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Abstract. Intemal and exteral corrosion are common in pressure pipes used in a variety of industries, often

resulting in defects that compromise their integrity. This economically and industrially significant problem calls for

both preventive and curative technical solutions to guarantee the reliability of these structures. With this in mind, our

study focuses on the influence of composite and metallic patch repairs on the limit loads of pipes, particularly elbows,

the critical component of piping systems. To this end, we used the nonlinear extended finite element method (X-FEM)
to study elbows, a priori corroded on the internal surface of the extrados section, then repaired with composite and

metallic patches. In addition, the effect of the geometry of composite materials and metal patches was examined, in

particular the effect of their thickness and material on the increase in limit loads of repaired structures. The results

obtained provide information on the effectiveness and optimization of patch repair of corroded elbows, with the aim

of increasing their service life.
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1. Introduction

Pipelines play an important role in the efficient and reliable transport of hydrocarbons for the
regular supply of consumers and industries over vast distances. In these complex networks, elbows
are essential components of every piping system, (Firoozabad et a/. 2016, Muthanna et al. 2019).

When contrasted with straight pipes, elbows consider more flexible, allowing them to absorb
significant displacements caused by differential thermal or vibratory movements. However, it is
important to recognize that potential failures in piping systems frequently originate from the
presence of internal or external flaws, part of which is due to corrosion in aggressive environments
(Muthanna et al. 2019, Boukortt et al. 2018, Amara et al. 2018). Given these factors, accurate
fracture prediction and the preservation of structural integrity within these pipe systems carry
considerable significance across diverse practical applications. This is underscored by their
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profound influence on economic considerations and overall security (Li et al. 2014, Robertson et
al. 2005, Balakrishnan et al. 2022, Arroussi et al. 2022). Furthermore, variations in fluid flow
velocity in pipe elbows can lead to turbulence, resulting in vibrations within the elbow component
that can lead to its failure (Zhang et al. 2015, Meriem-Benziane et al. 2021).

According to these issues, extensive studies examined the integrity assessment of pipe elbows
using various techniques, including numerical analysis, experimental tests, and analytical
approaches for estimating the mechanical integrity of pipeline components (Abbasnia and Shariati
2023, Muthanna et al. 2021, Amara et al. 2019, Peng and Liu 2019, Duan and Shen 2006).

Numerical tools have been widely used to study various aspects of the elbow corrosion problem
in well-defined scenarios of loading, defect profile and extent, and material. These studies, some
of which have been validated by experience, have made it possible to simulate the behavior of
these critical elements of the piping system, with the aim of gaining a better understanding of the
corrosion phenomenon and recommending appropriate solutions. Among others, the following
projects are worth mentioning:

Abbasnia and Shariati (2023) investigated the ratcheting behavior on pipe elbow of A234 WPB
steel under internal pressure and in-plane cyclic bending. (Subbaiah et al. 2022, Salem et a/.2019,
Xie et al. 2018, Alexander et al. 2009) have focused on analyzing the shapes and positions of
defects in the pipe. Duan and Shen (2006) studied the plastic limit pressure of elbows with locally
thinned sections located in the extrados. They proposed an empirical formula, which has been
experimentally validated. Bruére et al. (2019) predicted the failure of a pipe elbow with different
idealized defect configurations; they considered internal pressure and axial force. Tee et al. (2019)
examined the burst strength of a pipe structure containing a single defect, taking into account
various geometric parameters of the defect.

On the other hand, the protection of pipeline components has been the subject of careful and
diversified studies. However, the use of composite materials is proving more practical in the oil
industry, as it is economically advantageous for various forms of defects such as pitting, corrosion,
gauge and external corrosion, and can be implemented on in-service pipelines (Prabhakar et al.
2109, ASME 2008, Toutanji et al. 2001, Alexander et al. 2010, Ahmad et al. 2022).

