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Abstract: The objective of this study was to investigate the performance of pipelines repaired with
carbon-fibre-reinforced polymer (CFRP) under external pressure. The repaired pipeline experienced
defects in terms of thinning of its local inner wall. The three-dimensional finite element method
was used to analyse the collapse pressure of repaired pipes with internal corrosion defects. The
traction—separation law and interlaminar damage criterion were applied to simulate the collapse
process of repaired pipes. The results show that the collapse pressure of the composite-repaired pipe
increased and the CFRP significantly reduced the strain in the defect region. It was observed that the
ovality of the corrosion defect region was reduced and that the repair effectiveness mainly depended
on the length, thickness, and interlayer cohesion.

Keywords: repair; carbon-fibre-reinforced polymer (CFRP); pipeline; collapse; inner corroded

1. Introduction

In recent years, with the reduction in resources inland and increasing difficulties
in mining, submarine energy has been developing. Deep-sea energy mainly includes
oil, gas, and minerals, which are transported through pipelines. Pipelines are widely
used to transport deep-sea resources because of their safety and efficiency. However, the
submarine environment is complex, so pipelines can be worn thin and corroded with the
transportation of ore, which could eventually lead to the collapse of the pipeline in the
deep-sea high-pressure environment, causing serious leakage problems.

Researchers have analysed the collapse of submarine pipelines in deep-sea high-
pressure environments [1-3]. The local buckling of the pipeline occurs under high external
pressure, and this buckling would propagate along the pipeline at a high speed, resulting
in catastrophic accidents [4]. Dyau and Kyriakides and Sakakibara et al. [5,6] studied
the pipe buckling caused by local collapse and proposed an empirical analysis method
to evaluate the residual collapse pressure of an internally corroded pipeline. Netto [7]
proposed an empirical formula of pipe collapse pressure through experiments and numeri-
cal simulation data. Meanwhile, researchers have investigated the influence of different
defects. Ramasamy and Tuan Ya [8] studied the effect of dent defects on the collapse
pressure. Wang et al. [9-11] studied the influence of pipelines” external surface corrosion
on their external-pressure-bearing capacity. Through tests and program development and
calculation, it was found that random pitting corrosion increases the risk of a pipeline’s
collapse and changes its buckling shape. Moreira Junior et al. [12] studied the effects of
internal local corrosion and wall thickness eccentricity on pipeline collapse pressure. Zhang
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and Pan [13] analysed the effects of thickness eccentricity and overall ovality on pipeline
crushing pressure. In [14,15], a local corrosion model is developed, and it is found that
the defects caused by internal wear and corrosion have a great impact on the ability of a
pipeline to withstand external water pressure and axial load.

In view of the above-mentioned situations that lead to local instability of pipelines,
several researchers have put forward disaster-reduction measures for the arrestor, including
steel and composite materials [16]. In the early stage, Johns et al. [17] and Hahn et al. [18]
carried out experimental research on the influence of pipe arrestors on buckling propa-
gation, and their research proved that the arrestor can enhance the pipe’s local collapse
pressure. Kyriakides’s team has performed many experiments and analyses on the perfor-
mance of steel buckling arrestors, finding that steel ring buckling arrestors can effectively
prevent pipe buckling propagation and large area damage along pipelines. They also
found that the effect of integral buckling arrestors is significantly better than that of slip-on
arrestors. The interaction between buckling arrestors and pipes was also found to have
a significant influence on propagation pressure [19-23]. However, the arrestors can only
prevent the propagation of buckling and do not stop the collapse process. Once the pipeline
collapses, it needs to be replaced to restore it to its working capacity but doing so is expen-
sive. If effective measures can be taken in time to repair the pipeline, large area damage
and high maintenance costs can be prevented. The study of deep-water pipeline repair is of
great significance. Common repair methods of deep-water pipes include welding, grouting,
sleeves, and composite materials [24-28].

At present, methods of repairing defective pipelines mainly involve cutting the dam-
aged pipe section and replacing it, which is expensive and unsafe. Several experiments
have found that the effect of the CFRP is better than that of GFRP when repairing pipes of
the same size, but the tensile strength of GFRP is lower than that of the CFRP [29,30]. Sev-
eral studies have been carried out to provide a reliable experimental and theoretical basis
for CFRP pipeline repairs. It has been found that the CFRP has advantages in terms of high
specific strength and stiffness and performance weight ratio [31,32]. Meanwhile, the bond-
ing of CFRP and pipelines could improve pipelines’ pressure capacity [33], increase their
ability to resist the lateral impact [34,35], strengthen the pipeline weld [25], and enhance the
stability of its tubular structure [36] and the bearing capacity of the pipeline axial force and
bending moment. Using their developed numerical model, Mokhtari and Alavi Nia [37]
found that the repaired pipeline can reduce the influence of the staggered soil layer on the
pipeline. Shamsuddoha et al. [38] proposed a CFRP manufacturing method and found that
the bearing capacity of the repaired pipeline was improved. Meriem-Benziane et al. [39]
studied the repair of the longitudinal crack of an API X65 pipeline under internal pressure
with CFRP and found that CFRP could effectively enhance its bearing capacity under
internal pressure, and they proposed a suitable safety evaluation method for CFRP crack
repair. The bonding mechanical properties between CFRP and steel have also been widely
investigated, with an overspread use in many fields [40] thanks to the good mechanical
properties obtained in combination with steel plates. It was found that the surface rough-
ness of the steel plate and repair environment have an impact on the bonding properties
of CFRP [41]. The steel plate repaired by CFRP has strong durability in seawater [42]; the
CFRP could repair the defected steel plate and still maintain a good repair effect in the
marine environment [43], and the ultimate strength of cracked structures can be restored
by CFRP [43]. In conclusion, CFRP is suitable for repairing deep-water pipelines.

