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Highlights

What are the main findings?

• CFRP thickness strongly controlled hoop stress reduction.
• Repair length beyond full defect coverage had limited benefit.
• Deeper corrosion defects required proportionally thicker CFRP repair.

What are the implications of the main findings?

• CFRP repair design should prioritize thickness over excessive length.
• The tc/a ratio can guide preliminary CFRP thickness selection.
• Efficient CFRP sizing may reduce unnecessary repair material usage.

Abstract

Carbon fiber-reinforced polymer (CFRP) repair is widely used to rehabilitate corroded steel
pipelines; however, the relative influence of CFRP repair geometry on stress reduction
remains insufficiently quantified. This study investigated the effects of CFRP thickness and
repair length on the hoop stress response of steel pipelines containing circumferentially
uniform longitudinal corrosion defects under internal pressure. An axisymmetric finite
element model was developed in ABAQUS and verified against an analytical multilayer
cylinder solution based on the Lamé thick-cylinder theory. The model was based on an
idealized circumferentially uniform corrosion defect, linear elastic material behavior, and
perfect bonding between the steel pipe, epoxy filler, and CFRP repair layer. A parametric
study was performed by varying the defect depth, defect length, CFRP thickness, and repair
length. The results showed that CFRP thickness was the dominant parameter controlling
the repair effectiveness. For the deepest defect case, increasing the CFRP thickness ratio
from 0.25 to 0.75 increased the hoop stress reduction from approximately 40% to more
than 58% for the shorter defect and from approximately 40% to more than 62% for the
longer defect case. In contrast, increasing the repair length beyond full defect coverage
produced only marginal additional stress reduction. Based on a 10% stress-tolerance
criterion relative to the intact pipe response, the required CFRP thickness-to-defect-depth
ratio increased with defect severity. These findings support the preliminary CFRP repair
sizing by prioritizing repair thickness over excessive repair length.

Keywords: carbon fiber-reinforced polymer (CFRP); corroded steel pipelines; finite element
analysis; pipeline repair; hoop stress reduction
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1. Introduction
Steel pipelines are widely used for transporting oil, gas, and water because of their

high structural efficiency, reliability, and cost effectiveness. However, long-term exposure
to harsh operating and environmental conditions can lead to corrosion damage, which
remains a major threat to pipeline integrity [1,2]. Corrosion reduces the effective wall
thickness of a pipe, increases the local hoop stress, and may compromise safe operation if
the damaged region is not repaired [3–5]. Therefore, efficient repair methods are required
to restore the stress response of corroded pipelines while minimizing service interruptions
and repair costs [1,6,7].

Carbon fiber-reinforced polymer (CFRP) repair systems have gained increasing atten-
tion as alternatives to conventional metallic repair methods [8–10]. CFRP materials offer a
high strength-to-weight ratio, corrosion resistance, ease of installation, and adaptability to
curved pipe surfaces [11,12]. When externally bonded to a damaged pipe, the CFRP layer
provides additional stiffness and helps transfer part of the pressure-induced hoop stress
away from the corroded steel region [6,7,13]. The effectiveness of this repair mechanism
depends not only on the material properties of the CFRP system but also on the selected
repair geometry [14–16].

Previous finite element studies have shown that CFRP repairs can reduce stress
concentration, delay yielding, and improve the structural response of corroded or damaged
pipelines under internal pressure [6,7,10,17,18]. However, many of these studies focused
on selected repair configurations, burst or failure behaviors, or comparisons between
repaired and unrepaired pipes, rather than systematically separating the individual roles of
CFRP thickness and repair length. This distinction is important because the two geometric
parameters contribute to the repair performance through different mechanisms. The CFRP
thickness directly increases the circumferential stiffness of the repair layer and improves the
load sharing between the damaged steel wall and the composite, whereas the repair length
mainly controls the bonded coverage beyond the defect region [6,10,19,20]. Therefore, the
present study differs from previous numerical investigations in that it explicitly isolates
these two geometric effects and quantifies their relative influence on the elastic hoop stress
recovery of repaired pipes.

Another limitation of the existing literature is that stress-reduction results are not
always translated into a simple normalized thickness requirement. Existing design-oriented
approaches, such as ASME PCC-2 [21] ess using allowabl [22] sress or allowable strain
criteria for a specified repair condition [23]. These approaches are essential for repair
qualification, but they do not directly show how the required CFRP thickness varies with
defect depth, defect length, and repair geometry when the objective is to recover the elastic
hoop-stress response to that of an intact pipe. In the present study, the required repair
thickness is expressed using the normalized ratio tc/a, where tc is the CFRP thickness and
a is the defect depth. This ratio provides a direct measure of the CFRP thickness required
relative to the severity of wall loss and allows different defect depths to be compared
within a single stress-based framework. Therefore, the proposed tc/a guideline is not
intended to replace code-based design procedures, but to provide a preliminary elastic
stress-control map that links defect severity to the CFRP thickness needed to satisfy a
prescribed stress-tolerance criterion.

