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ABSTRACT

Piping system elbow study is the most important part in all fields of hydrocarbons
transportation which presents the behaviour of circumferential crack at elbow extrados. The
effect of geometry of adhesive and patch in the crack elbow is important in pipeline safety.
This study shows the details for along the direction of the circumferential elbow crack by
three dimensional (FEM) which is used to determine the stress intensity factor at 90° elbow
for two cases: firstly, without patch and secondly, repaired with composite patch. This
method allows to predict the behaviour of cracked elbow through the analysis of crack
propagation under the internal different pressures taking into consideration the operating
conditions. The geometry and nature of composite patch proved that the increase of patch
thickness leads to decrease the SIF from 7 MPa.m2to 6.15 MPa.m*2, It can be concluded that
the repairing by composite materials leads to reduce the stress intensity factor with patch
which not only can augment the lifetime of pipeline but also decreasing the costs and the
pollution.

Keywords: Elbow, crack, bonded composite repair, stress intensity factor, finite element
method.

INTRODUCTION

The pipeline system is still the most important way to transport an oil and gas to worldwide
where the energy demand has been increasing for decade [1]. The transportation of
hydrocarbons based to improve the fabrication defects of pipeline which may be among the
reasons that lead to cracks. Most cracks have grown from small defects that were showed
during operation of piping systems product or weld [1]. The piping system is regularly needed
to manufacture the pipeline elbows by bending the length of pipelines to the necessary
geometry forms [2]. Nowadays, engineers are seeking to find ways to improve the pipeline
designs taking into account the stress distribution in different zones wall thicknesses. In
addition, the mechanical characteristics of materials are important the pipe-line designer
taking into account on the one hand, the industrialization costs and, on the other hand, the
dimensions of geometric [2, 3]. Pipelines elbows are usually used in hydrocarbon transports
which are more flexible part in the piping system [4, 5]. The dangerous part of piping system
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is the pipe elbow where it is important part of piping system which has been largely used in
to link the pipes for hydrocarbons transport [4].

Some studies have illustrated the effect the stress produced by the internal pressure
on the wall, especially in crack zone of pipelines [3-5]. The effect of crack in the elbow
geometry is important in the piping system where it is the result of bad fabrication operations
such as, quality of materials, exterior environment and boundary conditions (pressure,
temperature and nature of fluids transported) which lead to damage in the energy transport

[6].

Given the importance of pipeline transport and especially the elbow is the biggest
challenge for engineers in terms of elbow shape, load, and degree of bending and radius of
bend taking into account limit of pressure. The elbow is the most dangerous part in pipeline
and is critical component in piping systems because it is more complicated than straight
pipeline which has been hugely used in transport of energy like gas and crude oil where it
must be designed by effective methods with the new materials such as composite materials
to avoid failure [7]. The finite element method three-dimensional was used to predict
accurately the behaviour of elbow crack. Besides, to predict fracture or fatigue of elbow, the
stress intensity factors accurately were investigated through a refined mesh around the elbow
crack tip taking a consideration the dimensions and the bend angle [8-11]. Many studies
proved that the angle of orientation of the patch, its geometry and its nature of material are
among important secrets of design to decrease the fracture and fatigue. It can be noted that
the SIF value increases as a result of increasing the crack angle and increasing the deeper of
crack [8-12].

Numerical simulation by finite element method is very important to calculate the
stress intensity factor which depends on crack energy where this approach is divides the
cracks zone into two parts, first part around a crack and second part for the rest of structure
[10-14]. The impact of the reinforced composite patches through decreasing of the stress at
the small crack is challenge for each petroleum companies. It has been used the finite element
method to calculate the stress intensity factors which helpful the prediction of the behaviour
the small crack propagation phenomenon and its treatment [10-16]. The finite element
method three-dimensional is used to compute the stress intensity factors which are resulted
on the inclined cracks of the internal surface. It can be noted that the effect of the crack angle
and the crack depth lead to decrease the stress intensity factors for the mode | and to increase
the stress intensity factors for mode-11 and mode-I11 [12-17].