Nevertheless, the research on improving the structural strength using CFRP has
not been fully optimized. Based on the test data [44], suitable numerical models for
simulating pipelines repaired by CFRP have been proposed in the literature. In this study,
the finite element method is used to determine the collapse pressure and collapse mode of
internally corroded pipelines repaired using CFRP. In addition, the mechanism of CFRP
repairing internally corroded pipelines under external water pressure is studied. The
collapse pressure, stress, ovality, and plastic deformation of the repaired pipeline are
calculated with a numerical method. Finally, the effects of thickness and length of the
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CFRP, interlayer bonding, and internal corrosion metal loss rate on the collapse pressure
are systematically analysed.

2. Description of the Repaired Model

A three-dimensional elastic—plastic finite element model is used to simulate the col-
lapse and buckling propagation of pipelines under external pressure. This study is divided
into two parts. In the first part, a model suitable for analysing the CFRP buckling arrestor
is developed, and the feasibility and accuracy of the model are verified in relation to the
literature [44]. The second part investigates the effectiveness of CFRP on the buckling
behaviour of an annular internally corroded steel pipe.

2.1. Numerical Model

The aim of this paper is to study the repair effect of CFRP on an inner corroded
pipeline under external pressure, and the methodology followed is a simulation experiment.
ABAQUS/Standard code [45] was applied for investigation; steel pipe and CFRP were
modelled using brick elements C3D8R (8-node linear brick).

For the loading, based on the requirements of the experiment, the continuous water
injection in the pressure vessel was simulated using numerical simulation technology. As
the internal water pressure increases, the pipeline collapses, and the water pressure in
the pressure vessel drops. Loading continued until the water pressure was steady. The
keyword “FLUID FLUX” was used to simulate the process of continuous and uniform
water injection and pressurization in the pressure vessel.

For boundary conditions, the pressure vessel was fixed, and the sides of the steel pipe
were set to be symmetrical along the X-axis (XSYMM: Ul = UR2 = UR3 = 0) and along
the Y-axis (YSYMM: U2 = UR1 = UR3 = 0). The end of the steel pipe was set to be hinged,
allowing axial movement along the pipe. The displacement in the remaining directions
was 0. The pipe section at the defect and the section of the CFRP were set to be symmetrical
along the Z-axis (ZSYMM = U3 = UR1 = UR2 = 0).

The steel is elastic—plastic material. When the element stress is less than the yield
stress, the pipeline is in the elastic stage, and the stress—strain slope is Young’s modulus E.
When the element stress is greater than the yield strength, the steel is in the plastic stage.
The element will incur plastic deformation. The pressure vessel adopts rigid body.

First, to verify the accuracy of the model, we used the same material property parame-
ters as the test group 28D 2. As shown in Figure 1, the CFRP was located at 1/3 and 2/3
of the stainless-steel pipes, with the pipe diameter D = 25.4 mm and the wall thickness
t = 0.9 mm, respectively. An initial defect in the shape of the dent was generated at the
position 6D away from the end so that the collapse position of the pipe would start from
the end. To apply dents, the pipe was clamped in the jaws of a universal testing machine
and a rigid semi-circular rod of the same diameter was gradually pressed to produce an
ovality ratio of less than 1% A. The defects were quantified by measuring the maximum
and minimum diameters (D¢ and D,,;,,) of the dented pipe and measured by the ovality
that Ag indicates: Ag = (Dyax — Diin)/ (Dimax + Diin)-

A dent with an ovalityAg less than 1% was also introduced into the numerical model,
as shown in Figure 1. The effect of CFRP on the propagation pressure is the goal of this
study. The initial defect was only to ensure that the collapse position started from one end,
so the residual stress effect of the dent defect in the test can be ignored. When the accuracy
of the model was verified, the symmetrical model was used to save the calculation cost, as
shown in Figure 2.

Then, a model was established to investigate the mechanism of CFRP in repairing
corroded pipelines. Pipelines are corroded internally, and local pipe walls are thinned. As
shown in Figure 2, the CFRP wrapped around the local defect. The outside of the pipe was
evenly subjected to external pressure. The repair effect and mechanism of the CFRP arrestor
on internally corroded pipes were studied by numerical simulation. Figure 2 illustrates the
geometric features, where the pipe length is 1 m, D is the pipe diameter (D = 25.4 mm), t is
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the thickness of the pipe wall (f = 0.9 mm), L is the longitudinal length of the CFRP, . is
the wall thickness at the pipe defect, w is the longitudinal length of the defect, and h is the
thickness of the CFRP. Pipelines were not subjected to internal pressure.