In this study, a circumferentially uniform longitudinal corrosion defect was considered
as an idealized conservative case in which the wall loss extended continuously around the
pipe circumference. This assumption enables the use of an axisymmetric finite element
framework while preserving the primary stress-transfer mechanism between the steel pipe,
epoxy filler, and CFRP repair layer. It also allows an efficient parametric investigation of
CFRP repair geometry under internal pressure without the computational cost associated
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with three-dimensional localized corrosion models. Accordingly, this study aimed to
evaluate the effect of CFRP repair geometry on the hoop stress response of corroded steel
pipelines. An axisymmetric finite element model was developed in ABAQUS/Standard
(version 2025; Dassault Systèmes SIMULIA Corp., Johnston, RI, USA) and verified against
an analytical multilayer cylinder solution based on the Lamé thick-cylinder theory. An
additional literature-based verification was also performed by reproducing selected elastic
wall-thinning cases from Saeed et al. [23]. The effects of CFRP thickness, repair length,
defect depth, and defect length were systematically investigated using the maximum inner
hoop stress as the primary response variable. The specific contributions of this study
are: (i) separating the effects of CFRP thickness and repair length on elastic hoop-stress
reduction, (ii) identifying the relative dominance of CFRP thickness once the defect is fully
covered, and (iii) developing a normalized tc/a-based thickness guideline using a 10%
stress-tolerance criterion relative to the intact pipe response. The results provide practical
insights into the relative importance of CFRP thickness and repair length and support
preliminary elastic stress-based repair sizing of corroded steel pipelines.

2. Materials and Methods
2.1. Overview of Study Design

This study investigates the effectiveness of externally bonded carbon fiber-reinforced
polymer (CFRP) repair systems for steel pipes containing longitudinal corrosion defects
subjected to internal pressure. The investigated defect was assumed to be circumferen-
tially uniform, representing an idealized condition in which the material loss extended
continuously around the pipe circumference. Such a defect configuration enables the use of
an axisymmetric finite element (FE) framework and represents a conservative case owing
to extensive circumferential wall loss. The geometric configuration of the repaired pipe
system, including the steel pipe, corrosion defect, epoxy filler, and CFRP repair layer, is
shown in Figure 1.

Figure 1. Axisymmetric FE model of the CFRP-repaired pipe after external corrosion damage and
surface restoration, showing the steel pipe, epoxy filler, CFRP repair layer, axis of revolution, and
geometric parameters D, t, a, tc, Ld, and Lc. The red dashed line indicates the axis of revolution.
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The investigated steel pipe had an outer diameter of D = 406.4 mm, a wall thickness
of t = 20.32 mm, and a total length of L = 4064 mm. Due to geometric and loading
symmetry, only half of the pipe length (L/2 = 2032 mm) was modeled to reduce computa-
tional cost. The corrosion defect was represented as a longitudinal rectangular metal-loss
region characterized by a defect depth a and defect length Ld, while the CFRP repair was
characterized by the repair thickness tc and repair length Lc, as shown in Figure 1. The
corrosion defect was assumed to represent external metal loss that formed before repair
owing to environmental exposure and local degradation of the outer surface of the pipe.
Prior to CFRP application, the corrosion products were assumed to be removed, and the
corroded region was restored to its original external profile using an epoxy filler layer with
a thickness equal to the defect depth a. The CFRP repair was then symmetrically applied
over the filled defect region and was assumed to be perfectly bonded to the pipe through
the epoxy filler layer.

A parametric study was conducted to investigate the influence of CFRP geometry and
defect dimensions on the repair effectiveness. As summarized in Table 1, the investigated
parameters included defect length ratios of Ld/D = 0.25 and 0.50, repair length ratios
of Lc/Ld = 1.00, 1.50, and 2.00, CFRP thickness ratios of tc/t = 0.25, 0.50, and 0.75,
and defect depth ratios of a/t = 0.25, 0.50, and 0.75. A total of 54 FE simulations were
conducted by considering all the parameter combinations. The selected defect length ratios
were chosen to evaluate the influence of defect length on CFRP repair effectiveness, while
avoiding unnecessarily long defects, as previous work demonstrated that defect lengths
exceeding Ld/D = 0.50 have a negligible influence on the hoop stress response [24]. The
pipe diameter, internal pressure, CFRP elastic properties, CFRP fiber orientation, and epoxy
filler thickness were kept constant to isolate the effects of CFRP repair thickness, repair
length, defect depth, and defect length on the elastic hoop-stress response.

Table 1. Simulation matrix and fixed geometric/loading parameters.

Parameter Values

Ld /D 0.25, 0.50
Lc/Ld 1.00, 1.50, 2.00
tc/t 0.25, 0.50, 0.75
a/t 0.25, 0.50, 0.75
Internal pressure P 10 MPa
Pipe diameter D 406.4 mm
Pipe thickness t 20.32 mm
Pipe length L 4064 mm
Total FE simulations 54

The pipe was subjected to a uniform internal pressure of P = 10 MPa, corresponding
to an operating condition that remained within the elastic range of the steel material.
Therefore, all the materials were modeled as linearly elastic to evaluate the effectiveness of
the CFRP repair within the elastic operating range. The maximum inner hoop stress along
the pipe length was adopted as the primary response parameter to quantify the repair
effectiveness. In addition, a 10% stress tolerance criterion relative to the intact pipe response
was considered to determine the minimum CFRP thickness required for effective repair.

