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Abstract. Fiber-reinforced polymer (FRP) systems are widely used to repair corroded steel pipes, but the re-
quired repair thickness depends strongly on the stiffness level of the FRP layer, particularly its hoop direction
modulus. This study developed finite-element (FE)-based repair thickness maps for externally repaired corroded
steel pipes using normalized FRP stiffness levels. An axisymmetric FE model was developed for a steel pipe
containing a circumferentially continuous external corrosion groove of finite axial length, filled with epoxy and
externally wrapped with an FRP layer. The model was verified against an analytical multilayer thick-cylinder so-
lution based on Lamé theory. A parametric study was performed by varying the pipe’s diameter-to-thickness ratio
(D/t =10, 20, 40), normalized defect depth (a/t = 0.10-0.60), and FRP-to-steel-stiffness ratio (Er/E = 0.20-
1.20). For each configuration, the required normalized FRP thickness (fr/a) was determined using a 10 % stress
tolerance criterion relative to the corresponding intact pipe. The results showed that increasing Er/E reduced
the required fr/a, whereas deeper defects required larger normalized repair thicknesses. Several low-stiffness
FRP systems exhibited indeterminate feasibility for deeper defects within the investigated thickness range. A
compact empirical correlation was proposed to estimate g /a, achieving R? = 0.90, MAE = 0.13, RMSE = 0.34,
and MAPE =7.36 %. Five-fold cross-validation showed comparable predictive performance for held-out cases,
further supporting the robustness of the proposed correlation within the investigated parameter range. The devel-

oped maps and correlation provide a preliminary stiffness-based framework for FRP thickness selection.

1 Introduction

Corrosion is one of the main deterioration mechanisms af-
fecting steel pipelines used for transporting oil, gas, water,
and chemicals (Kowalczyk et al., 2025; Wasim and Djukic,
2022). Wall loss caused by corrosion reduces the effective
load-carrying area of the pipe wall and disturbs the local
stress field under internal pressure (Alhusain, 2026¢; Diniz
et al., 2006; Fekete and Varga, 2012). Consequently, the hoop
stress in the damaged region may increase substantially com-
pared with that in the intact pipe, particularly when the de-
fect depth becomes significant relative to the wall thickness.
Because replacement or shutdown is often costly and oper-
ationally disruptive, external repair systems are commonly
used to restore the structural response of corroded pipelines
and to extend their service lives (Alamri, 2020; Djahida et al.,
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2021; Dumitrescu et al., 2021; Ong et al., 2024; Watanabe
Junior et al., 2017).

Fiber-reinforced polymer (FRP) repair systems are an at-
tractive solution for rehabilitating damaged steel pipes be-
cause of their high specific strength, corrosion resistance, and
ease of installation on curved surfaces (Alabtah et al., 2021;
George et al., 2021; Hocine et al., 2024; Shamsuddoha et al.,
2013). When externally bonded to a corroded pipe, the FRP
layer provides additional circumferential stiffness and con-
tributes to the redistribution of pressure-induced hoop stress
away from the damaged steel wall (Chen et al., 2021; Yu
et al., 2022; Zhang et al., 2021). The effectiveness of this
repair mechanism depends on the defect severity, pipe ge-
ometry, repair thickness, fiber orientation, adhesive behavior,
and hoop direction stiffness of the FRP system (Budhe et al.,
2020; Kong et al., 2020; Lim et al., 2019). Among these fac-



1074 M. Alhusain: Stiffness-normalized FRP composite repair thickness for corroded steel pipelines

tors, the hoop stiffness of the FRP layer is particularly impor-
tant because it controls the ability of the repair to resist cir-
cumferential expansion under internal pressure (Chen et al.,
2021; Duell et al., 2008).

Previous numerical and experimental studies have shown
that composite repair can reduce stress concentration, im-
prove load sharing, and enhance the pressure response of cor-
roded steel pipelines (Duell et al., 2008; Muda et al., 2022).
Several studies have examined the influence of repair thick-
ness, defect size, adhesive properties, composite lay-up, and
repair configuration on the response of repaired pipes (Chen
et al., 2019; Miranda et al., 2023; Reis et al., 2022). These
studies confirm that the effectiveness of composite repair is
strongly dependent on both the damaged pipe geometry and
the mechanical properties of the repair system. However, be-
cause many studies evaluate selected repair configurations or
specific commercial FRP materials, their findings are often
difficult to generalize to repair systems with different hoop
direction stiffness values.