Carbon fibre reinforced polymer

Initial defect /\
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Figure 1. Comparison of experimental (up) [44] and numerical models (down).

t}L_lg

Internal corrosion

\

Steel pipe Carbon fibre reinforced polymer External pressure
(CFRP)
| |

Figure 2. Schematic diagram of internal defects and repaired pipeline.

2.2. Adhesive Model

In this study, the CFRP was first subjected to external water pressure and then sep-
arated from the pipe when buckling propagation occurred, as shown in Figure 3a. As
can be seen from Figure 3b, when the pipe buckling propagates across the CFRP, the pipe
cross-section is U-shaped. There is a large gap between the pipe and the CFRP; thus, it
can be inferred that the failure mode of the interlaminar bonding is the steel-adhesive
interface failure.

Figure 3. U-shape buckling propagation through arrestor (a) Experiment result, (b) Simulation
result [44].

The interaction of pipelines with CFRP was simulated using the bond layer model
in ABAQUS®. The material parameters described in the literature were adopted for the
interlaminar bonding of the pipe [45]. Since the CFRP is subjected to external water pressure
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in this study;, if the finite thickness method in the literature is used to simulate the adhesive
layer, the calculation will not converge during the hydraulic loading process. Therefore,
the simulation method of the no-thickness adhesive layer was adopted in this study. As
shown in Figure 4, the advantage of this method is that when the CFRP layer is subjected
to external water pressure, a hard contact can be set between the CFRP and the steel pipe,
and the pressure exerted on the CFRP can be transmitted to the outer surface of the pipe,
making it more realistic to restore the process of experiments.

Zero interface

thickness
"/ . Damage Adhesive
— — B =0
\ ! initiation fail
— - T

Steel pipe CFRP
Figure 4. Schematic diagram of zero-thickness adhesive layer.

The behaviour of the adhesive layer is governed by the traction—separation law, and the
following parameters were introduced into the model: interface stiffness (behaviour before
damage), maximum stress before damage (damage initiation criterion), and the damage
evolution law in the cohesive zone. Stress was taken as the main damage initiation criterion.

Initiation of damage is assumed to begin when a quadratic interaction function in-
volving the separation ratios and stress ratios reaches a value of one. This criterion can be

represented as [46]:
2
(tn) }2+ {<ts>} N {<tt> }2_1
0 0 (= )
{ 9 t2 t0

() (8) )

where t;, t;, and t; represent the pure mode nominal stresses (mode-I, mode-II, and mode-III,
respectively), and 9, 2, and { represent the corresponding pure mode nominal strengths.
5, 5(5), Y represent the peak value of the separation distance when the normal direction or
the first and second shear directions are separated.

For uncoupled behaviour, each traction component depends only on its conjugate
nominal strain. In the local element directions, the stress—strain relations for uncoupled
behaviour are as follows [47]:

tn Kun En
ts = Kss Es 3)
t Kt &t

The quantities ¢, €, and ¢; represent the corresponding nominal strains, while K;; = E,
Kss = G, Kyt = G, E, and G are the longitudinal and transverse elastic moduli of the adhe-
sive, respectively.

The critical fracture energy input in the numerical model is the value inferred from the
currently known parameters. This value is the area of Gjy in Figure 5. The relationship of
Kss, t(S), (52, and Gy is shown in Figure 5. Table 1 shows the values introduced in ABAQUS®.
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Figure 5. Traction-separation law with linear softening available in ABAQUS® [45].

Table 1. Parameters of the traction—-separation behaviour for the cohesive elements to model the
adhesive layer [45].

Kiun 1451

Interfacial stiffness (N/mm?) Kss 537
Ky 537

t9 19.0

Damage initiation (N/ mm?) tg 19.0
£ 19.0

Damage evolution (N/mm) Gy 1.40

To simulate the mutual contact of the inner surfaces of the steel pipe after buckling, a
penalized friction formula model was adopted. In addition, a surface-to-surface master—
slave contact interaction was employed between the outer face of the pipe and the inner
face of the CFRP.

2.3. Boundary Condition

Firstly, to verify the accuracy of the model, a full-scale pipeline model was established
that was the same as the test in the literature [44], with boundary conditions that were
the same as the test, and the external pressure of the pipeline was simulated using fluid-
chamber technology. As shown in Figure 6, the one end of the model is only allowed
to move along the axis of the pipe, and the fluid chamber is restricted by all degrees
of freedom.

Dent
15\ CFRP
i Steel pipe
) \5\ _
T~ \ CFRP
- B - Pressure vessel Fixed Ul=U2=URI
— ‘\ =UR2=UR3=0
\ \
\

; A}

L,
Figure 6. Schematic diagram of the boundary conditions of the pipeline model.