Goertzen and Kessler (2007) investigated the mechanical and thermal properties of
carbon/epoxy composites used for pipe repair by performing a three-point bending test and
examined the effect of heating rate, frequency and measurement method on glass transition
temperature. Duell et a/. (2008) conducted a study in which three-dimensional modeling was used
to assess stresses on damaged and repaired carbon/epoxy composite pipes. Their results showed
very good agreement with experimental results. Gunaydin et al. (2013) studied the influence of
glass/epoxy composite patches on the fatigue behavior of notched surface composite pipes. By
varying the number of layers, they observed that increasing the number of patch layers improved
the fatigue life of repaired pipes.

Meriem-Benziane et al. (2015) conducted a comparative analysis of the performance of
longitudinal cracks repaired in API X65 pipelines using two different patching methods (single and
double patch). Mattos et al. (2016) introduced a straightforward approach for obtaining an initial
estimation of the burst pressure for a composite repair system used on thin-walled corroded metal
pipes. Zhang et al. (2020) developed a method to predict the theoretical limit load of composite
materials for repairing corroded pipes, along with a refined finite element simulation technique for
enhancing structural accuracy. Toudeshky et al. (2012) conducted an investigation using the FEM
to determine the collapse load of adhesively repaired pipes that contained internal longitudinal
defects of varying depths. Gadi et al. (2019) explored the use of different composite patches, such
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as carbon/epoxy, glass/epoxy, and graphite/epoxy, for repairing cracked bends at a 15° angle. Their
analysis primarily focused on calculating the stress intensity factor along the crack using the FEM,
aiming to predict crack propagation behavior and implement the repair system in the critical area
of the cracked bend. Benyahia et al. (2015) demonstrated that the application of composite patches
in repairing broken, stressed, bent, or internally pressurized pipes can significantly enhance the
lifespan of the repaired pipe.

In fact, the repair methods are diverse, among which another method has been proven to repair
damaged pipes by applying a metal patch to the damaged area. This was studied by Cruz et al.
(2020) on artificially cracked API 5L X52 pipes and repaired using rectangular metal patches
bonded with Lord DC-80 adhesive. Repair effectiveness was assessed by visual inspection,
incremental pressure tests ranging from 0.68 to 9.8 MPa and strain measurement. The results
showed a strong correlation between the experimental tests and the numerical simulations
performed using 3D-FEM.

Although elbows are common components used primarily to change flow direction, they are
nevertheless the weakest link in piping systems due to their high stress concentration. Obviously, it
is often difficult to assess their integrity and resistance to local wall thinning due to corrosion
which, accelerated by flow velocity and turbulence, raises serious concerns about the operation,
behavior and integrity of these structural elements under service conditions. In response, several
studies, both experimental and numerical, have addressed this problem. However, further research
is still needed to develop adequate predictive models and to incorporate these models into
standards and design codes.

The objective of this study is to investigate defects on the internal surface of a pipe elbow at the
extrados section using the extended finite element method (X-FEM). Defects were positioned in
three different orientations (0°, 10°, and 45°) and subjected to internal pressure and opening
bending moments. Moreover, composite material and metallic patches were used to repair these
defects and extend the lifetime of the pipe elbows. Finally, three different types of composite
patches were numerically examined.

2. Materials and methods
2.1 Extended Finite Element Method (X-FEM)

In the context of 3D crack modeling using the X-FEM approach for elastoplastic behavior, the
displacement field variable u(x) within a cracked field is represented as an extension of the work
by Moes et al. (1999).

u(x) = Zn: N (x)u+ D N (X)H (x)a+ Y Ni(x)[iFj(x)bjiJ @
[ ieNgy ieNgpn g j=1

Ni(x) represents the nodal shape function, u; represents the nodal displacement vector
associated with the continuous part of the solution, H(x) symbolizes the discontinuous jump
function that spans across the crack, and a, signifies the enriched degree of freedom vector within
the interior of the crack. The vector bi corresponds to the related nodal enhanced degree of
freedom vector at the crack tip. H(x) denotes the Heaviside function, and Fj(x) comprises a set of
four specific tip enrichment functions, which can be described as follows

