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Abstract

The present paper focuses on the numerical prediction of
failure pressure for a corroded pipeline before and after
repair using composite materials patch. In the first step, the
failure pressure of the corroded pipe subjected to internal
pressure, has been predicted and validated using nonlinear
behaviour. Then, effects of length, width and spacing of
corrosion pits on failure pressure were discussed. In the
second and last step, the corroded pipe is repaired with two
kinds of composite patch, based on synthetic and natural
fibres and the effect of reinforcement is observed. The limit
of repair under increasing internal pressure is studied. The
good results obtained make it possible to decide on the
developed numerical model and on its reliability in predict-
ing the failure pressure of corroded tubular structures and
principally in optimising the thickness of the biocomposite
patch repair.

INTRODUCTION

In the United States alone, there are more than 50 % of
gas pipes reaching an age beyond 40 years /1/. The corrosion
of pipelines leads to a lot of damage which reduces in gen-
eral their strength and structural integrity and causes very
significant economic losses. The classical repair procedure
based essentially on welding (to cut and replace a corroded
segment, or to replace a localised damaged section and use
a steel patch) requires stopping the operation during the
execution, causing pipe ruptures rather than leaks, and
impacting on the pressure containing capacity of a pipe for
repair. Any unplanned shutdown to repair critical or leaking
defects on oil and gas transmission pipes costs millions of
dollars, which includes costs of repair and loss of produc-
tion, among others.
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lzvod

U radu se fokusira na numerickom predvidanju pritiska
pri lomu korodiranog cevovoda pre i posle popravke koris-
¢enjem zakrpe od kompozitnih materijala. U prvom koraku,
pritisak pri lomu korodirane cevi, opterecene unutrasnjim
pritiskom, je procenjen i proveren analizom nelinearnog
ponasanja. Zatim su razmotreni uticaji duzine, Sirine i
razmaka korozionih jama na pritisak loma. U drugom i
poslednjem koraku, korodirana cev se reparira sa dve vrste
kompozitnih zakrpa, na bazi sintetickih i prirodnih vlakana,
i razmatra se uticaj ojacanja. Razmatra se obim popravke
sa povecanjem unutrasnjeg pritiska. Dobijeni su pogodni
rezultati, koji doprinose donosenju odluke u izboru razvije-
nog numerickog modela i njegove pouzdanosti u predvida-
nju pritiska loma korodirane cevovodne konstrukcije, a pre
svega u optimizaciji debljine reparacione biokompozitne
zakrpe.

In order to avoid this situation, another repair method
can be used to maintain the operation of the pipeline. It
consists of the reinforcement by composite sleeve systems.
This procedure is being increasingly used for metallic pipe-
lines with localised imperfections or damages that impair
serviceability, /2-3/. Such reinforcement is applied in order
to extend the lifetime of corroded pipelines with part-wall
metal loss defects. This repair is very quick because no
welding is required and therefore destruction of the original
structure and stress concentration are avoided /4-7/. Also, a
corrosion-resistance added to better fatigue properties are
also offered, compared to the other methods, /8/.

To be noted is that synthetic composite repair systems are
particularly interesting in environments where any repair
method using equipment that may produce heat and/or sparks
is forbidden (such as hydrocarbon atmospheres on offshore
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platforms). The synthetic composites have also been chosen
due to lightweight, high strength and stiffness, excellent
fatigue properties, and good corrosion resistance, /9-10/.

Although products made by different companies and
research institutes exhibit widely varying performance, in
general, a synthetic composite material repair system
includes the following three parts: (i) a high-strength FRP
composite wrap/clamp; (ii) a high-performance adhesive;
and (iii) a high-compressive infill material.

In this paper, we focus to present a new patch made of
biocomposite, where several research studies focus on the
replacement of synthetic composite by eco-composites based
on natural fibres. This interest is justified because of their
widespread availability, lightness, strength, biodegradabil-
ity, sustainable and renewable nature, in addition to their
high specific modulus and low cost, low wear of tooling, skin
irritation, and environmental-friendliness, /11/.