2.2. Finite Element Modeling
2.2.1. Material Properties

The mechanical properties of the steel pipe, epoxy filler, and CFRP repair material
are summarized in Table 2. Since the applied internal pressure of P = 10 MPa did not
induce yielding in the steel pipe, all materials were modeled as linearly elastic to evaluate
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the effectiveness of CFRP repair within the elastic operating range. The steel pipe and
epoxy filler were modeled as isotropic linear elastic materials. The steel pipe was assigned
a Young’s modulus of E = 206, 000 MPa and a Poisson’s ratio of ν = 0.30, while the epoxy
filler was assigned E = 3000 MPa and ν = 0.35. The epoxy filler was used to restore the
corroded region to its original external profile prior to CFRP application.

Table 2. Mechanical properties of the steel pipe, epoxy filler, and CFRP repair material used in the FE
model [25,26].

Material Property Value

Steel
E (MPa) 206,000

v 0.30

Epoxy E (MPa) 3000
v 0.35

CFRP

E1, E2 (MPa) 13,580
E3 (MPa) 165,000

v12 0.523
v13, v23 0.0288

G12 (MPa) 4458
G13, G23 (MPa) 6386

The CFRP repair layer was modeled as an orthotropic linear elastic material using
the engineering constants listed in Table 2. To represent the primary load-carrying fiber
direction under internal pressure, the CFRP was oriented such that the 3-direction aligned
with the circumferential direction of the axisymmetric model. Accordingly, the highest
elastic modulus E3 = 165,000 MPa was assigned in the hoop direction to maximize the
confinement effect and resistance to pressure-induced hoop stresses. The remaining or-
thotropic elastic constants were assigned according to the material properties summarized
in Table 2.

2.2.2. Boundary Conditions and Loading

The applied boundary conditions and loading configurations are shown in Figure 2.
The pipe was subjected to a uniform internal pressure of P = 10 MPa applied normal to
the internal pipe surface to simulate the operating pressure condition. Due to geomet-
ric symmetry and uniform loading, only half of the pipe length (L/2 = 2032 mm) was
modeled to reduce computational cost. An axial symmetry condition was imposed at the
symmetry plane, as shown in Figure 2, by constraining the axial displacement

(
uy = 0

)
while allowing radial deformation (ur). The axisymmetric condition was enforced along
the axis of revolution to represent the circumferentially uniform defect geometry and
loading conditions.

Perfect bonding between all the contacting surfaces was assumed to ensure full stress
transfer between the steel pipe, epoxy filler, and CFRP repair layer. Therefore, tie con-
straints were assigned at the steel–epoxy and epoxy–CFRP interfaces to prevent relative
displacement, interfacial slip, or separation during loading. In this idealized interface rep-
resentation, the steel, epoxy, and CFRP layers deform compatibly at their bonded surfaces,
and no cohesive-zone behavior, adhesive damage, or debonding criterion was included.
This assumption represents a fully bonded repair condition and allows the influence of
the CFRP geometry on the elastic hoop stress redistribution to be isolated. A static general
analysis was conducted in ABAQUS with geometric nonlinearity enabled to account for
the geometric effects during the pressurization.
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Figure 2. Loading and boundary conditions applied to the axisymmetric FE model, including the
internal pressure P, axis of revolution, and axial symmetry condition

(
uy = 0

)
. The red dashed line

indicates the axis of revolution, the blue arrows indicate the applied internal pressure, and the red
triangular symbols indicate the axial symmetry boundary condition.

Although geometric nonlinearity was enabled, material nonlinearity and damage
evolution were not included in the present model. This modeling choice was adopted
because the study focused on the elastic operating response of the repaired pipe rather
than the burst pressure or progressive failure prediction. Therefore, steel plasticization,
CFRP rupture or damage, epoxy filler cracking or crushing, and interfacial debonding
were not considered in the model. Under pressure levels higher than those considered
in this study, these mechanisms may alter the load transfer between the steel pipe, epoxy
filler, and CFRP repair layer. In particular, steel yielding may redistribute the hoop stress
in the corroded region, CFRP damage may reduce the stiffness contribution of the repair
layer, epoxy filler damage may affect the radial support in the defect cavity, and interface
degradation may reduce the composite-steel stress transfer. Accordingly, the present results
should be interpreted as elastic stress-control predictions under ideal bonding conditions.

2.2.3. Stress Evaluation

The repair performance of the CFRP-repaired pipeline was evaluated based on the
hoop-stress response of the steel pipe. Since internal pressure induces predominantly
circumferential loading in pipelines, the hoop stress (σθ) was selected as the principal
response parameter for assessing repair effectiveness. The maximum inner hoop stress
(σmax

θ,inner) was selected instead of the equivalent stress measures because the hoop stress
represents the most physically relevant parameter governing the circumferential tensile
loading and stress concentration in internally pressurized pipelines.

In the adopted axisymmetric finite element formulation, the circumferential stress
component (S33) corresponds to the hoop stress (σθ). As illustrated in Figure 3, the hoop
stress values were extracted along the inner and outer surfaces of the steel pipe, whereas
the defect-end stress was evaluated at the geometric discontinuity corresponding to the
end of the corrosion defect. Stress extraction was performed at the mid-length of the model
to avoid end-boundary effects and ensure that the evaluated stresses reflected the local
response within the defect region. The maximum inner hoop stress within the defect region
was identified for each simulation and used as the primary indicator of repair effectiveness
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because the inner surface experiences the highest tensile stresses and, therefore, represents
the most critical location for structural integrity assessment.

 

Figure 3. Hoop stress distribution and stress-evaluation locations in the repaired pipe model: (A) steel
pipe, (B) epoxy filler, and (C) CFRP repair layer.