This issue is important because FRP systems can have
substantially different elastic moduli depending on the fiber
type, fiber volume fraction, laminate architecture, and instal-
lation procedure (Liu et al., 2022; Qiao et al., 2024). A re-
pair thickness that is adequate for a high-stiffness carbon-
fiber system may not be sufficient for a lower-stiffness glass
or hybrid-fiber system. Conversely, a higher-stiftness FRP
system may achieve the same stress recovery target with a
smaller repair thickness. Therefore, comparing repair sys-
tems only by material name or by a single selected thick-
ness does not provide a general basis for selecting the repair
thickness. A normalized stiffness parameter, such as Er/E,
provides a more transferable way to relate repair demand to
the overall orthotropic stiffness level of the FRP, indexed by
its hoop direction modulus.

Another limitation of the existing literature is that repair
performance is commonly reported in terms of stress re-
duction for selected repair thicknesses rather than as the re-
pair thickness required to satisfy a target stress criterion (Al
Shabibi et al., 2025; Chen et al., 2021; Shuai et al., 2021). Al-
though stress reduction trends are useful, they do not directly
provide a repair-sizing map. In particular, limited work has
systematically mapped the required normalized repair thick-
ness, fr/a, as a function of FRP-to-steel-stiffness ratio, de-
fect depth, and pipe diameter-to-thickness ratio. Therefore,
the combined influence of Eg/E, a/t, and D/t on repair
feasibility and required FRP thickness remains insufficiently
quantified. This limits the ability to identify when lower-
stiffness FRP systems fail to satisfy the target criterion within
a specified repair thickness range and when higher-stiffness
systems can achieve the same stress recovery target with a
smaller thickness.

This study addresses this gap by developing FE-based
thickness maps for externally repaired corroded steel pipes
using normalized stiffness parameters. The investigated con-
figuration consisted of a steel pipe containing an axisymmet-
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ric external corrosion groove extending continuously around
the pipe circumference over a finite axial length L4 and
filled with epoxy and wrapped externally with an FRP layer.
Thus, the modeled defect represents an annular wall loss
band rather than a corrosion patch localized in the circum-
ferential direction. The repair length was fixed to be equal to
the defect length, Lg/Lgq = 1.00, so that the analysis could
focus on the effects of normalized defect depth, pipe slen-
derness, and FRP orthotropic stiffness level. The parameters
considered were a/t =0.10-0.60; D/t = 10, 20, and 40; and
Er/E =0.20-1.20.

An axisymmetric finite-element model was developed and
verified against a multilayer thick-cylinder analytical solu-
tion based on Lamé theory. For each combination of D/¢,
a/t, and Er/E, the required normalized FRP thickness was
determined using a 10 % stress tolerance criterion relative to
the corresponding intact pipe. The resulting dataset was used
to construct repair feasibility maps, quantify the effects of
FRP stiffness and pipe geometry on the required fg/a, and
develop a compact empirical correlation for preliminary re-
pair thickness estimation. Therefore, the main contribution
of this study is a stiffness-normalized FE framework for se-
lecting the FRP repair thickness based on the defect severity,
pipe geometry, and FRP stiffness.

2 Materials and methods

2.1 Overview of study design

This study was designed to develop a normalized stiffness-
based framework for estimating the FRP thickness required
to repair steel pipes with external corrosion defects. The anal-
ysis focused on the hoop stress response of an axisymmetri-
cally repaired pipe subjected to operational internal pressure.
Since the applied pressure did not induce plastic deforma-
tion in the steel pipe, the response remained within the elastic
range and was therefore modeled using linear elastic material
behavior. The main objective was to determine the required
normalized FRP thickness, fr/a, needed to restore the maxi-
mum inner-hoop stress of the corroded steel pipe to within a
specified tolerance relative to the intact pipe.