In the study of corrosion repair by CFRP, a one-eighth model was established by
the method of symmetrical boundary to reduce the computational cost. As shown in
Figure 7, the pressure vessel was fixed, and the sides of the steel pipe were set to be
symmetrical along the X-axis (XSYMM: U1 = UR2 = UR3 = 0) and along the Y-axis (YSYMM:
U2=UR1=UR3=0). The end of the steel pipe was set to be hinged, allowing axial
movement along the pipe. The displacement in the remaining directions was 0. The pipe
section at the defect and the section of the CFRP were set to be symmetrical along the Z axis
(ZSYMM = U3 = UR1 = UR2 = 0).
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Pressure vessel
Steel pipe
CFRP
\ ZSYMM
\ \
|
XSYMM ‘\
YSYMM

Figure 7. The 1/8 Simplified Model Boundary Condition Diagram.
2.4. CFRP and Steel Pipes’ Properties

The material properties described in [44] were used for numerical simulation studies.
As shown in Table 2, the material of the CFRP was manufactured by the Prepreg (PP) curing
method in this paper. The steel pipe material was selected as the steel pipe property with
Coupon ID 28D2 in the text. The tests were paused at the vicinity of the yield and ultimate
points in order to capture the upper and lower yield and ultimate stresses, respectively. o™,
is the lower yield stress, o'/, is the upper yield stress, oL, is the lower ultimate stress, and
o, is the upper ultimate stress, Vr is the corresponding volume fractions.

Table 2. Steel pipe and CFRP material parameters [44].

E (GPa) 198.3
oy0.29% (MPa) 338.4
oty (MPa) 386.9
SS-304 pipeline (28D2) o', (MPa) 391.6
oL, (MPa) 658.4
o, (MPa) 678.3
Elongation at Rupture (%) 67.20%
El 132.7
E2 7.4
CFRP cl; (MPa) 1967.5
o', (MPa) 13.6
Vs 0.547

3. Numerical Method for Collapse of Repaired Pipe
3.1. Loading Regime

Based the requirements of the experiment, the continuous water injection in the
pressure vessel was simulated using numerical simulation technology. As the internal
water pressure increases, the pipeline collapses, and the water pressure in the pressure
vessel drops. Loading continued until the water pressure was steady. The keyword “FLUID
FLUX” was used to simulate the process of continuous and uniform water injection and
pressurization in the pressure vessel.

3.2. Methodology of the Present Work

This work is divided into two parts. Firstly, the pressure vessel model simulated
the collapse behaviour of the corroded pipeline before and after repair and analysed the
mechanism of CFRP repairing the pipeline. Secondly, the influence of different lengths and
thicknesses of CFRP on the collapse pressure of steel pipes was determined. Additionally,
for pipelines with different defect lengths, CFRP with different lengths was used, and the
influence of CFRP corresponding to defects of different lengths was determined.
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3.3. Pipeline Failure Criteria

The failure of the pipeline structure was judged based on the pressure change in the
pressure vessel. This judgment was performed in the same way as in the literature [8].
As the water was injected into the pressure vessel, the surface pressure of the pipeline
increased, and the deformation of the pipeline before the instability was still due to elastic
strain. When the pressure reached a critical value, such as at position 1 in Figure 8, the
pipeline was locally deformed, resulting in an increase in the ovality of the pipeline defect
position. Global buckling occurred in pipes due to local deformation. The pressure in the
vessel no longer increases, and the peak pressure is defined as the position of the pipeline
failure, which is also the maximum bearing capacity of the pipeline.

Collapse

External pressure (MPa)

Buckling propagation

1 4 —--—- Repaired
T Unrepaired

T T T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05
AV/V

Figure 8. Diagram of external pressure and interface change in the pipeline before and after repair.

With the continuous injection of water, the pipeline at the defect is the first to contact,
as shown in the cross-sectional view 2 in Figure 8. Then, the range of the pipeline instability
expands along the axial direction of the pipeline, and the pressure no longer changes
significantly, as shown in position 3. This process was referred to as buckling propagation
in previous studies. The X-axis represents the change in pipe volume. AV represents the
volume of water injected into the high-pressure vessel. V represents the internal volume of
the pipe.

3.4. Model Verification and Mesh-Size Sensitivity

First, to verify the accuracy of the model, the same full-scale pipeline model as the test
in [44] was established, and the buckling propagation and buckling crossing phenomena
of the pipeline under the action of external pressure were observed. Figure 9 shows the
comparison between the experimental results and the numerical simulation results. The
numerical simulation reproduces the experimental situation well. The buckling of the
pipeline passes through Al and A2 successively, and the section of the pipeline presents
a dumbbell shape during the propagation process and a U-shape when it passes through
the CFRP.

Based on the numerical model described above, the collapse pressure was compared
with Mahmoud’s experimental results [44]. It can be observed from Table 3 that the
predicted collapse pressure is in good agreement with the experimental results, and most
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of the errors are within £5%. In the following sections, the numerical models are applied
for parametric studies. o, is the lower yield stress, and o'/, is the upper ultimate stress.

AN
CFRP (A1) CFRP (A2)
N Pl

Figure 9. Comparison of experimental results [44] and numerical simulations.

Table 3. Comparison between the numerical simulation and experiments in the literature [44].