Reparation of the corroded pipe using the synthetic com-
posite- or biocomposite patch is considered as reinforcement
which permits the continuation of its operation by avoiding
the failure of pipe under internal pressure. The composite
patch replaces lost thickness by corrosion. The resistance is
increased and pipe failure is then avoided. It is important to
know that a pipeline with corrosion defects can continue to
operate if Maximum Allowable Operating Pressure (MAOP)
passes the reliability assessment by determining the failure
pressure, /12-14/. Various models as in the American Society
of Mechanical Engineers (ASME) B31G standard /15/, the
computer code ‘modified B31G’ /16, 17/, and the DNV-RP-
F101 standard /18/, have been used widely for assessing of
defects in determining the failure pressure in pipelines. Previ-
ously mentioned literature shows that this recommended
practice gives conservative results in terms of the estimated
failure pressure, /19/.

Finite element analysis (FEA) as a useful tool has been
utilised in demonstrating the accurate limit loads of pipelines
with or without corrosion defects. The 3D nonlinear finite
element analysis can predict the burst pressure and burst
failure location of the cylindrical shell, based on the plastic
instability failure criterion, /20/. Also, FEA is capable of
analysing more complex shapes and situations such as multi-
ple corrosion defects and complicated corrosion defects,
21/. Accordingly, the theoretical development of the finite
element method (FEM), numerical simulation is used to
examine the local details of the structure, /22/. Bipul et al.
/23/, confirmed that the conventional VVon-Mises stress-based
approach and design equations can reasonably be used for
predicting burst pressures in pipelines with corrosion only
defects. However, the fracture mechanics approach is
required for pipelines with crack-like defects and crack-in-
corrosion defects at various crack depths and crack lengths.

The principal aim of this study is to design a composite
system to repair a corroded pipe incorporating design require-
ments, material selection, and installation techniques. The
design requirements for this effort were to ensure that the
Von Mises stress due to internal pressure remains below the
circumferential ultimate true stress of 631 MPa.

To do that, a corroded pipeline with a single corrosion
pit is investigated using a nonlinear finite element method,
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and effects of length, width, and spacing of corrosion pits of
the failure pressure are discussed. Some results were com-
pared to the RSTRENG method and previous experimental
data. Then the same assessment using FEA was conducted
on the corroded pipe, reinforced by a synthetic composite
and biocomposite patch. The necessary thickness and number
of plies to avoid pipe failure have been determined. The opti-
misation of repair parameters such as types of reinforcement
and fibre orientation are considered within developed FE
models.

PROBLEM AND RESOLUTION METHODOLOGY

At an LPG plant in the west of Algeria, after 40 years of
operation, the pipelines of the flare system have corroded.
Figure 1 illustrates the corroded areas. Reparation has been
done by reconstitution of the surface by applying Belzona™
on corroded area as a recovery of lost metal. It is to be noted
that the Belzona reparation is used just to reconstitute the
affected area of the pipe by corrosion. It is considered as a
coating used to stop the corrosion mechanism and protect
the pipe. In the area with an important loss of metal charac-
terised by a high wall thickness (WT), reinforcement by
welding a plate has been done as shown in Fig. 2. This classi-
cal reparation method has been used as a coating in order to
preserve the pipe and stop the corrosion process. For the rein-
forcement with plate, the flare system was stopped, causing
the shutdown of the plant.

The prediction of failure pressure for the corroded cylin-
drical pipe before and after repair is critical to the reliability
of natural gas transmission. In this order, a nonlinear numer-
ical solution is developed for the repair of corroded pipelines
without stopping operation and production loss. To achieve
this goal, the following steps were taken:

- creation of an FEA corrosion model of a pipe X60, where
the dimensions are similar to the pipe geometry used in
the oil and gas plant (Figs. 1 and 2);

- the prediction of the failure pressure in the corroded pipe
using nonlinear FEA is based on von-Mises yield criterion
and some results are compared to the RSTRENG method
and previous work, /24, 25/;

- study and discussion of the effects of length, width, and
spacing of corrosion pits on failure pressure;

- prediction of failure pressure assessment for the corroded
pipe reinforced with a composite patch;

- determination of the number of patch composite plies
needed to avoid pipe failure.
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Figure 1. Corrosion of the flare system pipeline (LPG plant).
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Figure 2. Reparation of the corroded area.