The investigated model consisted of a steel pipe contain-
ing an external corrosion groove of finite axial length L4 that
extended continuously around the full pipe circumference,
filled with epoxy and externally wrapped with an FRP repair
layer, as illustrated in Fig. 1. In three-dimensional geomet-
ric terms, this axisymmetric idealization corresponds to an
annular circumferential groove rather than a localized corro-
sion patch. The parameter Lq therefore represents the axial
extent of the groove. This idealization was adopted to repre-
sent a conservative circumferential wall loss condition and to
allow the repaired pipe to be modeled using an axisymmetric
radial-axial cross-section in ABAQUS. The geometric pa-
rameters included the pipe diameter D, pipe thickness ¢, de-
fect depth a, defect length L4, FRP repair thickness #g, and
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Figure 1. Axisymmetric FE model and geometric parameters of
the FRP-repaired corroded steel pipe, showing the steel pipe; epoxy

filler; FRP layer; axis of revolution; and key dimensions D/2, ¢, a,
tr, Lq, and L.
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FRP repair length Lg. The pipe diameter and length were
kept constant at D =406.4mm and L =4064 mm, respec-
tively, while the pipe’s diameter-to-thickness ratio was varied
as D/t =10, 20, and 40, corresponding to pipe thicknesses
of 40.64, 20.32, and 10.16 mm, respectively.

The normalized corrosion depth was varied as a/t = 0.10,
0.20, 0.30, 0.40, 0.50, and 0.60. Previous work showed that
increasing the normalized defect length beyond Ly/D =
0.50 produced negligible additional influence on the maxi-
mum inner-hoop stress (Alhusain, 2026b). Accordingly, the
defect length was fixed at Lyq/D = 0.50 to represent a near-
saturated critical defect length condition. The FRP repair
length was fixed at Lg/Lg = 1.00, corresponding to the min-
imum repair length that fully covered the defect. Previous
work also showed that extending the FRP repair beyond the
defect length produced only a marginal additional reduc-
tion in the maximum inner-hoop stress (Alhusain, 2026a).
Therefore, Lr/Lq = 1.00 was adopted as a conservative full-
coverage repair condition. These fixed values allowed the ef-
fects of the defect depth, pipe geometry, and FRP orthotropic
stiffness level on the required normalized repair thickness to
be isolated.

The FRP layer was represented using a normalized or-
thotropic stiffness model in which the overall stiffness level
was varied through the stiffness ratio Er/E, where EFf is
the FRP hoop direction modulus, and E is the elastic mod-
ulus of the steel pipe. Six stiffness ratios were considered:
Exr/E =0.20, 0.40, 0.60, 0.80, 1.00, and 1.20. The parame-
ter was indexed by the hoop direction modulus, whereas the
remaining elastic and shear moduli were scaled proportion-
ally to preserve the relative anisotropy of the reference FRP
material. The complete simulation matrix and fixed geomet-
ric and/or loading parameters are listed in Table 1.
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For each combination of D /¢, a/t, and Er/E, the required
value of 7r/a was determined by iteratively adjusting the
FRP thickness until the maximum inner-hoop stress in the
repaired steel pipe satisfied the adopted stress tolerance cri-
terion:

O'On,lrae);aired < 1.100% intact» (D)

where Gen,]rae);aired is the maximum inner-hoop stress in the re-
paired steel pipe, and 0y intact 1S the corresponding maximum
inner-hoop stress in the intact pipe with the same D/t ratio.
The 10 % stress tolerance criterion was adopted following
previous work by Alhusain (2026a), in which the same crite-
rion was used for preliminary carbon-fiber-reinforced poly-
mer (CFRP) repair sizing of corroded steel pipelines. More
generally, assessing repair effectiveness relative to the cor-
responding intact structural response is consistent with pre-
vious FRP rehabilitation studies. For example, George et al.
(2021) evaluated repair performance using a strength regain
ratio referenced to the intact member and reported full recov-
ery of the intact capacity in most cases and approximately
90 % recovery for the pure axial-compression specimens.
Accordingly, the present criterion was adopted as a con-
sistent benchmark requiring substantial recovery toward the
intact-pipe stress response rather than as a code-prescribed
acceptance requirement.

For the feasible repaired cases, the selected 7r/a values
reduced the maximum inner-hoop stress to approximately
9.5 %—10 % above the corresponding intact-pipe stress, con-
firming that the reported repair thicknesses were close to
the target tolerance rather than being substantially over-
conservative. An upper bound of fg/a = 5 was adopted to de-
limit the repair thickness search rather than to define an abso-
lute physical feasibility limit. For the deepest defect consid-
ered in this study, a/¢ = 0.60, this upper bound corresponds
to an FRP thickness equal to 3 times the pipe wall thickness.
Therefore, the selected limit provides a sufficiently broad
range for preliminary repair sizing while avoiding an exces-
sively large composite buildup. Cases for which the stress re-
covery criterion was not satisfied within tp/a < 5 were clas-
sified as having indeterminate feasibility (IF), indicating that
their feasibility beyond the investigated thickness range was
not evaluated. The resulting dataset was used to evaluate re-
pair feasibility; quantify the effects of Er/E, a/t, and D/t
on the required FRP thickness; and develop a compact empir-
ical correlation for preliminary repair thickness estimation.
The complete FE-derived repair thickness data used to con-
struct the design maps are provided in the Supplement.