Exp. ID E (GPa) oy 0.2% (MPa) oL, (MPa) oY,(MPa) CFRPID  h/t L/ID Px; (MPa)  Pxs (MPa)  Error (%)
1_Al 2 2 5.30 5.53 4.34
28D1PPF1 196.2 341.2 387.7 672.2 1_A2 2 2 7.00 7.21 3.00
1_A3 2 2 6.50 6.68 2.77
wome  wma | 964 wes  ema DAL 12w em o210
h is the thickness of CFRP, ¢ is the thickness of the pipe wall, L is the longitudinal
length of the CFRP, D is the pipe diameter, Py; is the result of experiment, Pxg is the result
of numerical simulation, Error is the deviation between numerical simulation and test
results, and Error = (Pxs — Px;) * 100%/ Px;.
A meshing method with high accuracy and low computational cost was found through
the different meshing of the model. Based on the geometry and loading characteristics, a
1/8 model was established to investigate the collapse pressure of the repaired pipes under
external pressure. Mesh independence was determined before model verification, and
the collapse pressure was used as the index of convergence. The results are summarized
in Table 4, and the meanings of each parameter are shown in Figure 10: N}, is the mesh
number in the hoop direction of the concrete jacket, N; is the mesh number in the thickness
direction of the CFRP and the steel pipe, S, is the element size in the axial direction, and
P, is the collapse pressure.
Table 4. Mesh convergence test.
No. N, N, s, Element Nu'mber Element Number Element P.,/MPa Errorl%
of Steel Pipe of CFRP Number Total
1 10 1 2 2900 130 3030 533 -7.79
2 10 1 4 1450 60 1510 4.98 —13.84
3 10 1 6 970 40 1010 6.11 571
4 20 2 2 11,600 520 12,120 5.76 -0.35
5 20 2 4 5800 240 6040 592 2.42
6 20 1 6 1940 80 2020 5.75 —0.52
7 30 2 2 17,400 780 18,180 5.77 -0.17
8 30 2 4 8700 360 9060 5.75 —0.52
9 30 1 6 2910 120 3030 6.03 4.33
10 40 2 2 23,200 1040 24,240 5.75 -0.52
11 40 4 2 46,400 2080 48,480 5.70 —1.38
12 40 4 1 92,800 4000 96,800 5.78 0.00
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Mesh number in the
hoop direction (N},)

Mesh size in the axial
direction (S,) Mesh number in the /

thickness direction (N,)
Figure 10. Schematic diagram of meshing.

It was observed that when the number of elements was increased from 9060 to 96,800,
the collapse pressure deviation remained at 1%. Considering the accuracy and computa-
tional cost, No. 4 was used for further analysis.

4. Results and Discussion
4.1. Stress Response under Ultimate External Pressure

CFRP significantly improves the pipe stress distribution and increases the maximum
stress. In most cases, the occurrence of pipeline collapse is due to excessive stress in one
or more locations. When the local stress of the pipeline exceeds the yield strength of the
material, large deformation occurs in this part of the region. The deformation is generally
caused by a small range of deformation, which drives the surrounding steel pipe to collapse
in a larger area. The pipeline is subjected to external water pressure. Initially, due to its
radial stiffness, the pipe can resist a part of the unstable force caused by the external water
pressure due to the imperfect shape of the steel pipe.

However, when a large area of deformation occurs, the radial stiffness of the pipeline
decreases and is not enough to support the external pressure; therefore, the pipeline
becomes unstable, resulting in collapses. As shown in Figure 11, when the pipe is not
repaired, the maximum stress of the steel pipe is located at the centre of the defect, reaching
390 MPa, which is similar to the yield strength of the steel pipe material.

Point stress
385.2MPa

S, Mises

L e e e e (Avg: 75%)
+3.900e+02
+3.584e+02
+3.267e+02
+2.951e+02
+2.635e+02
+2.319e+02
+2.002e+02
+1.686e+02
+1.370e+02
+1.054e+02
+7.376e+01
+4.214e+01
+1.052e+01

Max stress point
390.0MPa

Figure 11. Stress distribution of the pipeline at the collapse pressure (unrepaired pipe).

The defects on the junction of the inner side of the steel pipe and the pipeline also
have a large stress concentration, reaching 385.2 MPa. It can be seen that the collapse of
the steel pipe is closely related to the yield strength of the steel pipe, and the authors of [5]
have provided similar explanations. Figure 12 shows the stress distribution of the repaired
pipeline at the maximum external water pressure. It can be seen from the highlighted areas
in Figure 12 that the maximum stress on the pipeline reaches 408.5 MPa, which exceeds the
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yield strength of the steel. Similarly, there is stress concentration at the inner junction of
the steel pipe, but the stress is smaller than it is for the unpaired pipeline, and the range of
stress concentration is significantly larger than it is for the unpaired pipeline. The CFRP
can effectively limit the local deformation of the pipeline and disperse the stress inside
the pipeline.

Point stress
372.5 MPa

S, Mises

(Avg 75%)
+4.085e+02
+3.765e+02
+3.445¢+02

Max stress point
408.5MPa

+3.125e+02
+2.305e+02
+2.485e+02

+2.166e+02
+1.346e+02
+1.526e+02
+1.206e+02
+8.861e+01
+5.662e+01
+2.464e+01

Figure 12. Stress distribution of the pipeline at the collapse pressure (repaired pipe).