Fi (x)= r* (2) sin 9 recos &) rsin Zsin & recosZeos 2 (2)
2 2 2 2 2 2
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Table 1 Mechanical properties of APl X60 pipe steel

Young’s modulus, E (GPa) Poisson’s ratio, v Yield Strength, oy (MPa) Ultimate Strength, UTS (MPa)
210 0.3 541 588

Table 2 Mechanical properties of composite patch

Young's modulus, E (GPa) Shear modulus, G (GPa) Poisson's ratio, v
Epx Epy Eyp. Gpxy Gpxz Gpyz Vpxy Vpxz Vpyz
200 19.6 19.6 7.2 5.5 5.5 0.3 0.28 0.28

Table 3 Mechanical properties of adhesives for patchs

Adhesive (FM73) Adhesive (DC-80)
. . Thermal expansion, . , .
Young's modulus, Poisson's ratio, (10-6°C) Young’s modulus,  Poisson’s ratio,
E. (GPa) Va o s o E. (MPa) Va
0.42 0.3 4.5 23 23 2383 0.336

Where (r, 0) represent the polar coordinates in the fracture tip's local axis. The exponent value a
is 0.5 for linear analysis and a = 1(1 + n) for nonlinear analysis, where n is the strain hardening
exponent

The damage parameters in this study are connected to the construction through the application
of the X-FEM method for the material used. This method is integrated into the Abagus computer
code (Hollaway et al. 2002). The elastic characteristics reported in Tables 1-3 are employed in the
subsequent X-FEM analysis. The maximum principal stress equals the nominal strength of 580
MPa. Structural damage occurs due to the initiation and propagation of fractures, leading to
separation within the structure. This separation is independent of the mesh architecture. The
initiation and propagation of these cracks result in a loss of rigidity, explaining the substantial
reduction in the structure's response to loading. However, this phenomenon occurs only after a
specific length of propagation relative to the structure's dimensions. This study demonstrates this
relationship through load-displacement curves (Bensoltane et al. 2023). Numerically, the mesh
sections of the structure are assumed to experience damage solely under tension and not under
compression, based on the utilized criterion. The criteria for initiating the tensile separation law
are as follows (Kim et al. 1995)

MAXPS = {< Fomee >} -1 ®3)
o

Whereo® ., represents the maximum allowable principal stress. The symbol <> represents

the Macaulay bracket with the usual interpretation. the reason for using Macaulay brackets is to
indicate that the compressive stress state is not responsible for the onset of damage. the damage
begins when the value of the maximum principal stress ratio (Eg. (3)) reaches a value of one (Jing
et al. 2008).
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Fig. 1 Determination of the limit load (Lee et al. 2015)

2.2 Load limit definition

The term 'limit load' is used in this study to refer to both the instability load and the collapse
load. On the load-deflection plot, if the curve approaches a horizontal asymptote, the instability
load is referred to as the maximum load.

The collapse load is determined using the "angle method," in which the angle that the linear
component of the load-deflection curve makes with the vertical axis is measured, and a line
making double this angle with the vertical axis is drawn to intersect the load-deflection curve. The
collapse load is the load at the point of intersection (Shalaby and Younan 1998). In this research,
our focus is solely on the instability moment as the limit moment under consideration, which
corresponds to the maximum moment it can sustain before experiencing structural failure. Fig. 1
represents the method of determining the limit moment.

2.3 Geometrical and materials models

This study aims to demonstrate the effectiveness of composite and metallic patches in
enhancing the limit load of pipeline elbows subjected to pressure (P=9 MPa) and opening bending
moment. It also takes into consideration the influence of existing temperature and defects at
various critical locations. The geometry used in this investigation is illustrated in Fig. 2, with the
outer diameter and wall thickness of the pipe measuring 274 mm and 9.27 mm, respectively. The
bend radius of the elbow is R = 381 mm. The selected critical positions for the defect in the elbow
are determined based on the study conducted by Arroussi et al. (2022), and the dimensions of the
defect are a =4.63 mm and ¢ = 9.27 mm.