2.2 Finite-element modeling

2.2.1 Material properties

The steel pipe and epoxy filler were modeled as isotropic lin-
ear elastic materials. The steel pipe was taken as API 5L X70,
with an elastic modulus of E =206 000 MPa, a Poisson’s ra-
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Table 1. Simulation matrix and fixed geometric and/or loading parameters.

Parameter Values
Pipe diameter, D (mm) 406.4
Pipe length, L (mm) 4064
Internal pressure, P (MPa) 10

Pipe diameter-to-thickness ratio, D/t 10, 20, 40

Pipe thickness, ¢ (mm)
Normalized defect depth, a /¢
Defect length ratio, Lq/D

FRP repair length ratio, Lg/Lq
FRP-to-steel-stiffness ratio, Eg/E

40.64, 20.32, 10.16

0.10, 0.20, 0.30, 0.40, 0.50, 0.60
0.50

1.00

0.20, 0.40, 0.60, 0.80, 1.00, 1.20

Investigated upper repair thickness limit, tp/a <5

Stress tolerance criterion

Total parameter combinations

max
. <
%9 ,repaired —

108

1.1009 Jintact

Table 2. Mechanical properties of the steel pipe and epoxy
filler used in the FE model (American Petroleum Institute, 2018;
Anasiewicz and Kuczmaszewski, 2022; Kar Sing et al., 2018).

Material ~ Property Value
Steel E (MPa) 206000
v 0.30
oy (MPa) 485
Epoxy E (MPa) 1740
v 0.45

tio of v =10.30, and a specified minimum yield strength of
485 MPa (American Petroleum Institute, 2018). The maxi-
mum von Mises stress recorded within the investigated simu-
lation matrix was 401.5 MPa, occurring for D/t =40, a/t =
0.60, and Er/E = 0.20 at the investigated upper repair thick-
ness limit of fr/a = 5. Since this maximum stress remained
below the specified minimum yield strength of the X70 steel,
linear elastic material behavior was adopted for the steel
throughout the parametric study. The epoxy filler was as-
signed an elastic modulus of £ = 1740 MPa and a Poisson’s
ratio of v = 0.45. The material properties are listed in Ta-
ble 2.

The FRP repair layer was modeled as an orthotropic elas-
tic material to represent the directional stiffness of the fiber-
reinforced repair systems. Since the objective of this study
was to develop a normalized stiffness-based repair thick-
ness framework rather than to evaluate one specific com-
mercial laminate, the FRP stiffness was varied parametrically
through the ratio Er/E, where EF is the hoop direction mod-
ulus of the FRP layer, and E is the elastic modulus of the steel
pipe. The hoop direction was assigned as the fiber-dominated
material direction, such that E3 = Eg. Although Eg/FE is
defined using the hoop-direction modulus, it represents the
overall orthotropic stiffness level of the FRP in the present
parametric model because E1, E;, and the shear moduli were
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scaled proportionally with E3. Thus, Eg/E should be inter-
preted as an orthotropic stiffness-scaling parameter indexed
by the hoop direction modulus rather than as an independent
variation of hoop stiffness alone.

Six stiffness ratios were considered: Ep/E = 0.20,
0.40, 0.60, 0.80, 1.00, and 1.20. The orthotropic
constants  corresponding to these stiffness ratios
were generated from the reference CFRP mate-
rial properties, where the hoop direction modulus
was E3=165000MPa, with E;=E,=13580MPa,
G12=4458MPa, G3 = Go3 =6386 MPa, vy =0.523,
and vi3 = vp3 = 0.0288. These reference CFRP properties
were used as the baseline orthotropic stiffness pattern.
For each target Ep/E, the elastic and shear moduli were
scaled proportionally to match the corresponding hoop
direction modulus, whereas the Poisson’s ratios were kept
constant. The steel modulus was used only to define the
non-dimensional stiffness ratio Er/E, and the FRP con-
stants were not derived from steel properties. This approach
allowed the repair layer to represent a family of FRP systems
with different overall orthotropic stiffness levels while
preserving the relative anisotropy of the reference material.
The corresponding FRP properties used in the FE models
are presented in Table 3.