The hoop stresses in the epoxy filler and CFRP repair layer were also examined, as
shown in Figure 3, to evaluate the stress-transfer behavior within the repaired region. The
epoxy filler developed only a small hoop stress compared with the steel pipe and CFRP
layer because of its lower elastic modulus. Its main role was therefore to restore the external
pipe profile and provide deformation compatibility between the corroded steel surface
and the external CFRP repair. In contrast, the CFRP layer developed a tensile hoop stress,
confirming that part of the pressure-induced circumferential load was transferred from the
damaged steel pipe to the composite repair. Since the present study focuses on elastic stress
control rather than CFRP failure prediction, the subsequent parametric analysis focused on
the maximum inner hoop stress of the steel pipe, which represents the critical stress-control
parameter for evaluating repair effectiveness.

During the mesh convergence analysis, the hoop stresses at the inner and outer surfaces
of the steel, and defect-end location were monitored to ensure numerical stability in regions
with elevated stress gradients. However, for the parametric study, the maximum inner
hoop stress was selected as the primary response parameter because it directly represents
the severity of tensile loading in the corroded region and provides a consistent basis for
comparing the repair effectiveness of different CFRP configurations.

To quantify the effectiveness of the CFRP repair, the stress reduction percentage was
calculated relative to the unrepaired pipe as follows:

Stress Reduction (%) =
σθ,unrepaired − σθ,repaired

σθ,unrepaired
× 100 (1)

where σθ,unrepaired is the maximum inner hoop stress of the unrepaired corroded pipe
and σθ,repaired is the corresponding stress after CFRP repair. A larger percentage of stress
reduction indicates more effective stress redistribution and improved repair performance.
The obtained maximum inner hoop stresses were also used to determine the minimum
CFRP thickness required to maintain the repaired-pipe response within 10% of the intact-
pipe stress.
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2.3. Mesh and Convergence Analysis

The finite element mesh adopted for the repaired pipe model is illustrated in Figure 4.
A structured axisymmetric mesh was used for the steel pipe, epoxy filler, and CFRP repair
layer to ensure compatible discretization across bonded interfaces. Since the present
axisymmetric model required relatively low computational effort, a uniform global mesh
size was adopted throughout the model rather than applying local mesh refinement.

Figure 4. Finite element mesh of the repaired pipe model with magnified views of the defect and
CFRP repair region, indicated by the red dashed lines.

The mesh convergence analysis was performed using a representative critical repair
configuration with Ld/D = 0.25, Lc/Ld = 1, tc/t = 0.25, and a/t = 0.75, corresponding
to the deepest defect and thinnest CFRP repair considered in the parametric study. Five
different global mesh sizes of 8, 4, 2, 1.5, and 1 mm were evaluated, as summarized in
Table 3. The finest mesh (M5) was adopted as the reference solution for the error evaluation.

Table 3. Mesh convergence study for the representative repaired pipe model with Ld/D = 0.25,
Lc/Ld = 1, tc/t = 0.25, and a/t = 0.75. The dash “–” indicates that the error is not applicable because
the 1 mm mesh was used as the reference case.

Mesh ID Mesh Size
(mm)

σinner
θmax

(MPa)
Error (%) σdefect−end

θmax
(MPa)

Error (%) σouter
θmax

(MPa) Error (%)

M1 8 224.14 0.01 159.19 1.29 117.19 1.22
M2 4 224.15 0.01 157.71 2.21 114.58 1.04
M3 2 224.15 0.00 160.60 0.42 114.96 0.71
M4 1.5 224.16 0.00 160.58 0.43 115.50 0.25
M5 1 224.17 − 161.28 − 115.78 −

Convergence was assessed based on the maximum hoop stress at the inner surface,
defect end, and outer surface of the repaired pipes. As shown in Table 3, the maximum
inner hoop stress exhibited negligible sensitivity to mesh refinement, with an error of
approximately 0.00% for the 2 mm mesh size relative to the reference solution. Although
the defect-end and outer-surface hoop stresses were more sensitive to mesh refinement
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due to local stress variations near the defect and repair region, their corresponding errors
for the 2 mm mesh remained below 1%, with values of 0.42% and 0.71%, respectively.
Based on these results, a global mesh size of 2 mm was adopted for all subsequent sim-
ulations because it provided a suitable balance between computational efficiency and
numerical accuracy.

2.4. Model Verification

The developed FE model was verified against an analytical multilayer cylinder solution
based on the Lamé thick-cylinder theory [27]. The verification model was idealized as
a three-layer concentric cylinder consisting of a steel pipe, epoxy layer, and CFRP layer,
assuming isotropic linear-elastic behavior, perfect interfacial bonding, and open-ended
loading conditions (plane stress). Under internal pressure, the radial and hoop stresses in
each layer are determined using Lamé’s equations as follows:

σr = A − B
r2 (2)

σθ = A +
B
r2 (3)

where r is the radial coordinate, while A and B are Lamé constants determined by sat-
isfying the pressure boundary conditions and radial displacement compatibility at the
interfaces between adjacent layers. Since the pipe was modeled as open-ended, the radial
displacement for each layer under plane stress conditions was expressed as

u(r) =
(1 − ν)Ar + (1 + ν)B/r

E
(4)

where E and ν are the Young’s modulus and Poisson’s ratio of the corresponding material
layer. Perfect bonding between adjacent layers was enforced through radial displacement
compatibility at the steel–epoxy and epoxy–CFRP interfaces as follows:

u1(r2) = u2(r2) (5)

u2(r3) = u3(r3) (6)

where r2 and r3 denote the steel–epoxy and epoxy–CFRP interface radii, respectively. The
unknown interface pressures are determined by satisfying these compatibility conditions.