The API 5L X60 steel material is utilized to enhance the quality of pipelines, while the
composite and metallic patches with layer adhesive technique are used for repairing fractured
elbows, the mechanical properties of the pipeline, patch, and adhesive layer are presented in
Tables 1-3 respectively. Fig. 3 shows the engineering stress-strain curve for X60 pipeline obtained
by Oleg et al. (2015).

The pipe elbow is connected to two straight pipes with a length of 600 mm as shown in Fig. 2.
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Fig. 2 Geometry of corroded elbow: (a) Critical positions of defect at elbow and (b) Pipe elbow repair by

patch
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Fig. 3 Nominal stress-engineering strain curve for X60 steel (Oleg et al. 2015)

This length is sufficient to ensure that the bend area does not cause stress interference due to
the load applied to the end of the linear member. It is assumed that there was no malfunction at the
bend. The straight pipe is used solely to uniformly carry the bending moments to the elbow bends.
The bending moment load on the elbow was calculated numerically by applying a rotation around
the elbow axis.

2.4 Finite element model

In this study, the FE code ABAQUS is used to calculate the limit moment as a function of the
end rotation of the pipe elbow. The ends of the pipeline are fixed (Ux, Uy, and Uz = 0) in another
linear section of the pipe's edge, while rotation is applied to induce structural damage. The X-FEM
is employed to model the cracked pipe elbow, as well as the composite and metallic patch, along
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Fig. 4 Mesh view of a defected elbow repaired: (a) Composite patch repair and (b) Metallic patch repair

with the adhesive. It is important to note that the pipe bend is subjected to both pressure and
temperature within the tubular structure. The maximum principal stress is determined as equal to
the nominal strength value of 580 MPa. The damage assessment criterion is based on the ultimate
tensile strength; with a critical crack opening displacement of 1 mm. Three-dimensional hex-
dominated quadratic elements are used to create the mesh for the pipe elbow. Fig. 4 illustrates the
specimen's mesh and the refined mesh at the fracture tip region.

3. Results and discussion
3.1 Proposal solution

Bonded composite patches are proposed for structural repairs in regions containing internal
defects or impacts, aiming to prevent their propagation. In this scenario, the positions are localized
within the range of (0° to 45°). The current study focuses on enhancing the strength of the elbow
by employing composite patches to delay the occurrence of damage. Optimal patch characteristics,
including geometry, number of plies, ply orientations, and structural location, are thoroughly
defined to minimize stress concentration in specific areas.

3.2 Effect the number of plies

The composite patch plays a significant role in extending the lifetime of the elbow by
increasing the limit moment. As shown in Fig. 5, the composite patch enhances the limit moment
by 14%, 30%, and 50% for two, four, and eight composite bondings, respectively, when the defect
is located at 0°. Similarly, at a defect position of 10°, the improvement percentages are 10%, 17%,
and 64% for two, four, and eight composite bondings, respectively. Furthermore, when the defect
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Fig. 5 Bending moment versus angular displacement of elbow repaired by metallic patch (a) position 1
with defect of 0°, (b) position 2 with defect of 10°, and (c) position 3 with defect of 45°

is positioned at 45°, the enhancement percentages are 6%, 11%, and 75% for two, four, and eight
composite bondings, respectively.

Additionally, as illustrated in Fig. 5, irrespective of the defect position, it is evident that the
limit moment is smallest when utilizing two composite bondings. The utilization of four composite
bondings further enhances the limit moment, but the most favorable outcomes are achieved when
employing eight composite bondings. Based on the findings of this study, it can be inferred that the
most effective approach for enhancing the limit moment of a pipe elbow is the application of eight
composite bondings.