The influence of crack length on the growth path as one of principal reasons which
leads to failure issue where it is predicted the behaviour of crack by calculate the stress
intensity factor [14-17]. The investigation of failure behaviour of patch ordinary or composite
is important where the effect of patch factors such as patch material and its dimensions on
the repair is analyzed using three-dimensional finite element method [14-19].

Recently there are some studies for circumferential crack of elbow under internal
pressure where they present some solutions about stress intensity factors for mode by the
finite element method [20, 6]. The study by numerical simulation especially the finite element
method is a very important procedure to find the prevention solution of pipeline crack
problems. In order to obtain accurate of simulations results, real boundary conditions of
piping systems must be used [22, 20]. The problem of thin elbow is situated in sensitive zones
especially extrados and crown of elbow, where it has very influence on the increasing
behaviour of elbows [23]. It is very important to study the circumferential welding on pipe
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bends which allow studying the effect of elbow form changes on the stress distribution and
cracks behaviour of pipelines according to the operating conditions [23, 22]. To study the
crack of pipeline the finite element method is being applied to calculate stress intensity factor
along the crack of pipeline for two cases straight line or elbow [23, 2-6]. The aim of this work
is to obtain the suitable solutions of a cracked elbow by composite patch for transport safely
the oil and gas by complex piping systems. The reliable safety for the transfer of energy
depends on several principal points such as good design, pipelines materials and operating
conditions despite all the precautions necessary for the construction and installation of
pipelines, but show some defects in the sensitive areas of the pipeline and especially the areas
of the elbow and welding. To repair and analyse these problems, three dimensional-finite
element methods are applied to present the results of stress intensity factor which give the
accurate information about the small cracks. In this study, we are based on two parts: firstly,
we calculate the stress intensity factor around the elbow cracks, and secondly, we propose
the solution by patch taking into account the geometry, adhesive nature and patch.

GEOMETRY

This study is based, firstly to evaluate the propagation of crack along the elbow of pipeline
for different angles and to show the efficiency of the composite patch. The geometry used in
this study is shown in figures 1 and 2, where the outer diameter and the wall thickness are
362.8 mm and 20.9 mm respectively [21-24]. Three-dimensional finite element method is
used for repairing circumferential cracks in pipeline elbow with composite materials
(glass/epoxy, carbon/epoxy and graphite/epoxy), where the elbow is influenced by fluid
pressure transfused. The size of the elbow bend radius is R= 700 mm, and the circumferential
crack is represented by the angle .

External
Surface

Ext__rados

P R

_ Ogal /
Elbow/ ............
Adhesive
Patch
Internal
— Surface
Intrados
Figure 1. Geometry of a 90° elbow Figure 2. Different zones of elbow cross
with patch. section after deformation (oval form).
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MATERIAL

In this study the material SA312 stainless steel is used for improving the quality of the
pipeline. In order to effectively repair the cracked elbow, the patching technique is based on
the composite patch and layer adhesive FM73. Table 1 presents the mechanical properties of
the pipeline, the patch and the adhesive.

Table 1. Material properties

E:1 E2 Es v v v G2 G2 Gz
(GPa) (GPa) (GPa) 7 1 ?  (GPa) (GPa) (GPa)

patch Glass/ 150 25 25 021 021 021 72 55 55

Epoxy

Patch

Graphite / 132.5- 10.7-- 10.7- 0.24- 0.24- 0.26- 54- 34- 54-
173.3 10.8 108 046 046 0.49 5.7 3.7 5.7

Epoxy

Patch

Carbon/ 131.6 8.2 8.2 0.25 0.017 0.3 4.5 4.5 4.5

Epoxy

Adhesive

EM73 2.55 0.32

Elbow SA312 207 0.3

FINITE ELEMENT MODELING

All cracks problems of piping systems will be repaired by improving the quality of composite
patch and adhesive. In order to study the effects for different mechanical and geometrical
properties of the repair components with adhesive are very important where we use the SIF
to analyze the pipeline repair in the elbow cracked case [25]. The finite element simulations
are performed using Abaqus. The finite element method is used to investigate of cracked
elbow of various crack angles under internal pressure and with the bending angle 90° as
showed in Figure 3 [25,5].

