile strength 440 MPa
Elongation to fracture 35%
Fracture Toughness 95 MPa/m

Table 2. Chemical characteristic of P264GH—% by weight [60].

Material C P Al Mn S Si Fe
Tested steel 0.135 0.013 0.027 0.665 0.002 0.195 Bal

P264GH steel according to the Standard
EN10028.2-92

0.18 0.025 0.02 1 0015 04 Bal.

To examine the reliability, accuracy, and efficiency of this approach, an external axial
crack was studied. The results of the analysis were compared with the results of standard
ABAQUS software using the classical finite element method (CFEM), which is based on
the integral contour and the X-FEM method using a subroutine UEL code.

In each of these parametric directions ¢ and #, the degree of the NURBS polynomial is
two (p = g = 2). In the first direction ¢, the knot vector is open and with interior duplication,
and in the second direction #, the knot vector is open and without internal duplication.

The integration is done along each Gauss point direction (p + 1) X (g + 1), and as the
sub-triangles approach was used in this case, 13 Gauss quadrature points were imposed
for each sub-triangle. For each numerical method, different mesh sizes were examined. It
is important to be aware that the crack was represented as a straight segment.

In order to figure out the fracture parameter, i.e., to estimate the stress state near a
crack tip, the stress intensity factor (SIF), KI, and the J-Integral are extracted. For the three
techniques used in this work, the interaction integral method was implemented. The X-IGA
technique was implemented in MATLAB code. The ABAQUS software was used for the
CFEM and X-FEM to extract the KI, but for the X-FEM, it is important to mention that the
software does not support the computation of this parameter in the 2-D domain, which led
to the use of a subroutine UEL.

8.1. Two-Dimensional Pipe with an Axial Crack under Uniform Pressure

In the present study, an isotropic and homogenous 2-D pipe including a 2 mm straight
edge crack with uniform pressure distribution and an outer and inner radius of Ro=20 mm
and Ri=10 mm, respectively, is examined. Three models were used in this study, which
included 320, 480, and 640 element numbers for the X-IGA method, and 1297, 3844, and
85,942 element numbers for the CFEM, with a step size of 1, 0.5, and 0.1, respectively, and
470, 1265, and 2747 element numbers for X-FEM with a step size of 1, 0.45, and 0.25 around
the crack, respectively. The NURBS geometry is represented by using several patches
(subdomains) with an internal interface. In the circumferential direction, the control points
coincide with each other on the patch, and this implies the creation of interface terms.
The NURBS geometry is illustrated in Figure 9a.
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Figure 9. Geometry construction: (a) the NURBS model, (b) the CFEM model, (¢) X-FEM model.

The FEM model has been represented by a finite element mesh on ABAQUS software.
The most important thing is that the modeling of the crack requires a specific treatment, i.e.,
it requires building a particular mesh around the crack. A ring of a triangle, as represented
in Figure 9b, is formed at the crack tip, along with concentric layers of structured quads [61].

For the X-FEM method (Figure 9c), the meshing was done in a simple way since
the crack was modeled independently of the meshing. It should be noted that, for this
technique, a half tube was treated because the implementation is heavy when using UEL
subroutines, so to overcome this problem, a half tube was analyzed with the symmetry

boundary conditions.

To perform the numerical simulation, we present Table 3, which summarizes the crack

length, crack position, and pressures applied.

Table 3. Data details for the numerical simulation.

Crack Position Applied Pressure

Crack Length Ratios (a/t)
(x1 y1; X2 y2) (mm)

(MPa)

0.2,0.3,0.4,0.5,0.6,0.7,0.8 (—200; (—20 + a) 0)

25
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Figure 10 illustrates the distribution of the Von Mises stress by the three techniques
for § = 0.3, and a pressure of 2.5 MPa [52] has been applied. The accuracy of the stress
and strain distribution in a geometry takes a very important place in fracture mechanics,
especially when it concerns cracking problems.

CFEM/ ABAQUS

S, Mises
(Avg: 75%)

+
=
&
il
et
<
2°2%%%
SE===RR

+2.770e+00
+1.407e+00
+4.446e-02

X-FEM/UEL subroutine

S, Mises
(Avg: 75%)

+1.067e+01
+9.780e-+00
+8.891e+00
+8.002e+00
+7.113e+00
+6.224e+00
+5.335e+00
+4.446e+00
+3.556e+00
+2.667e+00
+1.778e+00
+8.891e-01
+1.469e-22

1 Present study/ MATLAB

(b)

Von-Mises Stress

Figure 10. The distribution of Von Mises stress: (a) with FEM analysis, (b) with X-FEM analysis,
(c) with the improved technique (X-IGA).

The zone of interest is the crack tip where the degree of damage of the defect has been
known. Obtaining a regularity of stresses in this region is a priority for numerical methods
since the calculation of fracture parameters, such as the stress intensity factor, as well as
the angle of deviation of the crack propagation, is based on the value of stresses at the
crack tip.