This section explores the critical defect positions on the elbow, which range from 0° to 45°. Fig.
6 illustrates the impact of the number of layers (N) in the composite patch on both the limit
moment and the corresponding rotation. For a more accurate correlation, we employ the following
third-degree equations:

a) Position 6=0°

f(M*)=8E +06N®— 4E +07N?+ 8E +07N + 1E +08 (4)
f(r*)=0,0317N®— 0,275N*+ 0,7033N — 0,39 (5)
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b) Position 6=10°

f(M*)=5E+07N°— 3E+08N°+ 5E+08N — 1E+08 (6)
f(r*)=0,02N° - 0,2N*+ 0,58N — 0,29 (7)
¢) Position 0=45°
f(M*)=6E+07N°~ 4E+08N*+ 7E+08N — 2E+08 (8)
f(r*)= —0,0217N°+ 0,18N*— 0,4583N + 0,48 9

3.3 Effect of the patch type

The choice of composite reinforcement holds significant importance in material strengthening.
Multiple options for reinforcement are available, with the most effective choices being
carbon/epoxy, boron/epoxy, and glass epoxy. These materials have showcased superior
performance in enhancing the mechanical properties of composite patches.
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Table 4 Mechanical properties of three composite patches

Young's modulus,

(GPa) Shear modulus, (GPa) Poisson's ratio Thermal expansion
12 o2 12
Ei Ez Es G2 G G23 V12 Vi3 V23 0% (109 (10
Bore/Epoxy 200 25 25 720 55 55 021 021 021 4.5 23 23
Carbon/Epoxy 112 820 820 45 4.5 4.5 0.3 0.3 0.4 -1.2 34 34
Glasse/Epoxy 50 145 145 256 256 224 033 033 033 5.5 15 15
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Fig. 7 Moment vs end angular rotation with different types of patch (a) position 1 with defect at 0°, (b)
position 2 with defect at 10°, and (c) position 3 with defect at 45°

Table 4 presents the mechanical properties for three types of composite patch. It furnishes
detailed insights into crucial attributes like tensile strength, modulus of elasticity, and fracture
toughness for each composite material. This data facilitates the evaluation and comparison of
performance and suitability among different composite reinforcements for the intended application.
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Fig. 8 Moment vs. end rotation angle with different patch thickness. (a) position 1 with defect at 0°, (b)
position 2 with defect at 10°, and (c) position 3 with defect at 45°

Fig. 7 highlights the influence of patches in the repair operation, particularly when employing
composite materials. The Moment vs. angular displacement at the elbow is crucial for assessing
the use of composite patches.

Fig. 7 illustrates the variation in the limit moment of repaired cracked elbows using various
composite patch configurations. The choice of composite patch type significantly impacts the
moment values. A comparison among the carbon/epoxy, graphite/epoxy, and boron/epoxy patches
reveals that the boron/epoxy patch offers superior crack repair performance. The limit moment
increases by approximately 59% when the defect position is at 0°, by about 62% when it is at 10°,
and by roughly 32% at the 45° position. Based on these findings, the boron/epoxy patch will be
utilized in the subsequent numerical analysis.

3.4 Effect of the patch thickness on the elbow failure
Fig. 8 illustrates the influence of composite bonding thickness on the limit moment. The results

indicate that the thickness of the composite bonding has a significant impact on the limit moment.
As the thickness of the composite bonding increases, the limit moment also increases. For defects
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Fig. 9 Rotation-moment versus thickness of composite patch for different critical position of defect (a) 0°,
(b) 10°, and (c) 45°

located at 0°, there is an approximate 10% difference in the limit moment. In the case of defects at
10° and 45°, the differences are approximately 50% and 14%, respectively. Based on the analysis
of this figure, it can be concluded that an increase in the thickness of the composite wrap leads to
an enhancement in the limit moment.