The FE mesh for the crack is shown in Figure 3. The elbow crack was meshed at
critical zone using three-dimensional hex-dominated quadratic elements. For improving the
SIF data, the elbow is able to be used where the simulation on crack zone is carried out using
the 20-node brick elements with mesh refinement near the crack tip [20-25].

For precision, mainly the mesh in the crack front was refined in the elbow crack to simulate
the stress intensity factor [25-30].

K =oJnré-F (1)

Where r is radius, 0 is crack angle, F is the force and ¢ is the nominal stress.
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The material property values of Young’s modulus and Poisson’s ratio were taken to be
E=204 GPa and v = 0.3, respectively. To study pipeline crack, it can be noted that the
accurate approach is a very important step to predict the behavior of cracked elbow as shown
in figure 3 [27].

Figure 3. The typical finite elements mesh of an elbow with and without patch

RESULTS AND DISCUSSION

The objective of this work is to predict the behavior of repaired crack for the SA312 Type
304 stainless steel pipeline by using three dimensional (FEM). The composite patch under
analysis is Glass / Epoxy patch and adhesive FM73 under the internal pressure in order to
evaluate the stress intensity factor (SIF). Piping systems bends at 90° are the weak zone in
transport of hydrocarbons and can lead to fatigue damage. The mechanical and the
geometrical characteristics of composite patch and adhesive play an essential role to repair
the pipeline elbow under internal pressure, crack angle and bend angle [25-29]. Basically,
the numerical three-dimensional method shows several results for cracked elbow and it’s
repaired by composite patch to increase lifetime of piping system [25-29].

SIF versus the crack angle with deferent pressure

The variation of SIF with angle crack for different pressures is investigated. It has been
observed that the values of SIF increases with the increase of crack angle [26, 27, 5]. It is
seen that the distribution of the stress especially in the zone of great stresses is related with
the dangerous cracks zones [27-29]. The results of SIF for crack elbow of piping systems are
investigated along of the crack front for different pressures. The figures 4 and 5 present the
variation of the SIF versus the crack angle with the presence of three values of pressures 50,
60 and 70 bar.

It is noticed that the SIF increases proportionally with the increasing crack angle as
shown in figure 5. The effect of pressure along the elbow of pipeline is essential where the
moving energy the cracked piping systems allow the increase of the SIF. The numerical
results are shown that the reinforcing by composite patch with adhesive was considered to
be suitable solution for the cracked elbow.
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Figure 4. Crack angle in the elbow
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Figure 5. SIF against crack angle for deferent pressure.

Focus on the pipeline bend damage is important in the study of the shape of crack. However,
the influence of internal pressure can be depended to define the behavior of the propagation
of small cracks. The behavior of circumferential crack at extrados or intrados in elbow under
internal pressure is very important to predict the hydrocarbons transport problems.

Thickness effect in the elbow
The obtained results show the influence of elbow thickness with/without patch on stress
intensity factors which depend as the thickness of pipeline for cracked elbow taking into
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account the different pressures and angle of the cracked elbow [28-29, 26]. Several states
have been studied by varying the elbow thicknesses for different pressures 50, 60 and 70 bar
respectively, at 15° of crack angle without patch as shown in the figures 6. These results
show two zones for different pressures and cracks angles. In the first zone, the stress intensity
factors decrease rapidly towards the elbow thickness, nearly 10 mm. In the second zone of
the curves greater than 55 mm, the stress intensity factors decrease linearly for different
pressures. In this situation, it can be noted that the decrease of elbow thickness allows to
increase of the stress intensity factors (SIF) which indicated to increase the rate of the crack
growth [30-32]. To show the important role of the patch especially the composite patch in
the cracked elbow, a several analysis has been performed by varying the pressures 50, 60 and
70 bar respectively as shown in the figure 7. This change in the behaviour as result of the
increasing thickness of elbow patched wall where the composite patch resists most of the
stresses of pressure.