The verification was performed using repaired pipe configurations with diameter-
to-thickness ratios of D/t = 40, 20, and 10, corresponding to pipe wall thicknesses of
t = 10.16, 20.32, and 40.64 mm, respectively, while maintaining a constant pipe diameter
of D = 406.4 mm. The verification was performed using te/t = tc/t = 0.20 for all
investigated D/t ratios, allowing the analytical and FE results to be compared under a
consistent multilayer geometry.

Figure 5 compares the FE and analytical hoop stresses at the inner and outer surfaces
of the steel pipe and CFRP layer for the investigated D/t ratios. As shown in Figure 5,
excellent agreement was achieved between the FE and analytical solutions for both the steel
pipe and CFRP repair layers across all investigated cases. The close agreement between the
two approaches confirms the accuracy of the developed FE model in predicting the hoop
stress distribution and stress transfer behavior within the multilayer pipe system.

As an additional verification, the present finite element model was compared with
the axisymmetric composite-repair study reported by Saeed et al. [23]. In that study, a
steel pipe with circumferentially uniform wall thinning was repaired using an externally
bonded composite laminate, and the hoop strain in the repair laminate was evaluated at
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the design pressure. Two cases were reproduced here, corresponding to 30% and 40% wall
thinning, because these cases remained within or very close to the elastic response range of
the steel pipe. The pipe geometry, repair thicknesses, composite material properties, and
internal pressure were obtained from Saeed et al., while the strain values were digitized
from their strain–deviation plot and converted using the allowable laminate strain of 0.003.
The finite element results were also compared with the corresponding elastic Lamé solution
for a two-layer steel-composite cylinder. As shown in Figure 6, the predicted CFRP hoop
strains closely agree with the Lamé solution, with values of approximately 0.200% and
0.211% for the 30% and 40% wall-thinning cases, respectively. The comparison also shows
reasonable agreement with the digitized values from Saeed et al. [23]. The small differences
are attributed to digitization uncertainty and the absence of a detailed strain extraction
definition in the reference study.

Figure 5. Verification of the FE model against the analytical multilayer cylinder solution for D/t = 40,
20, and 10: (A) steel pipe hoop stress and (B) CFRP hoop stress.

Figure 6. Additional verification of the predicted CFRP hoop strain for the 30% and 40% circum-
ferential wall-thinning cases against the elastic Lamé solution and digitized results from Saeed
et al. [23].
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3. Results and Discussion
3.1. Overview of Stress Distribution in CFRP-Repaired Pipes

This section provides an overview of the stress distribution behavior in CFRP-repaired
pipes subjected to internal pressure, with particular emphasis on the influence of CFRP
thickness and repair length on the hoop stress response. Figure 7 presents representative
hoop stress contours for a severe defect case with a/t = 0.75 and Ld/D = 0.25, while
Figure 8 shows the corresponding inner hoop stress distributions along the pipe length.
The same contour scale was used for all configurations in Figure 7, with the minimum and
maximum hoop stress values shown in the shared legend, to enable direct comparison
between the unrepaired and repaired cases. These representative cases were selected to
illustrate the stress recovery mechanism and the role of CFRP geometry in reducing the
stress concentration caused by the corrosion defects.

Figure 7. Hoop stress contours in the repaired pipe for a/t = 0.75 and Ld/D = 0.25: (A) unrepaired
pipe, (B) tc/t = 0.25 with Lc/Ld = 1, (C) tc/t = 0.75 with Lc/Ld = 1, and (D) tc/t = 0.25 with
Lc/Ld = 2.

As illustrated in Figure 7A, the unrepaired pipe exhibited a pronounced increase in
hoop stress near the defect region owing to the reduction in the effective wall thickness. The
highest stress concentration occurred at the defect centerline along the inner pipe surface,
where the reduced cross-sectional thickness substantially increased the local hoop stress.
Far from the defect region, the hoop stress gradually recovered to the intact pipe response.

The application of CFRP repair significantly reduced the stress concentration within
the damaged region, as shown in Figure 7B–D. Increasing the CFRP thickness from
tc/t = 0.25 to 0.75 resulted in a substantial reduction in the local hoop stress and a more
uniform stress distribution along the pipe wall, as illustrated in Figure 7B,C. In contrast,
increasing the repair length from Lc/Ld = 1 to 2 while maintaining a constant CFRP
thickness produced only a modest additional reduction in stress, as shown in Figure 7B,D.

The inner hoop stress distributions shown in Figure 8 further illustrate the stress recov-
ery behavior along the pipe length. For the unrepaired pipe, the maximum inner hoop stress
reached 332 MPa near the defect center, compared with 95.13 MPa for the intact pipe. Ap-
plying CFRP repair with tc/t = 0.25 and Lc/Ld = 1 reduced the peak stress to 199.23 MPa,
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while increasing the CFRP thickness to tc/t = 0.75 further reduced it to 136.9 MPa. In
contrast, increasing the repair length from Lc/Ld = 1 to 2 at tc/t = 0.25 produced only
a small additional reduction, from 199.23 to 193.74 MPa. These results demonstrate that
CFRP thickness has a much stronger influence on stress recovery than repair length once
the defect is fully covered.