FINITE ELEMENT MODELLING

Pipe geometry and material properties

In the present study, the estimation of failure pressure in
the corroded pipeline under internal pressure is estimated
using Abaqus/Standard® module.

A pipe of 508 mm in diameter and 5.7 mm wall thick-
ness made of X60 steel is considered, where the material
properties are illustrated in Table 1.

The aim of this step of the present study is to acquire
results from a full scale rupture test of the pipe with an
artificial corrosion defect, where flat-bottom corrosion and
a uniform depth are applied at the centre of the corrosion.
The dimensions of the pipe and defects are modelled as
shown in Fig. 3. As shown in Fig. 4, the corroded pipe is
analysed. In both cases, the corrosion is applied on outer
pipe surface with smooth edges. Pipe and defect dimensions
are summarized in Table 2.

Table 1. Properties of pipe steel X60, /23/.

Property Value
Density, p (kg/m®) 7850
Modulus of elasticity, E (GPa) 207
Poisson's ratio, v 0.30
Yield strength, ov (MPa) 435
Ultimate tensile strength, cu (MPa) 631

Table 2. Pipe dimensions and defect geometries.

Geometry Value
Pipe diameter D (mm) 508
Wall thickness, t (mm) 5.7
Corrosion depth, d (mm) 2.016
Corrosion length, | (mm) 200
Corrosion width, w (mm) 30

Detal D
Figure 3. Sectional view of pipeline with corrosion defect (not to
scale).
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Figure 4. Sectional views of pipeline with corrosion defect (not to
scale): a) cross-section through centre of corrosion; b) longitudinal
section through centre of corrosion.

The affected area is characterised by a rectangular form
in this study. Most important is to take the maximum depth
of the corroded area during the assessment (2.016 mm in
our case). The pipe is used to transport clean and non corro-
sive gas. So, there is no internal corrosion. This has been
confirmed during pipe thickness measurement at preventive
inspection.

FE modelling and boundary condition

The finite element method (FEM) is considered to investi-
gate the prediction of failure pressures of the corroded pipe.
In our study, the finite element program ABAQUS® is used to
model the corrosion defect and predict failure pressure based
on average circumferential tensile test results, /26/.

In our model, as shown in Fig. 5, only half of the pipe is
considered in order to take profit of the symmetry and reduce
computation time. At the left end of the pipe, the boundary
condition is applied symmetrically, and the point is fully
restrained. Under applied loading, model stability is then
ensured.

The internal pressure of the pipe is the applied loading,
An equivalent axial load is simulated and supposed to be
applied on the right end of the pipe.

a)
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Figure 5. Boundary conditions and loading on the corroded pipe:
a) applied loading; boundary conditions: b) symmetrical;
c) bottom point fully restrained.

In our FE model, the pipe outer and inner diameters are
equal to D, and Dj, respectively. When the pipe is subjected
to internal pressure P, the equivalent axial load is calculated
using the axial tensile stress as follows:

D?

D§ - D7

In this study, mesh sensitivity of our FE model is ana-
lysed regarding the number of plies and the variation of
global nodes as illustrated in Figs. 6 and 7. According to
Fig. 7, we conclude that the estimated von Mises stress is
the same for models with 3 to 9 plies. The mesh is the finest
at the area of the corrosion defect and is progressively rare-
fied starting from the defect along the longitudinal and cir-
cumferential directions (Fig.8). The optimal number of
models is about 120 000.

According to the study of Fekete and Varga /25/, the
lengths L of the FEA models have to be set in such manner
to avoid local perturbation of the stress state. After the Lmin
longitudinal distance (damping distance), the effect of this
perturbation still occurs but is not significant. This Lmin
distance is estimated using the following equation:

1 d
Ly == +—+/Ditl ,
min 2 t

)

O-tzp

)

where: Lmin-length of corrosion; d-depth of corrosion; t-thick-
ness of pipe wall; D-diameter of pipeline.

For nonlinear FEA, we have used the Ramberg-Osgood
equation, Eq.(3), from engineering stress-strain data in order
to obtain the true stress-strain data:

n-1
o o o
22

We have employed = 1.75 and n = 9 and obtained the
true stress-strain curve using a linear connection method.
This true stress-strain data curve, representing elasto-plastic
behaviour, is inserted into FE models to obtain the nonlinear
analysis.