The objective of this study is to analysis the resist of the stresses in the extrados zone
of elbow where the increasing of thickness of elbow is one of the key factors which influence
the efficiency of elbow for example at 50 bar (figure 7) [33, 29]. The numerical results
indicated that the SIF values for the thickness of elbow at 15° of crack angle, decreased
speedily and then took a stable value in the cracked elbow. It can be noted that the composite
patch played important role to repair the zones of fracture [31, 28]. In the results, we noticed
that the increase of elbow thickness leads to decrease the crack rate, which means that a great
elbow thickness is recommended to avoid the crack phenomenon especially in the elbow
[33].

80
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20+
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Figure 6. SIF against thickness of elbow without patch for deferent pressures.
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Figure 7. SIF against thickness of elbow with patch for deferent pressures.

Effect of the elbow radius

Figures 8 and 9 show the SIF versus the elbow radius of cracked elbow tip for internal and
external zones where the SIF results confirmed that the external position of cracks is more
affected than the internal position especially when the values of elbow radius greater than 600
mm [34-36]. The percentage nearly of 50% is the reduction ratio of SIF in elbow between two
positions, this shows that a high elbows radius at external position allows to transfer the stresses
to the critical zone through small period and thus it lead to increase the SIF [34-35]. After an
analysis of results, we can conclude that the repairing by the composite patch is necessary for
thin walled elbow [34-36].
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Figure 8. SIF against curvature radius for elbow.
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Figure 9. SIF against normalized distance along crack front for different elbow radius.

Effect of the patch thickness on the elbow cracked

In this study, the effect of the composite patch thickness shows on the repair of cracked elbow
which depends on the impact of crack angles and pressures as shown in the figures 10 and 11.
It is seen that the crack propagation from the cracked elbow to the composite patch through the
adhesive layer length has an important influence on the SIF values taking into account the
adhesive quality, where by the proportional method; we can observe that the increase of the patch
thickness and the decreases the SIF at the cracked piping system enables to avoid the failure
phenomenon [34-35, 26].

To improve the repaired, we must select the new mechanical parameters of the composite
patch and adhesive [34-36]. The results confirmed that the accuracy of choosing the thickness of
the patch lead to improve the repair of the pipeline. The increase of patch thickness leads to
decrease the SIF from 7 MPa.m?to 6.15 MPa.m"2. In addition, the stress uniform distribution
helpful for composite patch in the critical zones taking into account the adhesive nature.
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Figure 11. SIF vs. deferent values of thickness for patch.

Adhesive role in the elbow repair
The adhesive layer is one of an important part in the repair technique of cracked elbow where

it is depended on the geometry and material nature. The principal role of the adhesive is
transfer of the energy (stress) of crack to the composite materials (patch).
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Figurel2. SIF against adhesive thickness for deferent pressure.

The adhesive layer is one of an important part in the repair technique of cracked elbow
where it is depended on the geometry and material nature. The principal role of the adhesive
is transfer of the energy (stress) of crack to the composite materials (patch). The repair by
composite patch at crack angle 15° along elbow in the circumferential cracked is investigated
by the stress intensity factors (SIF) which are shown in the figure 12. The composite patch
with adhesive is played a significant role on the repair technique of cracked elbow, where the
SIF is decreased in the cracks external position due to the direct contact between the cracks
and the composite patch which absorbed the stress [34-36]. For example, the figure 12. is
shown the results of the repair by FM73 adhesive type where the SIF values increased to 7.8
MPa.m*? at the maximal pressure during 0.9 mm of adhesive thickness. The pressures at
zones weld of pipeline led to problems crack, where the effect of the pressure along the elbow
of pipeline is important where the energy moves from the cracked piping systems and allows
the increase of the SIF [34-36].