The selected Er/E values were not intended to represent
specific commercial FRP products. However, they provide
an approximate link to the common FRP stiffness classes.
Since the steel modulus was E =206 000 MPa, the investi-
gated ratios Er/E = 0.20-1.20 correspond to hoop direction
FRP moduli of approximately 41.2-247.2 GPa. The lower
end of this range is comparable to the low-stiffness glass-
fiber-based repair systems, whereas the upper range is rep-
resentative of carbon-fiber-based systems with higher hoop
stiffness. Intermediate values may represent higher-stiffness
glass, basalt, hybrid, or lower-modulus carbon FRP sys-
tems, depending on the laminate architecture and fiber vol-
ume fraction. Therefore, the stiffness ratios should be inter-
preted as normalized orthotropic stiffness levels indexed by
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Table 3. Orthotropic FRP properties corresponding to the investigated Eg/E ratios.

Eg/E Ey=E;(MPa) E3=Ep(MPa) vig viz=v3 Gip(MPa) Gi3=Go3 (MPa)
0.20 3391 41200 0.523 0.0288 1113 1595
0.40 6783 82400 0.523 0.0288 2227 3190
0.60 10174 123600 0.523 0.0288 3340 4785
0.80 13564 164800 0.523 0.0288 4453 6378
1.00 16956 206000 0.523 0.0288 5566 7974
1.20 20347 247200 0.523 0.0288 6680 9570
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the hoop direction modulus rather than as independent varia-
tions of hoop stiffness or direct assignments to specific FRP
materials.

In the axisymmetric model, the FRP material orientation
was defined such that material direction 3 corresponded to
the circumferential (hoop) direction. Since E3 = EF, increas-
ing Er/E increased the circumferential stiffness of the repair
layer, which is the dominant stiffness component for resisting
pressure-induced hoop deformation. However, the remain-
ing elastic and shear moduli were increased proportionally.
Therefore, the effects attributed to Er/E represent changes
in the overall orthotropic stiffness level while maintaining the
relative anisotropy of the reference FRP material.

2.2.2 Boundary conditions and loading

The FE model was analyzed using an axisymmetric formu-
lation, where the vertical dashed line shown in Fig. 2 repre-
sents the axis of revolution. The model represented half of
the pipe length, and an axial symmetry condition was ap-
plied at the mid-length plane. This boundary condition was
imposed by constraining the axial displacement at the sym-
metry plane, such that u, =0, as shown in Fig. 2. Radial
displacement was not constrained at this plane, allowing the
pipe wall, epoxy filler, and FRP layer to expand freely under
internal pressure. This allowed the model to represent a fully
repaired pipe while reducing the computational domain.

Internal pressure was applied to the inner surface of the
steel pipe. The pressure was applied normal to the inter-
nal wall and directed radially outward. A constant internal
pressure of P =10 MPa was used throughout the parametric
study. The pipe ends were treated as open-ended; therefore,
no closed-end axial pressure load was applied. This condi-
tion was selected to isolate the pressure-induced hoop stress
response and the corresponding stress reduction provided by
the FRP repair layer.

The model was analyzed using ABAQUS/Standard with a
static general analysis step. Geometric nonlinearity was in-
cluded to account for the deformation effects during pressur-
ization, although the material response remained within the
elastic range under the applied operating pressure. The de-
fault ABAQUS/Standard equilibrium convergence controls
were used for the static analysis, and all simulations con-
verged without numerical instability.
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Figure 2. Loading and boundary conditions used in the axisymmet-
ric FE model, showing the internal pressure P applied along the in-
ner steel surface and the axial symmetry condition uy = 0 imposed
at the mid-length plane.

The epoxy filler and FRP repair layer were bonded to
the steel pipe, and perfect interfacial contact was assumed
between the adjacent materials. Accordingly, displacement
compatibility was maintained at the steel-epoxy and epoxy—
FRP interfaces using tie constraints. This assumption al-
lowed the influence of the FRP stiffness and thickness on the
hoop stress redistribution to be evaluated without introducing
additional uncertainty from interface damage or debonding.