RESULTS AND DISCUSSION

®)

Mesh sensitivity study

The number of elements in the model is increased by
introducing more plies and calculating the corresponding
von-Mises stress. When there is no change in the calculated
von-Mises stress, we have considered that the corresponding
meshing is enough for an accurate result.
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According to the number of plies

Variation in the number of plies does not impact the
obtained results since the von-Mises stress calculated is the
same as shown in Fig. 6.

Mesh Sensitivity
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Figure 6. Von Mises stress calculated Vs. Elements number
through thickness.

By limiting the number of plies, calculation time is signifi-
cantly reduced. A reduction ratio of more or less 50 % is
obtained.

According to the global seed

We have varied the global nodes from 35 to 12. It has
been observed that from a global node of 13 and less, there
is no change in von-Mises stress. The corresponding mesh
contains approximately 110 000 elements. Mesh sensitivity
regarding the variation of global nodes is illustrated in Fig. 7.

Defect width

From the existing models for burst pressure prediction of
a corroded pipeline, we have noted that only length and depth
of corrosion are employed in the calculation. Conventional
FE analysis performed in developing the models showed no
effects of defect width, /26/. As a result, the corrosion width
is not used.

640

121139

110380

630

56619
51200

Max Von-Mises Stress (MPa)
Number of elements

0 10 20
—— Global seed
Figure 7. Von Mises stress vs. global seed and element number.

30 40

Figure 8. FE applied mesh.
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A calculation of defect width is done to confirm this con-
clusion. The study concerns a corrosion defect of uniform
depth modelled using FEM to estimate the max von-Mises
stress. The corrosion defect model (45 % WT) is subjected
to an internal pressure of 9.47 MPa. The obtained results
are illustrated in Fig. 9. Referring to the figure, we conclude
that there is no impact of corrosion defect width variation
on the maximal calculated von-Mises stress. So, the failure
pressure remains the same, and no change is noted for any
corrosion defect width.

_ =l=VMS Min —¢— VMS Max
T 750
=
Z oo —+— & &
L]
[
5 450
W
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8 300
2 150 -—
E I\./.*— —3
0
20 a0 60 80 100
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Figure 9. Corrosion width ratio vs. calculated von-Mises stress.

Failure pressure prediction and validation of FE model

For the corrosion modelling, a set of five longitudinally
aligned simulated corrosion defects (grooves) of uniform
depth are modelled using FEM to predict failure pressures.
The evaluation concerns pipes with 200 mm long corrosion
defects and depths of 22 %, 45 %, 61 %, 66 %, and 70 %
WT, corresponding to experimental defect geometry consist-
ing of a rectangular groove with a radius at corners, /27/.

Figure 10 shows a typical corrosion defect model (61 %
WT) subjected to internal pressure of 7.3 MPa.

When the stress at defect bottom reaches the circumfer-
ential ultimate true stress of 631 MPa, the initiation of failure
occurs, and the prediction is done. Failure pressure is indi-
cated by the intersection between the maximal von Mises
stress and ultimate true stress, as illustrated in Fig. 11.

From the curves in Fig. 11, we obtain failure pressures of
the pipe under internal pressures. Failure pressures are 6,
6.6, 7.3, 9.47, and 12.2 MPa, for corrosion depths of 70 %,
66 %, 61 %, 45 %, and 22 %, respectively.

The confrontation of the above results with those obtained
experimentally by Bedairi et al. /24/ has been done and is
illustrated in Fig. 12.

+1.488e+02
+1.050e+02

Figure 10. The 61 % WT corrosion defect model (effective stress
contours, 7.3 MPa internal pressure).
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Figure 13. Prediction of failure pressure by nonlinear FEA
validated by RSTRENG method results.

Failure pressures of the corroded pipe are practically the
same for corrosion depth ranging from 40 % to 70 %.
Between 22 % and 40 %, there is a small difference. From
this comparison, we can conclude that the proposed model
in this study is validated and will be considered during the
step related to pipe repair by patch reinforcement.

Failure pressure has also been predicted in this study by
using the RSTRENG method. It is noted that, in general,
the RSTRENG predicted failure pressure values are consist-
ently lower than those predicted using the FE method. Figure
13 shows this statement and confirms the above findings
reported in a lot of literature. This is another validation of
the model proposed in the present study.