Effect of the patch nature in the repaired

The analysis of the stress intensity factor values between the external and internal crack positions
shows a major problem in repairing pipeline. Thus, the prediction of crack propagation becomes
very important to avoid many problems such as the failure and corrosion issue. The simulated
results of SIF at cracked elbow between an internal and an external positions allow to analyze
the behavior along the crack in order to study the crack structure internal. This phenomenon
allows to enhance the role and the feature of composite patch that govern the crack propagation
at 15° crack angle [34, 12-19].

Repairing by composites patch (carbon/epoxy, glass/epoxy and graphite/epoxy) allow
the distribution regularly of stresses transfer in the crack of the wall elbow of the repaired zone
[34-36]. The figures 13 and 14. show to explain the impact of patch in the repair operation
especially using the composite materials where the stress intensity factor (SIF) versus patch
thickness at the crack tip is very important for using the composites patch. The results show that
the increased thickness of the patch led to decrease the SIF for extern surface where the patch
technique allows improving the efficiency of the pipeline. The decrease of SIF is the
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conclusive proof for good absorption of the crack energy by patch and adhesive [34-36]. The
figure 14. show that the repairing by the carbon/epoxy patch is the best material composite than
the glass/epoxy and graphite/epoxy to absorb the largest stress for cracking of elbow. It is seen
that in external crack is shown the decreasing of the stress from 8.5 MPa.m*? to 5.5 MPa.m'?
with the reduction about 35% [34-36]. It should be noted that the repair of external cracks in
pipeline is more efficient than the internal cracks. According to the precedent results, we can
conclude that the performances of the pipeline repair are convenient for thin walled pipelines
[34-36].
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Figure 13. Distribution of SIF along the crack front for different composite patch.
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Figure 14. SIF vs. normalized distance along crack front with different patch nature
The repairing by the composite patch is become one of the best solutions to reduce the crack

growth [34,36] where the adhesive layer plays the principal role where it allows to transfer
the crack energy from the external surface of the elbow to the composite patch. Decreasing
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the SIFs indicate that the energy crack is absorbed by the adhesive layer taking into account
the thickness of adhesive [34,36]. In effect, the dispersion of crack energy along the thickness
of adhesive layer and composite patch is solution of this complex phenomenon. Thus, these
results allow to predict the behavior of elbow crack take into consideration the operating
conditions.

CONCLUSION

In this study, different composite patches such as carbon/epoxy, glass/epoxy and
graphite/epoxy were used to repair the cracked elbow at 15° of crack angle. This analysis
focused to compute of stress intensity factors using the finite element method along the crack,
in order to predict the behavior of crack growth and to effect the patching system in the
critical zones of cracked elbow. The decrease of the stress intensity factor by the composite
patch is the major objective in this study where it is very important at external zone of cracks
which allow prolonging the repairs life [34-36]. Thus, the most studies continuing have
focused on improving the efficacy the nature and geometry of composite materials, and the
possibility of the re-use of pipeline. The results showed the variation of the stress intensity
factor (SIF)in the presence of different conditions such as pressures, cracks angles and,
geometry of the patch and adhesive which are all important to repair the pipeline. It can be
concluded that the importance of repair is influenced by a lot of factors such as the nature of
adhesive and patch, and zones cracked taking into account the operating conditions. As a
result, it can be noted that the prediction of crack behavior is analyzed by the stress intensity
factors values which were decreased by the importance of patch repair. Hence, it can be noted
that the repairing the crack by patch leads to decreasing the costs and increasing the lifetime.
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