2.2.3 Stress evaluation

The repair performance was evaluated based on the hoop
stress response of the steel pipe. Since the applied internal
pressure primarily produces circumferential stress in the pipe
wall, the hoop stress component, og, was selected as the main
response quantity. In the axisymmetric FE model, this stress
component corresponds to the circumferential stress output.

For each repaired configuration, the maximum hoop stress
along the inner surface of the steel pipe was extracted and
used as the governing stress measure. The inner surface
hoop stress was selected because it directly represents the
pressure-side stress demand in the remaining steel wall and

Mech. Sci., 17, 1073-1090, 2026
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provides a consistent basis for comparing the intact, cor-
roded, and repaired configurations.

The repair effectiveness was evaluated using the stress tol-
erance criterion defined in Sect. 2.1. According to this crite-
rion, the repaired pipe was considered to be acceptable when
the maximum inner-hoop stress in the repaired steel pipe was
reduced to within 10 % above the corresponding intact-pipe
value for the same D/t ratio. Therefore, the intact-pipe stress
was evaluated separately for each pipe geometry, ensuring
that the repair assessment was normalized with respect to the
corresponding uncorroded baseline.

For each of the 108 parameter combinations of D/t, a/t,
and Eg/E, the required FRP thickness was determined us-
ing a manual adaptive search procedure. The initial value
of tp/a was selected based on the trends observed in pre-
viously completed parameter combinations rather than using
an arbitrary fixed starting value. When the repaired stress was
substantially different from the target value, tg/a was ad-
justed using increments or decrements of 0.5. As the stress
approached the target, the thickness step was reduced to
0.1, and, for fp/a < 1, the step was further reduced to 0.01.
No interpolation between successive thickness values was
used; each reported fr/a corresponds to an explicitly ana-
lyzed FE configuration. The search was terminated when the
maximum inner-hoop stress in the repaired steel pipe was
between 9.5 % and 10 % above the corresponding intact-pipe
stress, and the associated fg/a was recorded as the required
repair thickness. For cases in which the unrepaired corroded
pipe already satisfied the 10 % criterion, no FRP layer was
applied, and the case was classified as no repair (NR). For
cases in which the criterion remained unsatisfied at the in-
vestigated upper limit of tr/a = 5, the search was terminated,
and the case was classified as having indeterminate feasibil-
ity (IF). Because the number of thickness iterations varied
among parameter combinations, the 108 cases reported in Ta-
ble 1 represent distinct parameter combinations rather than
the total number of individual FE analyses.

2.3 Mesh and convergence analysis

A structured axisymmetric mesh was generated for the re-
paired pipe model, as illustrated in Fig. 3. The steel pipe,
epoxy filler, and FRP repair layer were discretized using
eight-node biquadratic axisymmetric quadrilateral elements
(CAX®8). These second-order elements were selected to im-
prove the representation of stress gradients through the pipe
wall and across the repaired region. A fine mesh was used
in the corrosion defect, epoxy filler, and FRP repair regions
to capture the local stress gradients near the repaired defect.
A magnified view of the repair region is shown in Fig. 3, il-
lustrating the mesh distribution across the steel pipe, epoxy
filler, and FRP layer.

A mesh convergence study was performed using a repre-
sentative repaired pipe model with D/t =20, Eg/E = 0.4,
and a/t = 0.60. Four mesh sizes were examined, ranging
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Figure 3. Structured CAX8 axisymmetric finite-element mesh of
the repaired pipe model showing the global mesh and a magnified
view of the corrosion defect, epoxy filler, and FRP repair layer.

from 6 to 1 mm, as summarized in Table 4. The convergence
assessment was based on the maximum hoop stress at three
locations: the inner steel surface, defect end region, and outer
steel surface. The defect end stress was included as a lo-
cal convergence indicator because this region contains the
strongest geometric discontinuity and stress gradient in the
repaired model. The percentage error was calculated relative
to the finest mesh (M4).

The maximum inner-hoop stress was insensitive to mesh
refinement and remained constant at 103.9 MPa for all inves-
tigated mesh sizes. The defect end hoop stress also showed
excellent convergence, with the error decreasing from 0.15 %
for the 6 and 4 mm meshes to 0.05 % for the 2 mm mesh.
The outer surface hoop stress exhibited the largest mesh
sensitivity for the coarsest mesh, with an error of 3.24 %
for M1. However, this error decreased to 0.97 % for M2 and
only 0.06 % for M3.