The calculations permit to conclude that there is no fail-
ure of the corroded pipe reinforced by composite patch (even
for a WT of 70 %). This efficient reparation permits a safety
pipeline operation.

Reparation by reinforcement of the corroded pipe

As mentioned in different studies and research, the repair
of corrosion and cracks requires labour, time, and expense

STRUCTURAL INTEGRITY AND LIFE
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if we decide to use the classical method of reparation based
on the replacement of the damaged pipe.

For this reason, the second part of our study involves the
analysis of corroded thin-walled metallic pipes reinforced
with composite patches. The goal is to propose reinforce-
ment of the damaged area by a composite patch and estimate
the necessary geometry and material to avoid pipe failure.

Patches proposed for these reinforcements are made from
synthetic composite (glass fibre and epoxy resin), /28/, and
biocomposite (polyester reinforced with natural fibres: poly-
ester/jute). Mechanical properties and geometrical dimen-
sions of both adhesive and patches are shown in Table 3.

Table 3. Mechanical properties and dimensions of synthetic and
biocomposite patch.

Mechanical
properties

Thickness|Length
(mm) | (mm)

E1= 148000 MPa,
E2 = E3 = 9200 MPa
100 vi2=0.27, via=v23 = 0.3
Gi2 = G13 = 5300 MPa,
G23 = 2300 MPa

Synthetic 0.4
composite

E1=4500 MPa,
E2> = E3 = 5000 MPa
100 viz2 = 0.24, viz = v23 = 0.27
G12 = Gi13 = 1450 MPa,
G23 = 1960 MPa

Bio 1
composite

Adhesive 0.2 100 Ec = 2250 MPa, vc = 0.3

Reinforcement by synthetic composite patch

The corroded pipe model considered in this analysis is
submitted to internal pressure of 9.47 MPa and 45 % WT,
which gives a corrosion thickness equal to 2.565 mm.

The maximal von-Mises stress is calculated for five stack-
ing sequence repaired pipe models (Table 4).

Table 4. Stacking sequences of synthetic composite patch.

Stacking sequence Orientation angle
Seq 1 [0°/90°/0°]
Seq 2 [0°/90°]2
Seq 3 [[0°/90°]2/0°]
Seq 4 [0°/90°]3
Seq 5 [[0°/90°]5/0°]

Stacking sequence synthetic patch effect on von-Mises stress

Below is the result obtained for the model with a Seg2
patch. Figure 14 illustrates the von-Mises stress obtained.
For the pipe, the maximal Von Mises stress obtained is
452.4 MPa, representing 71.7 % of average ultimate true
stress (631 MPa). Then, the failure of the repaired part will
not occur at the internal pressure of 9.47 MPa.

For the other models, Table 5 presents results obtained
for different stacking sequences. These results are repre-
sented and compared to the corroded pipe in Figs. 15 and 16.
Other stacking sequences can also be considered and used.

Table 5. Maximum Von-Mises Stress of the repaired pipe.

Stacking Sequence Seql|Seq2|Seq3 | Seq4 | Seq5

Max Von-Mises Stress (MPa) | 481 | 466 | 452 | 444 | 437
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Figure 14. The 45 % WT corrosion defect model repaired with
Seq2 patch.
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Figure 15. Maximal von-Mises stresses of corroded pipe
compared to the repaired pipe.

650

550

450

350

0 50 100 150 200 250 300

Length (mm)

Corroded pipeline = Rep pipe (1.2mm)
Rep pipe (1.6mm) —— Rep pipe (2Zmm)
Rep pipe (2mm) Rep pipe (2.4mm)
Rep pipe (2.8mm)
Figure 16. Comparison of von-Mises stress for corroded and
repaired pipe.

Maximum Von Mises Stress [MPa]

Reinforcement by composite patch gives good results, but
these are not guaranteed over time with the degradation of
mechanical properties of composites under the effect of mois-
ture absorption. Two solutions are proposed to avoid this risk:
- replace the patch after a limited period, depending on the

mechanical properties degradation caused by the moisture

absorption;
- provide a patch with an additional thickness.