The present section investigates the critical defect position on the elbow, ranging from 0° to
45°, Fig. 9 demonstrates the influence of the composite patch thickness (tp) on the limit moment
and the corresponding rotation. To establish a better correlation, a three-degree equation is
employed as follows
a) Position 6=0°

f(M*)=—2E+O6th+ 2E+07tf;— 2E+06t, + 3E+08 (10)
f (r*) =—0,0046t] + 0,0587t7 — 0,2142t, + 0,85 (11)

b) Position 6=10°
f(M*) =—1E +06t> + 1E+07t’ — 3E+07t, + 3E+08 (12)

f (r*) =-0,0012t% + 0,02t? — 0,115t, + 0,36 (13)
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Fig. 10 Moment vs. end rotation angle with different thickness of adhesive (a) position 1 with defect at 0°,
(b) position 2 defect at 10°, and (c) position 3 with defect at 45°

c) Position =45°
f(M*):—l45833tf;+ 2E+06t§— 9E+06t, + 2E+08 (14)
f (r*)=-0,001t; + 0,0162t’ — 0,0783t, + 0,23 (15)

3.5 Effect thickness of adhesive

The adhesive layer plays a crucial role in the repair technique of a cracked elbow, as its quality
depends on the geometry and material properties. The primary function of the adhesive is to
transfer the load from the crack to the composite patch. Fig. 10 depicts the influence of adhesive
thickness on the variation of the limit moment of pipe elbows with defects at positions such as 0°,
10°, and 45°. The considered adhesive thicknesses are 0.2, 0.4, 0.6, and 0.8 mm. From Fig. 10, it
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Fig. 11 Rotation-moment versus thickness of adhesive for different critical position of defect (a) 0°, (b)

10°, and (c) 45°

can be observed that reducing the adhesive thickness results in a decrease in the limit moment of
the pipe elbow. This decrease indicates that a thinner adhesive facilitates increased load transfer to
the composite patch. This section also suggests using thin adhesives for reinforcing damaged

specimens.

In this section, the critical position of the defect on the elbow is considered, with values ranging
from 0°, 10° and 45° Fig. 11 demonstrates that the critical moment and the corresponding
rotation are influenced by the thickness of the adhesive (t). To establish a better correlation, a
three-degree equation is employed, which is presented below

a) Position 6=0°

f(M*) =1E +09t> — 2E +09t’ + 1E +09t, + 7E+07
f (r*)=5,8333t: - 11t’ + 6,6667t, — 0,66

b) Position 6=10°

f(M*)=2E+09t] — 3E+09t2 + 1E+09t, + 4E+07
f(r*)=3,3333t; - 5t + 2,2667t — 0,22

(16)
(17)

(18)
(19)
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Fig. 12 bending moment versus angular displacement of elbow repaired by metallic patch (a) position 1
with defect at 0°, (b) position 2 defect at 10°, and (c) position 3 with defect at 45°

c) Position 6=45°

f (M*) =—6E +08t° + 8E +08t? — 3E+08t, + 2E +08 (20)
f (r*) =—2,0833t> + 2,5t>— 0,8667t, + 0,19 1)

3.6 Metallic patch

More accidents, such as pipeline leakage, are frequently encountered and need to be repaired
during service. Pipe leaks are stopped by welding a sleeve-like patch on-site.

3.6.1 The effect of metallic patch on the limit load of cracked pipe elbow

To investigate the effects of a metallic patch on the limit moment of a pipe elbow containing a
single defect in three positions (6=0°, 10°, 45°), Fig. 12 illustrates the variation of the reaction
moment versus angular displacement for different elbows with various defect locations. The figure
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Fig. 13 Moment vs. end rotation angle with different thickness of adhesive.(a) position 1 with defect at
0°, (b) position 2 with defect at 10° and (c) position 3 with defect at of 45°

compares the repaired elbows with metallic patches to the unrepaired pipe elbow. It is evident that
the limit moment of the pipe elbow changes considerably when a metallic patch is applied for
repair. The metallic patch enhances the limit moment for the elbow by 24% when the defect is
located at 0°, 30% when the defect is located at 10°, and 36% when the defect is located at 45°,
respectively.