To further study the repairing effect of CFRP on steel pipes, the stress distribution of
carbon fibres was independently analysed. It can be seen from Figure 13 that when the
external water pressure reaches 8.12 MPa, the stress above the middle of the defect and
at the junction are larger than the unpaired pipelines, but both are significantly smaller
than the failure strength of CFRP, while the interaction force between the steel pipe and the
CFRP is uniform. As the pressure increases to 10.14 MPa, the maximum stress of the CFRP
reaches 1650 MPa (less than the ultimate stress 1967.5 MPa), and the CFRP is damaged
and deformed. The local failure of the CFRP is an important reason for the instability of
the pipeline.

CFRP
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SPOS, (fraction = 1.0)

(Avg 75%)
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S, Mises
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+4.120e+01
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+6.392e+00

Figure 13. CFRP stress distribution diagram at limit state.

The influence of the interaction between the CFRP and steel pipe on the crushing
pressure was further analysed through interlayer bonding. It is shown in Figure 14 that
when the external pressure is 8.12 MPa, although the interlayer bonding is damaged, the
stiffness of the bonding layer does not decrease, as shown in Figure 15.
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Figure 14. Quadratic displacement damage initiation criterion for cohesive surfaces.

—_—

+3.729%-01
+3.418e-01
+3.107e-01
+2.797e-01
+2.436e-01
+2.175e-01
+1.864e-01
+1.554e-01
+1.243e-01
+9.322e-02
+6.215e-02
+3.107e-02
+0.000e+00

External pressure = 8.12MPa s 10.14MPa

Figure 15. Scalar stiffness degradation for cohesive surfaces.

When the external water pressure reaches the collapse pressure, a large area of bonding
failure occurs in the centre of the defect, and the failure rate reaches 100%, while the
stiffness damage only occurs in the middle position, and the damage degree reaches 37.29%.
Therefore, the decrease in the stiffness of the interlayer bonding layer is an important factor
that causes the local instability of the pipeline, and the ultimate bearing capacity of the
repaired pipeline can be improved by improving the ductility and the maximum-failure
tensile strength of the interlayer bonding.

The effect of the interlayer adhesion on the steel pipe was analysed above, and the
interlayer contact was analysed to further determine the mechanism of the CFRP on the
steel pipe. When the pressure was 5.68 MPa, the deformation of the steel pipe was small,
and the contact stress with the CFRP was concentrated in the red box in Figure 16, which is
the junction between the internal corrosion defect and the complete pipe section.

CPRESS
+3.148e+00
+2.873e+00
+2.598e+00
+2.323e+00
+2.048e+00
+1.773e+00
+1.498e+00
+1.222e+00
+9.473e-01
+6.722e-01
+3.971e-01
+1.21%-01
-1.532e-01
-1.533e-01

External pressure 5.68MPa —— 8.12MPa ——  10.14MPa

Figure 16. Interaction stress diagram at the limit state.

This stress concentration is mainly due to the deformation in the middle of the defect,
and the steel pipes on both sides are in contact with the CFRP first. Since the elastic
modulus of the CFRP is larger than that of the steel pipes, there is a large contact force at
the junction. Figure 16 shows that when the pressure is increased to 10.14 MPa, the central
part of the defect is obviously concave and deformed under collapse pressure, the defect is
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protruded outward as a whole, and more than half of the large area contact force appears.
The CFRP limits the deformation of the pipeline very well.

The position of maximum contact force is located at the junction of the defect and
the pipe section. Therefore, the effect of the CFRP on the pipeline is mainly to limit the
deformation at the junction of the defect and the complete pipe segment through the contact
force, increasing the local radial stiffness of the pipeline. Defective pipes with internal
thinning are restrained from deformation by contact between the CFRP and the steel pipe.

4.2. Stress—Time History Response Analysis

In this section, the repairing effect of CFRP on steel pipes is investigated by analysing
the stress changes in the pipes during the test. Figure 17 shows the 1/4 section of the steel
pipe. In Figure 18, the relationship between the two and the effect on the collapse pressure
of the pipe are explored through an analysis of the maximum stress and maximum ovality
of the pipe. The ovality is defined by the following formula:

Rmax - Rmin
A= —"——"""—x100% 4
Rmax Rmin ( )

where Rpmax represents the maximum radius of the pipeline, and Ry, represents the
minimum diameter of the pipeline. The initial ovality at the pipe section is 1%.

S, Mises
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+1.846e+02
+1.526e+02

+1.2066+02
[ +8.861e+01

+5.6626+01

+2.464e+01 Rmax

Figure 17. Schematic diagram of ovality. Where t is the thickness of the pipe without defect, and ¢, is

the pipe wall thickness at the local defect location.

CFRP significantly enhances the external pressure resistance of the pipeline and
reduces the ovality when the pipeline is crushed. As shown in Figure 18, the maximum
stress and ovality of the steel pipe before and after repair both increase with the increase
in external pressure. Before the repair, when the external pressure reached 7.84 MPa, the
ovality in the middle of the pipeline defect was 4.08%, and the maximum stress of the
repaired pipeline reached 404.67 MPa, which was higher than the maximum stress of
385.18 MPa before the repair. Therefore, when the external pressure reached 10.15 MPa, the
local stress of the repaired pipeline exceeded the yield strength of the steel pipe material.
However, there is no large-scale collapse due to the limitation in CFRP. According to
previous studies, the collapse pressure of the pipeline is positively correlated with the
ovality. Therefore, CFRP increases the radial stiffness of the pipeline and the stability of the
defect parts, limits the deformation of the steel pipe, and improves the overall stability of
the pipeline.