Figure 8. Inner hoop stress distribution along the pipe length for a/t = 0.75 and Ld/D = 0.25,
showing the effects of CFRP thickness (tc/t) and repair length (Lc/Ld).

Overall, the results indicate that CFRP repair effectively redistributes the hoop stress
away from the defect region and promotes stress recovery toward an intact pipe response.
However, the effectiveness of the repair is governed primarily by the CFRP thickness rather
than the repair length, particularly when the repair fully covers the defect region.

3.2. Effect of CFRP Thickness on Repair Performance

The effect of CFRP thickness on the maximum inner hoop stress is presented in Figure 9
for repaired pipes with Lc/Ld = 1. Increasing tc/t consistently reduced the maximum inner
hoop stress for all investigated defect depths and defect lengths. The reduction was more
pronounced for deeper defects, indicating that the CFRP thickness becomes increasingly
important as the severity of wall loss increases.

For the shorter defect configuration (Ld/D = 0.25), the shallow defect (a/t = 0.25)
showed limited sensitivity to CFRP thickness. The maximum inner hoop stress decreased
from 116.42 MPa in the unrepaired pipe to approximately 96 MPa when tc/t ≥ 0.50, which
is close to the intact pipe stress of 95.13 MPa. In contrast, deeper defects exhibited a stronger
dependence on CFRP thickness. For a/t = 0.50, increasing tc/t from 0.25 to 0.75 reduced
the maximum inner hoop stress from 128.40 to 99.61 MPa, while for a/t = 0.75, it decreased
from 199.23 to 136.89 MPa.

For the longer defect configuration (Ld/D = 0.50), a similar trend was observed, as
shown in Figure 9B. The shallow defect again approached the intact pipe response once
tc/t reached 0.50. However, moderate and deep defects continued to benefit from the
additional CFRP thickness. For a/t = 0.50, increasing tc/t from 0.25 to 0.75 reduced the
maximum inner hoop stress from 139.54 to 99.07 MPa, while for a/t = 0.75, it decreased
from 224.15 to 141.21 MPa. These values also show that a longer defect produced higher
stresses than a shorter defect, particularly for the moderate and deep defect cases.
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Figure 9. Effect of CFRP thickness (tc/t) on the maximum inner hoop stress for different defect
depths (a/t): (A) Ld/D = 0.25 and (B) Ld/D = 0.50, with Lc/Ld = 1.

The corresponding stress reduction percentages are presented in Figure 10. For
Ld/D = 0.25, increasing tc/t from 0.25 to 0.75 increased the stress reduction from 14.19% to
17.69% for a/t = 0.25, from 20.39% to 38.24% for a/t = 0.50, and from 39.98% to 58.76% for
a/t = 0.75. For Ld/D = 0.50, the corresponding stress reductions increased from 19.52%
to 24.02%, from 26.23% to 47.63%, and from 40.29% to 62.39%, respectively. These trends
confirm that the relative benefit of increasing the CFRP thickness becomes substantially
greater as the defect depth increases.

Figure 10. Effect of CFRP thickness (tc/t) on the maximum inner hoop stress reduction for different
defect depths (a/t): (A) Ld/D = 0.25 and (B) Ld/D = 0.50, with Lc/Ld = 1.

Overall, Figures 9 and 10 demonstrate that CFRP thickness is a dominant repair
parameter. Increasing tc/t substantially reduced the maximum inner hoop stress, especially
for moderate and deep defects. However, the improvement became limited for shallow
defects once the repaired stress approached the intact pipe value, indicating diminishing
returns when additional CFRP thickness was applied to less severe wall loss.
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The observed influence of CFRP thickness is consistent with previous studies on the
composite repair of corroded pipelines, which reported that increasing the CFRP thickness
enhanced the confinement effect and promoted greater load sharing between the steel
substrate and the composite repair layer [6,28]. Similar to the present findings, prior
investigations generally reported that thicker CFRP repairs produced greater reductions in
local hoop stress and stress concentration. The present results further quantify this behavior
by showing that the benefit of increasing the CFRP thickness becomes progressively more
significant as the defect severity increases, whereas diminishing returns may occur for
shallow defects once the repaired stress approaches the intact pipe response.

3.3. Effect of CFRP Repair Length on Repair Performance

The effect of CFRP repair length on the maximum inner hoop stress is presented in
Figure 11 for repaired pipes with tc/t = 0.25. The results show that increasing Lc/Ld be-
yond 1 produced only a limited additional reduction in the hoop stress. This indicates that
once the CFRP layer fully covers the defect region, extending the repair length provides
only marginal improvement.

Figure 11. Effect of CFRP repair length (Lc/Ld) on the maximum inner hoop stress for different
defect depths (a/t): (A) Ld/D = 0.25 and (B) Ld/D = 0.50, with tc/t = 0.25.