Effect of increasing internal pressure

The aim of this step of our study is to determine the limit
of reinforcement given by repairing the corroded pipe using

STRUCTURAL INTEGRITY AND LIFE
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the patch. The model of a pipe with a Seql patch of 1.2 mm
in thickness and subjected to internal pressure of 9.47 MPa
is considered. Internal pressure increases by a successive
rate of 10 %, and corresponding von-Mises stresses are cal-
culated. The results are illustrated in Table 6.

Table 6. Maximal von-Mises stress of the repaired pipe.

Internal pressure |1xPint|1.1xPint|1.2xPint|1.3%Pint| 1.4xPint| 1.5%Pint
(MPa) 9471042 | 11.4 | 1231 | 13.26 [14.21

von-Mises stress | ya1 | 591 | 546 | 572 | 594 | 610
(MPa)

Reinforcement by synthetic composite patch

For the biocomposite patch, we have varied patch thick-
ness and calculated the equivalent maximal von-Mises stress
in the corroded area. We obtained the following results for
the internal pressure loading of 13.26 MPa, given in Table 7.

Table 7. Maximal von-Mises stress of pipe repaired by
biocomposite patch.

BC patch thickness (mm) 2 1 3]4]6]8]10
Max Von Mises Stress (MPa) |630|604|591|575|565|553

Interpretations

« The evolution of von-Mises stress is identical for corroded
and repaired pipe. Maximal and minimal von-Mises stresses
are present in the same area for both corroded and rein-
forced pipes.

« The maximal values are obtained in the corroded area,
i.e., where there is a loss of material equal to 45 % of the
pipe wall thickness (WT).

- With reparation by patch, there is a significant reduction
of von Mises stress on the pipe. The maximal values do
not reach 500 MPa. This von-Mises stress decrease is equiv-
alent to more or less 20 %. Pipe failure is then totally
avoided.

« When patch thickness or number of patch layers increases,
the pipe's resistance to failure also increases, confirming
the efficiency of this reparation type. An analytical corre-
lation between the plies number (patch thickness) and
corrosion wall thicknesses can be done. Obtaining these
results optimizes the repair of corroded pipes and provides
support for the maintenance department.

- Reparation by a synthetic composite patch of 1.2 mm thick-
ness offers a real reinforcement for the corroded pipe by
increasing resistance to failure. The same reinforcement
is obtained using a biocomposite patch but of 3 mm thick-
ness which represents two and a half of the synthetic
composite patch thickness offering the same resistance to
the corroded pipe.

« The obtained results show a maximal von-Mises stress of
610 MPa for an internal pressure of 150 % of the initial
value, i.e. failure is avoided at 14.21 MPa (1.5x9.47 MPa).

CONCLUSIONS

In this paper, a corroded pipeline with a single corrosion
pit before and after being repaired by synthetic and natural
composite fibres is investigated by using the finite element
method, and the effects of the length, width, and spacing of
corrosion pits on failure pressure are discussed.
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For the nonlinear numerical model proposed in this study,
we have considered the circumferential ultimate true stress
of 631 MPa for a 508 mm diameter and 5.7 mm wall thick-
ness pipe as the failure criteria. The failure initiation of the
corroded pipe occurred when the von Mises stress reached
631 MPa.

Corrosion defects, represented by blunt grooves (22 %,
45%, 61 %, 66 %, and 70 % WT in depth, 200 mm length),
were evaluated using the above criteria after the numerical
evaluation of von-Mises stress of the corroded pipe subjected
to different internal pressures. The results of the developed
FEM are in good agreement with experimental data.

The failure pressures predicted using FEM were consist-
ently higher than those predicted by the RSTRENG method.
This statement confirms the conservative aspect of this
method as reaffirmed in previous studies and research.

For the reparation of the corroded pipe with a corrosion
defect of 45 % WT, the reinforcement by composite patch
has been numerically analysed for five patch sequences with
different plies number and orientation angles.

The reinforcement by biocomposite is also examined and
the results obtained are very interesting after confirming that
the corroded pipe can resist when just a 3 mm natural patch
thickness is used.

At this step of elasto-plastic analysis, the numerical model
is reliable and can be employed as a basis for the prediction
of the failure pressure of corroded natural gas transmission
pipelines and optimisation of patch composite repair.
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