In the above analysis, it was found that the maximum stress of the repaired steel pipe
does not increase uniformly with the increase in the external pressure. To explore this
phenomenon and make corrections to the future CFRP manufacturing process, this section
analyses the change in the maximum stress point of the steel pipe.
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Figure 18. Variation of maximum stress and ovality with external pressure.

As shown in Figure 19, the external pressure-stress curves for points one, two, and three
are extracted, respectively. It can be found from Figure 20 that the initial stress concentration
of the steel tube occurs at point one. This shows that when the external water pressure is
small, the middle position of the pipeline defect is most prone to deformation. Currently, the
interaction force between the CFRP and the steel pipe is still very small. When the external
pressure is greater than 2.54 MPa, the maximum stress of the steel pipe appears at point two.
This shows that the CFRP has begun to limit the deformation of the defective pipe section.
At this time, the overall strength of the defect is increased, the defect pipeline will not have
local large deformation, and the stress concentration position will appear at the junction of the
defect and the complete pipe section. When the external water pressure is 8.9-9.9 MPa, the
maximum stress of the steel pipe changes from point two to point three. It can be seen from
Figure 20 that point three maintains a linear increase before crushing, while the stress at point
two increases at a slower rate of 8.12 MPa. This is because the bond between the CFRP and
the steel pipe is damaged, the bond force at the centre of the pipe defect decreases, and the
force on the compressed parts on both sides continues to increase. When the external water
pressure is greater than 9.9 MPa, the maximum stress of the pipeline is concentrated in the
depression in the centre of the defect position, and the stability of the steel pipe is greatly
reduced by this external pressure. The central area undergoes large deformation due to the
decrease in the bond strength. CFRP can effectively disperse the stress concentration when
the water pressure is small, and the stress at the concave position of the pipeline is no longer a
dangerous point in the pipeline. CFRP can significantly improve the stress concentration of
steel pipes and delay the occurrence of pipeline collapse.

—
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Figure 19. Schematic diagram of the maximum stress transfer path. (The direction of the arrow
indicates the direction of movement of the point of maximum stress).
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Figure 20. Stress curves of three points in the pipeline.

5. Influential Factors
5.1. Longitudinal Length of Defect and CFRP

The length of the defect influences the repair effect of the pipeline. As shown in
Figure 21, the repaired pipe does not fully restore the strength of the pipe. The curve of
L/w = 0 indicates that the collapse pressure of unrepaired pipe decreases with the increase
in defect length. When the ratio of the pipeline defect length to diameter w/D > 4, the
change in pipeline collapse pressure decreases. The same phenomenon is observed when
CFRP fully covers the pipeline defect location. However, if the CFRP does not fully cover
the defect position, the collapse pressure of the pipeline will still decrease with the increase
in the defect length.

—=— L/w=2
—e— L/w=1 o
—a— L/w=0.5
—v— L/w=0 L

Collapse pressure (MPa)

0 1 2 3 s 5 6 7 8
D
Figure 21. Repairing effect of CFRP on defects of different lengths.

The repair effect of CFRP is not linearly enhanced. As shown in Figure 22, when the
defect length/diameter w/D < 2, the increase in the CFRP length can significantly increase
the collapse pressure of the pipeline. However, when L/w > 2, the effect of CFRP is small,
and the effect of increasing the length of the CFRP is not significant. It can be seen from
the data analysis that the collapse pressure of the repaired pipeline is 3.1-274% higher
than that of the pipeline before repair. When L/w is less than two, the collapse pressure of
the repaired pipe decreases with the increase in defect width. The repair effect increases
gradually from 3.1% and reaches the highest when w/D = 4. When w/D is greater than
four, the collapse pressure can be increased to 65% of the pipe without defect, which is
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274% higher than the unpaired pipe. When the CFRP length is greater than the defect
length, the repair effect is similar. When the defect length is less than the diameter, the
collapse pressure of the repaired pipeline can reach 72.98-97.53% of the initial external
pressure capacity. However, as shown in Figure 22, when the defect length of the pipeline is
greater than the CFRP, and the defect length is less than four times the diameter, the repair
effect increases with the increase in the defect length; when the defect length is greater than
four times the diameter, the repair effect increases. The effect decreases when the defect
length increases.
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Figure 22. Comparison of the collapse pressure of the pipeline before (P,) and after repair (PRr).