By comparison of the three results of Figure 10, there is a similarity in the results of
the numerical simulation. However, some errors can appear when using these numerical
techniques. The errors’ origins are detailed as follows: with the CFEM analysis, the field
of strains and stresses become singular at the crack tip, even with the integration of the
singularity in the model to improve the accuracy of the results. With the implementation
of the X-FEM method via user subroutine UEL in ABAQUS, a mesh sensitivity affects the
simulation results. For the present study, there is no singularity at the crack tip and there is
a minor sensitivity of mesh. The next section of this work shows a calculation of different
meshes for all the different methods. The X-IGA method implemented in MATLAB can be
an alternative to these numerical methods. The results presented in Figure 10 can support
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this conclusion because 4112 elements were used for the full tube with the CFEM method,
2747 elements for the half tube with the X-FEM method, and only 384 elements for the
XIGA method. For this reason, the evaluation of the stresses around an existing crack on a
pipe can be made by the present study with large elements and with a weak error, which
appears in the solution discretization.

8.2. Evaluation of the Fracture Parameter

In order to present the accuracy of the X-IGA technique, as well as the regularity of
the stress distribution around the crack tip, the SIFs were extracted and the value of the
mode I (Kj) was calculated in this study, since the degree of damage that corresponds to
the opening of the crack is more severe than with the other modes [62]. To ensure that this
study is inscribed in linear elasticity, a pressure of 2.5 MPa [52] was applied. Three models
are evaluated for different mesh sizes. Therefore, the result of CFEM, X-FEM, and X-IGA
are compared. Moreover, the interaction integral approach, which is known as M-integral,
was used for calculating the SIFs.

For this comparison, the depth of the crack was varied from the thickness of the model
a/t; the thicknessist=10mmanda=2,3,...,8 mm. Figures 11 and 12 illustrate the results
of the computation. The comparison between the results obtained by the X-IGA and CFEM
methods shows a good similarity. It is observed that fine meshes must be used to discretize
the areas around the crack tips for the CFEM, whereas the meshes are coarser for the XIGA.
It is clear to observe that only 640 elements are required by the present study to obtain the
result of 1297 elements with the CFEM method. Results obtained by implementing X-IGA
in MATLAB are in good agreement with the CFEM method implemented in ABAQUS.
The mentioned technique did not require much effort in dealing with the mesh in the crack
tip, whereas using ABAQUS required a specific meshing technique, due to the singularity
at the crack tip, and this can affect the numerical results.

As for the comparison between the X-IGA and X-FEM, the results show a good
similarity. It is also observed that, with X-FEM, a fine mesh must be used without a
particular treatment around the crack, since the crack is modelled independently of the
mesh. It is clear to observe that the present study requires just 640 elements for obtaining
the result of 2747 elements using X-FEM. The same enrichment functions for overcoming
the problem of singularity are used for both methods and only the shape functions are
modified. Therefore, there is a similarity of results between the two numerical methods.
When the depth of the crack approaches the inside of the pipe, the SIFs values become
maximized. It is clear to see that whatever technique is employed to simulate the crack, the
SIFs gradually increase with the crack length.

40 - —@— CFEM, meshl (85942 elements)
I —@— CFEM, mesh?2 (3844 elements)

35| —#— CFEM, mesh3 (1297 elements)

g | =W Present study, mesh1 (640 elements)
7'8 30 | Present study, mesh2 (480 elements)
&5 | Present study, mesh3 (320 elements)
E 25

—

I/ |

20 |

o

wn L

—

o 15 |

e}

(@) L

= 10 ) &

5L
1 1 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8
a/t

Figure 11. The comparison between the CFEM and X-IGA method for a 2-D cracked pipe.
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Figure 12. The comparison between the X-FEM and X-IGA method for a 2-D cracked pipe.

By these results, implementing X-IGA in MATLAB shows the possibility to calculate
the fracture mechanics parameters for a cracked pipe under uniform pressure with a large
mesh size, compared to the other approaches (Figure 12). Therefore, it can be an alternative
way to evaluate the damage of a cracked pipe.

In addition to the SIF, the J-integral has specific importance when it comes to the
numerical stress analysis of cracks. To give more physical meaning to the analysis, and to
validate the strategy used in the application of X-IGA to address the cracking pipe problem,
we evaluated the J-integral with various crack lengths, as shown in Figure 13. Here, we
used 640 elements for the present study, and 2747 and 85,642 elements for X-FEM and
CFEM, respectively. The J-integral value increased gradually with the crack length and the
results obtained are similar to other numerical results.

5
—&— Present study
—&— CFEM
4F —a—xFEM
g
=
Z
Q) 3
=
©
>
—
£o
B2t
1
-
[=1
e
—_
1+
0

Crack length [mm)]

Figure 13. J-integral value obtained by the present study, X-FEM, and CFEM.