3.6.2 Effect the thickness metallic patch

Fig. 13 illustrates the effect of patch thickness on the limit moment of a pipe elbow with three
different defect locations (0°, 10°, and 45°). The figure shows that increasing the patch thickness
leads to an increase in the limit moment of the pipe elbow. Specifically, there is a significant
increase of approximately 7% when the defect is at 0°, and increases of about 22% and 8% for
defect positions of 10° and 45°, respectively. The rate of increase in the critical moment depends
not only on the patch thickness but also on its nature, indicating that using a thicker patch
enhances its performance.
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Fig. 14 Rotation-moment versus thickness of metallic patch for different critical position of defect .(a) 0°,
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As indicated by Cruz et al. (2020), the repair using a metallic patch demonstrates that the
adhesion of the steel patch does not fail and can delay crack propagation without integrity issues,
increasing the remaining life of the repaired pipeline across a range of crack sizes, internal
pressures, stress distributions, and strain analyses. Adhesive technology is recommended for the
convenient and safe repair of API pipelines with various defects, including surface cracks or mild
external corrosion. This method is employed in the field of API pipeline repair to ensure their
integrity at a reasonable total cost.

The critical position of the defect on the elbow is discussed in this section, considering angles
of 0°, 10°, and 45°. As shown in Fig. 14, the limit moment and associated rotation are affected by
the thickness of the metallic patch (tp). To establish a better correlation, a three-degree equation is
defined. The equations are as follows
a) Position 0=0°

f (M*) = 250000t — 5E +06t2 + 3E+07t, + 1E+08 (22)
f (r*) =0,0004t2 — 0,0078t + 0,0387t, + 0,0426 (23)
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b) Position 6=10°

f (M*)=1E +06t’> — 3E+07t; + 2E+08t, — 2E+08
f(r) =0, 0015tﬁ -0, 0343ti + 0,2517t, — 0,4774

¢) Position 0=45°

f(M*) = 208333t — 4E+06t2 + 2E+07t, + 2E+08
f (r*) =0,0021t2 — 0,0367t% + 0,1823t, + 0,0034

3.7 Comparison between composite patch and metallic patch

(24)
(25)

(26)
(27)

In this part of the study, a comparison between the two methods of repairing the damaged
elbow by calculating the difference in improvement in the limit load for each case was conducted.
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This analysis aimed to determine the better method between the composite patch and metallic
patch repair methods.

Fig. 15 illustrates that, in all cases of defect positions, the repair by the composite patch is
superior to the metallic patch method. The improvement in the limit load between the two repair
methods differs by 49.6%, 39.8%, and 0.4% for the three critical defect positions of 0°, 10°, and
45° respectively. Furthermore, the composite repair exhibits significantly greater displacement
values compared to the metallic method, which can be attributed to the superior mechanical
properties of the composite material.

4. Conclusions

Various methods exist for repairing defective pipe elbows, involving two types of repairs for
damaged pipe elbows: (i) composite bonding and (ii) metallic patching. This analysis employed
the X-FEM to compute the limit moment sustained by defective pipe elbows and investigated the
enhancement of the limit moment after repair. The key research findings were as follows: The
repaired pipe elbow exhibited an improved critical moment compared to the unrepaired pipe. The
defect's position significantly influenced the repair's effectiveness, with the critical moment being
smallest when employing two composite bondings. When the defect was at 0°, using four
composite bondings yielded a higher enhancement of the critical moment compared to other
positions. The most effective method for enhancing the pipe elbow's critical moment was repairing
it with eight composite bondings. The metallic patch repair method significantly enhanced the pipe
elbow's critical moment for various defect positions.

In direct comparison, the study concluded that using a composite patch for repair was superior
to using a metallic patch in enhancing the pipe elbow's critical moment. These findings offer
valuable insights into the efficacy of distinct repair methods, accounting for defect position and
material selection. They suggest that employing multiple composite bondings and patches can
substantially improve the repaired pipe elbow's limit moment, surpassing the performance of the
metallic patch repair method.
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