For the shorter defect configuration (Ld/D = 0.25), increasing Lc/Ld from 1 to 2
reduced the maximum inner hoop stress slightly. For a/t = 0.25, the stress decreased
from 99.90 to 95.61 MPa, while for a/t = 0.50, it decreased from 128.40 to 122.73 MPa. For
the deepest defect (a/t = 0.75), the reduction was also limited, decreasing from 199.23
to 193.74 MPa. These changes were small compared with the reductions achieved by
increasing the CFRP thickness, confirming that the repair length has a secondary effect on
the stress response. For the longer defect configuration (Ld/D = 0.50), the influence of
repair length was even less pronounced, as shown in Figure 11B. Increasing Lc/Ld from
1 to 2 changed the maximum inner hoop stress by less than 0.5 MPa for all defect depths,
indicating that extending the repair length beyond the defect length became ineffective
once the damaged region was fully covered.

The corresponding stress reduction percentages are presented in Figure 12. For
Ld/D = 0.25, increasing Lc/Ld from 1 to 2 increased the stress reduction from 14.19%
to 17.88% for a/t = 0.25, from 20.39% to 23.90% for a/t = 0.50, and from 39.98% to 41.64%
for a/t = 0.75. For Ld/D = 0.50, the stress reduction remained almost unchanged, varying
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by less than 1% for all defect depths. These values confirm that increasing the repair length
provides little additional benefit compared with the effect of the CFRP thickness.

Figure 12. Effect of CFRP repair length (Lc/Ld) on the maximum inner hoop stress reduction for
different defect depths (a/t): (A) Ld/D = 0.25 and (B) Ld/D = 0.50, with tc/t = 0.25.

Overall, Figures 11 and 12 demonstrate that the CFRP repair length has a relatively
minor influence on the repair performance once the defect is fully covered. Extending
the repair beyond Lc/Ld = 1 produced only marginal additional reductions in the hoop
stress, particularly for the longer defect configuration. Therefore, for the investigated
configurations, extending the CFRP repair beyond the defect length did not provide a
meaningful stress-reduction benefit, suggesting that Lc/Ld = 1 is sufficient when the repair
fully covers the damaged region.

The relatively limited influence of the CFRP repair length observed in this study is
also generally consistent with previous studies on bonded composite repairs for corroded
pipelines. Earlier investigations have suggested that extending the repair beyond the
damaged region provides progressively smaller benefits once the defect is fully covered, as
the primary stress concentration remains localized within the defect zone [10]. The present
findings support this trend and further indicate that increasing the repair length beyond
the defect length may not represent an efficient use of CFRP material when the primary
objective is to reduce the maximum hoop stress [6].

3.4. CFRP Thickness Requirement for Effective Repair

The minimum CFRP thickness required for effective repair was evaluated using a
10% stress-tolerance criterion. In this study, a repair was considered effective when the
maximum inner hoop stress remained within 10% of the stress of the intact pipe. The
required CFRP thickness was expressed as tc/a, where tc is the CFRP thickness and a is the
defect depth.

Figure 13 shows the required tc/a ratio for different defect depths and defect lengths.
The required CFRP thickness increased consistently with a/t, indicating that deeper defects
require proportionally thicker CFRP reinforcement. For Ld/D = 0.25, the required tc/a in-
creased from 0.49 at a/t = 0.20 to 1.05 at a/t = 0.40, and further to 1.54 at a/t = 0.60.
This corresponds to an increase in the required CFRP thickness from approximately 2.0 to
18.8 mm for the same defect depth range.
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Figure 13. Required CFRP thickness ratio (tc/a) to maintain the maximum inner hoop stress within
10% of the intact pipe response for different defect depths (a/t) and defect lengths (Ld/D).

For the longer defect configuration (Ld/D = 0.50), the same general trend was ob-
served. The required tc/a increased from 0.71 at a/t = 0.20 to 1.12 at a/t = 0.40, and
reached 1.51 at a/t = 0.60. Compared with Ld/D = 0.25, the longer defect required slightly
larger tc/a values for moderate defect depths, particularly between a/t = 0.20 and 0.40.
However, the difference between the two defect lengths decreased at higher defect depths.

Overall, Figure 13 indicates that the defect depth governs the required CFRP thickness
more strongly than the defect length. For moderate defects (a/t = 0.30–0.40), the required
tc/a was approximately 0.8–1.1, while for severe defects (a/t = 0.50–0.60), it increased
to approximately 1.3–1.5. These results suggest that the required CFRP thickness can
be estimated primarily based on the defect depth once the CFRP repair fully covers the
defect region.

Although previous studies have generally reported that more severe defects require
thicker CFRP reinforcement, the present results provide an explicit normalized thickness
guideline using the tc/a ratio, which may support preliminary repair design decisions for
different defect severities [11,29,30].

The generalizability of the present results should be interpreted in relation to the
selected parametric scope. The study was designed to isolate the effects of CFRP repair
thickness, repair length, defect depth, and defect length using a fixed pipe diameter, internal
pressure, CFRP material system, fiber orientation, and epoxy filler configuration. Therefore,
the reported trends are most directly applicable to repaired pipes with similar elastic
stiffness ratios, pressure levels, and circumferentially uniform defect assumptions. Other
variables, including the pipe diameter-to-thickness ratio, internal pressure level, CFRP
elastic modulus, fiber orientation, epoxy filler thickness, circumferential defect shape, and
non-uniform corrosion morphology, may influence the stress-transfer mechanism and the
required CFRP thickness. These factors should be investigated in future parametric studies
to extend the proposed stress-based repair-thickness guideline to a broader range of pipe
and repair configurations.