This problem is also analyzed by [51]; they used a UEL subroutine in the ABAQUS
software to evaluate the stress intensity factor. With the same element number and for
a=5mm and p = 2.5 MPa, we evaluated the performance of the present study and the
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results of both implementations are compared with Folias solutions [63], as illustrated in
Table 4.

Table 4. Comparative study of the present investigation and implementation using Fortran for a = 5 mm.

Method/ X-IGA/ XIGA/ Present Study Present Study Folias Solution
Implementation Fortran [51] Fortran [51] MATLAB MATLAB [63]
Element 470 767 470 767
Number
KI (MPay/mm) 13.18 13.015 13.85 13.51 14.37
Error (%) 8.306 9.454 3.645 6.01

Table 3 proves the significance of the present study implemented in MATLAB. It is
interesting to note that, in the present study, the error for a model with 470 elements is
3.645%, while for the study implemented in Fortran the error is 8.306%. Additionally, with
767 elements, the error for the present study is 6.01%, while for the study implemented in
Fortran the error is 9.454%. It is observed that the X-IGA implementation strategy that was
followed in the present study had a higher accuracy than the strategy followed by [51].

In addition, the accuracy of the present study can be realized by computing the error of
SIFs (%) with various crack lengths, as illustrated in Figure 14. It is noted that the maximum
error of the present study is 12.25%, while the study implemented in Fortran [51] is 27.83%.

35
—— Present study

—&— X-IGA [51]

N N w
o (6] o
1 1 1

KI error (%)
&
1

10 ®

T T T T T T T T T T T T T
0.50 0.55 0.60 0.65 0.70 0.75 0.80
a/t
Figure 14. Error of SIFs with various crack length for the present study and the reference [51].

8.3. Effect of Pressure on the Fracture Parameter Calculation

Finally, in order to check the efficiency of the present study for the calculation of
the fracture parameter in the 2-D pipe domain, the inner pressure was varied with the
initial crack length a = 4 mm, so that the pressure did not exceed 4.5 MPa [64], keeping the
analysis in the elastic domain. The results of the SIFs and the J-Integral of CFEM, X-FEM,
and X-IGA are presented in Figure 15. It is observed that for the three-analyses technique,
the stress intensity factor increases with the increase of inner pressure. It is also observed
that the results for both the X-FEM and X-IGA methods became similar each time the
pressure was increased; this is due to the use of enrichment functions at the crack tip. The
singularity at the crack tip and the mesh dependency for the CFEM method makes their
results inaccurate.
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Figure 15. (a) SIFs and (b) J-Integral values for different pressures by the CFEM, X-FEM, and EX-IGA methods.

From these results, the X-IGA method can be used in the fracture parameters compu-
tation on cracked cylindrical structures under uniform pressure, the X-IGA method has
been well validated for the calculation of cracked plates [48], and this study is an extension
of the research work that has already been done in this field. The comparison between the
most-known methods in the field of numerical computation will allow us to justify the
role of this new technique: it can replace the existing methods in the current calculation
codes in the future, and the validation of the efficiency of this technique by the different
research works will convince the users in the industrial field. This is due to several reasons;
the most important reason, for the industrial sector, is the cost of calculation. Instead of
designing the model and approximating it by several meshing processes, it is enough to use
the geometry directly by the same shape functions, named B-spline or NURBS; after that,
the model will be reproduced precisely. It has been observed that X-IGA just needs a small
element for a crack in a pipe, compared to other techniques, and that with these elements,
the same results have been obtained, so if there is a complex geometry, the calculation
procedure will be very fast compared to the current method.

9. Conclusions

The aim of this investigation was to implement the X-IGA technique into a MATLAB
code for modeling cracked pipelines. The main theoretical approach was the NURBS
principle, which provided a higher-order continuity in numerical modeling.

An external crack in a two-dimensional pipe subjected to a uniform pressure has been
studied. The accuracy of this technique has been examined by deriving the stress intensity
factors and the J-integral. For several mesh sizes and for different inner pressures, SIFs
and the J-integral were extracted by X-IGA analysis using MATLAB code and its accuracy
was validated with the enrichment technique (X-FEM) using FORTRAN language and the
conventional finite element method (X-FEM) using ABAQUS software. It has been shown
that, when using the X-IGA analysis:

e The cracked pipe modeling does not need a finer mesh than other numerical tech-
niques. Therefore, the cost of computational will be reduced;
The regularity of the stress and strain at the crack tip is obtained;
The geometry was constructed exactly with using NURBS, which avoids the discretiza-
tion error. Therefore, confident results can be achieved;

e  The error on the SIFs is minimal compared to X-IGA implemented by FORTRAN.

Other problems can be addressed by the provided technique, such as crack-growth
problems and dynamic fracture analyses in pipelines, which are planned for future research.
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