5.2. Metal Loss Rate

In this section, the influence of different degrees of defects on the repair effect is
analysed. f./t refers to the defect wall thickness/wall thickness. The model usedis L/w =1,
w/D = 4. The thickness of the CFRP is 0.5-3 times the wall thickness of the steel pipe,
and the wall thickness at the defect is 0.3-0.8 times the wall thickness before corrosion.
As shown in Figure 23, when the CFRP thickness is greater than the pipe wall thickness,
the repair effect for defects with t./t < 0.3 differs by 3.09%. When the CFRP thickness is
twice the pipe wall thickness, the repair effect is almost the same. For pipes with large wall
thickness defects, increasing the thickness of the CFRP has no obvious effect. For steel pipes
with small defects, if the thickness t./t of the defected part is greater than 0.3, increasing
the thickness of the CFRP can effectively improve the repair efficiency. It can be seen from
the bottom two curves in Figure 23 that when h/t = 0.5, the ultimate bearing capacity of the
pipeline is increased by less than 1%.

14

Collapse pressure (MPa)

4 —a— t/h=1
—v— t/h=0.5
2 t/h=0
0 T T T
0.2 0.4 0.6 0.8 1.0

t/t

Figure 23. Comparison of the effect of metal loss rate.
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When the f./t defect wall thickness/wall thickness is less than 0.3, increasing the
CFRP thickness cannot significantly improve the repair effect; when the ratio of the t./t
defect wall thickness and the wall thickness is greater than 0.3, increasing the CFRP wall
thickness can improve the ultimate bearing capacity of the repaired pipeline. When the
CFRP wall thickness is two times the steel pipe wall thickness, the repair efficiency is the
highest, t./t is greater than 0.5, and the ultimate bearing capacity of the pipeline after repair
is the same as before the repair.

5.3. Thickness of CFRP

In this section, the effects of different sizes of CFRP are analysed. The adopted model
isL/w=0.5-2, h/t = 0.5-3. The thickness of the CFRP is 0.5-3 times the wall thickness of the
steel pipe, and the length is 0.5-2 times the length of the defect. As shown in Figure 24, the
collapse pressure of the repaired pipeline gradually increases as the thickness of the CFRP
increases. Therefore, the greater the thickness, the better the effect of the repair. The repair
efficiency has a nonlinear relationship with the length of the CFRP, as shown in Figure 25:
when the length of the CFRP is the same as the pipeline defect, the repair efficiency is the
highest. When the CFRP length is greater than the defect length, the repair effect decreases
with the increase in thickness. When the CFRP thickness is the same as the pipe thickness,
increasing the CFRP length can significantly improve the repair efficiency. Therefore, when
the thickness of the CFRP is larger than the thickness of the steel pipe wall, the repair effect
is not significantly improved.
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Figure 24. Influence of CFRP thickness on the repair effect.
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Figure 25. Comparison of repairing effects of different lengths of CFRP.
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6. Conclusions

This study investigated the buckling failure of internally corroded steel pipes repaired
using the CFRP. The repaired internally corroded pipeline was analysed using the three-
dimensional elastic—plastic finite element method. The collapse phenomenon of the repaired
steel pipe under external hydrostatic pressure was simulated using the cohesive element
and energy criterion. The results show that the CFRP thickness and length can change
the collapse pattern and the pipeline’s stress distribution. A decrease in the ovality with
corrosion defects was observed, and it was found that the repair of CFRP mainly depends
on the length, thickness, and interlayer cohesion. From the above results, the following
conclusions can be drawn:

1.  CFRP limits the deformation at the junction of defects and complete pipe segments,
thereby increasing the local radial stiffness of the pipe and the stability of the defect
parts. The interaction of CFRP with the steel pipe causes the deformation at the defects
of the steel pipe to be limited by the uncorroded pipe. CFRP can effectively limit the
local deformation of the pipeline and disperse the stress inside it, which improves the
pipeline’s overall stability.

2. CFRP disperses the stress concentration well when the water pressure is small and
the stress at the concave position of the pipeline is no longer a dangerous point of the
pipeline. CFRP can significantly improve the stress concentration of steel pipes and
delay the occurrence of pipeline collapse. Local CFRP failure is an important cause of
pipeline instability.

3. The decrease in stiffness of the interlayer bonding layer is an important factor that
causes the local instability of the pipeline, and the ultimate bearing capacity of the
repaired pipeline can be improved by improving the ductility and the maximum-
failure tensile force of the interlayer bonding.

4. When the defect length is less than the diameter, the collapse pressure of the repaired
pipeline can reach 72.98-97.53%, and the repair effect increases with the increase in
CFRP length. When the defect length is less than the CFRP length and the defect
length is less than four times the diameter, the crushing pressure of the repaired
pipeline is increased by 3.1-274%, and the repair effect increases with the increase in
the defect length. When the defect length is greater than four times the diameter, the
repair effect decreases with the increase in the defect length.

5. When the defect wall thickness/steel wall thickness is less than 0.3, increasing the
CFRP thickness cannot significantly improve the repair effect; when the ratio of
the t./t defect wall thickness and the wall thickness is greater than 0.3, increasing
the CFRP wall thickness can improve the ultimate bearing capacity of the repaired
pipeline. When the CFRP wall thickness is two times the steel pipe wall’s thickness,
the repair efficiency is the highest, and the bearing limit of the pipeline after repair can
reach 100%. When it is more than two times the steel pipe wall’s, it has no obvious
effect on the bearing limit after the repair. If the ratio of the wall thickness of the
defect and the wall thickness of the steel pipe is greater than 0.5, the ultimate bearing
capacity of the pipeline after repair is the same as before the repair.
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