4. Conclusions
An axisymmetric finite element model was developed to investigate the effectiveness

of CFRP repair in reducing hoop stress concentrations in steel pipelines with circumferen-
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tially uniform longitudinal corrosion defects. The effects of CFRP thickness, repair length,
defect depth, and defect length on the repair performance were systematically investigated.
Based on the obtained results, the following conclusions were drawn:

1. CFRP repair substantially reduced the maximum inner hoop stress within the de-
fect region, with the repair effectiveness increasing significantly as defect severity
increased. For example, for the deepest defect case (a/t = 0.75) with Ld/D = 0.50,
the maximum inner hoop stress decreased from 375.42 MPa in the unrepaired pipe to
224.15, 169.83, and 141.21 MPa for tc/t = 0.25, 0.50, and 0.75, respectively.

2. The CFRP thickness was identified as the dominant repair parameter governing
stress reduction. Increasing tc/t consistently improved repair effectiveness for all
investigated cases, with the influence becoming increasingly pronounced for deeper
defects. For a/t = 0.75, the stress reduction increased from approximately 40% to
more than 58% for Ld/D = 0.25 and from approximately 40% to more than 62% for
Ld/D = 0.50 as tc/t increased from 0.25 to 0.75.

3. Increasing the CFRP repair length beyond the defect length produced only marginal
improvements in the repair performance. Once the repair fully covered the defect
region (Lc/Ld = 1), increasing the repair length to Lc/Ld = 2 resulted in negligible
changes in the stress reduction. For example, for a/t = 0.75 and Ld/D = 0.50, the
stress reduction remained nearly unchanged at approximately 40% as Lc/Ld increased
from 1 to 2, indicating that excessively long repairs may not represent an efficient use
of the CFRP material.

4. The required CFRP thickness for effective repair increased substantially with defect
severity. Based on the adopted 10% stress tolerance criterion, the required tc/a ratio
increased from approximately 0.5–0.8 for moderate defects (a/t = 0.20–0.30) to ap-
proximately 1.0–1.1 for a/t = 0.40, and further increased to approximately 1.3–1.5 for
severe defects (a/t = 0.50–0.60). These findings indicate that the required CFRP thick-
ness becomes increasingly larger than the defect depth as defect severity increases.

5. Defect depth had a substantially greater influence on repair requirements than defect
length. Although increasing Ld/D from 0.25 to 0.50 slightly increased the required
CFRP thickness for moderate defects, the required tc/a ratios remained generally
comparable, particularly for severe defects where both defect lengths converged to
similar repair requirements.

The findings of this study are limited to the elastic stress behavior under internal
pressure for open-ended steel pipelines containing circumferentially uniform longitudinal
corrosion defects with perfectly bonded CFRP repairs. Therefore, the proposed repair-
thickness trends should be interpreted as elastic stress-control guidance rather than burst-
pressure or ultimate-limit-state predictions. When the pressure increases beyond the elastic
operating range, steel plasticization, CFRP rupture or damage, epoxy filler cracking or
crushing, and interfacial debonding may influence the stress redistribution mechanism and
load transfer between the repaired pipe components. Nevertheless, within the adopted
elastic framework, the obtained trends provide practical insights into the role of CFRP
geometry in repair performance and may serve as a useful reference for the preliminary
design of CFRP repairs for corroded steel pipelines.

Future work should extend the present elastic axisymmetric framework to a broader
set of pipe and repair configurations, including different pipe diameter-to-thickness ratios,
internal pressure levels, CFRP elastic moduli, fiber orientations, epoxy filler thicknesses,
and three-dimensional localized corrosion defects with different circumferential shapes. Ad-
ditional studies should also consider interfacial damage, adhesive debonding, CFRP failure,
and nonlinear material behavior under higher pressure levels. Experimental validation us-
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ing repaired pipe specimens would further strengthen the numerical findings and support
the development of practical CFRP repair guidelines for corroded steel pipeline repair.
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www.mdpi.com/article/10.3390/coatings16070814/s1, Data S1: Structured dataset used to generate
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Abbreviations
The following abbreviations are used in this manuscript:

D Outer diameter of the steel pipe
t Pipe wall thickness
L Total pipe length
P Internal pressure
a Corrosion defect depth
Ld Axial defect length
Lc CFRP repair length
tc CFRP thickness
te Epoxy filler thickness
D/t Pipe diameter-to-thickness ratio
a/t Defect depth ratio
Ld/D Normalized defect length
Lc/Ld Normalized CFRP repair length
tc/t Normalized CFRP thickness ratio
tc/a CFRP thickness-to-defect depth ratio
te/t Normalized epoxy thickness ratio
E Young’s modulus
E1, E2, E3 Orthotropic Young’s moduli of CFRP
G12, G13, G23 Orthotropic shear moduli of CFRP
ν Poisson’s ratio
ν12, ν13, ν23 Orthotropic Poisson’s ratios of CFRP
r Radial coordinate
u(r) Radial displacement
A, B Lamé constants
q1, q2 Interface pressures in the multilayer analytical solution
σr Radial stress
σθ Hoop stress
σθ,max Maximum hoop stress
σmax

θ,inner Maximum hoop stress at the inner surface
σmax

θ,outer Maximum hoop stress at the outer surface
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σmax
θ,defect−end Maximum hoop stress at the defect end

σθ,intact Hoop stress of the intact pipe
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