Based on these results, a 2 mm mesh was selected for the
parametric study. This mesh produced the same maximum
inner-hoop stress as the finest 1 mm mesh and resulted in er-
rors of only 0.05 % and 0.06 % for the defect end and outer
surface hoop stresses, respectively. Therefore, further refine-
ment to 1 mm provided negligible improvement while in-
creasing the computational cost.

2.4 Model verification and literature-based validation

Before conducting the parametric study, the axisymmetric
FE model was verified using a closed-form multilayer thick
cylinder solution. Verification was performed to confirm that

https://doi.org/10.5194/ms-17-1073-2026
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Table 4. Mesh convergence study for the representative repaired pipe model with D/t = 20, Eg/E = 0.4, and a/t = 0.60.

Mesh ID  Mesh size 09“11;“:; Error U@ds]f:)ft end  Frrop ogor‘;tg; Error

(mm) (MPa) (%) (MPa) (%) (MPa) (%)
M1 6 103.9 0.00 99.52 0.15 90.53 3.24
M2 4 103.9 0.00 99.52 0.15 88.54 0.97
M3 2 103.9 0.00 99.62 0.05 87.74 0.06
M4 1 103.9 — 99.67 — 87.68 —

the FE model correctly reproduced the elastic-hoop stress re-
sponse of a bonded steel-epoxy—FRP system under internal
pressure. A three-layer cylindrical configuration consisting
of a steel pipe, epoxy filler, and external repair layer was
considered. The pipe was treated as open-ended, consistent
with the FE boundary conditions, and perfect bonding was
assumed between the adjacent layers.

This verification was intended to confirm the implemen-
tation of the bonded multilayer elastic cylinder model, in-
cluding pressure loading, material layering, and interfacial
compatibility. It was not used as a validation of the local cor-
rosion defect response because the analytical Lamé solution
does not represent geometric wall loss discontinuities.

An analytical solution was obtained using the Lamé thick-
cylinder theory (Timoshenko et al., 1970). For each layer, the
radial and hoop stresses were expressed as

B

or=A— . @)
r
B

o9 =A+ . 3)
r

where r is the radial coordinate, and A and B are the Lamé
constants for the corresponding layer. The constants were
evaluated using the pressure boundary conditions at the inner
and outer radii and the interface pressures between adjacent
layers. Since the model represents an open-ended pipe, the
radial displacement used for enforcing interfacial compati-
bility was written as
(1—v)Ar+({+v)B/r

u(r) = z )

where E and v are the elastic modulus and Poisson’s ratio of
the layer. The unknown interface pressures were obtained by
satisfying the displacement continuity at the steel-epoxy and
epoxy—FRP interfaces.

The verification was carried out for D/t = 10, 20, and 40
while keeping the pipe diameter constant at D =406.4 mm.
The corresponding pipe thicknesses were 40.64, 20.32,
and 10.16 mm, respectively. For the verification analysis,
both the epoxy and FRP layer thicknesses were set to be
equal to 20% of the pipe wall thickness. The FE model
retained the orthotropic FRP properties corresponding to
Ep/E =0.40, with a hoop direction modulus of E3 =
Er = 82400 MPa. For the analytical multilayer-cylinder so-
lution, the FRP layer was represented using an equivalent

“

https://doi.org/10.5194/ms-17-1073-2026

isotropic elastic modulus of 82400 MPa and a Poisson’s ra-
tio of 0.30. This equivalent isotropic representation was used
only in the analytical calculation; the FRP material in the
FE model remained orthotropic. The inner and outer surface
hoop stresses in both the steel pipe and FRP layer were ex-
tracted from the FE model and compared with the analytical
results.

As shown in Fig. 4, the FE predictions were in close agree-
ment with the analytical solution for all investigated D/¢ ra-
tios. The hoop stresses on the inner and outer surfaces of the
steel pipe were nearly identical between the two approaches,
and a similar agreement was observed for the FRP layer. This
agreement confirms that the axisymmetric FE model accu-
rately captures the elastic stress distribution and load trans-
fer in the bonded multilayer systems. Therefore, the verified
model was used for the subsequent parametric investigation
of the required normalized FRP repair thickness.

To provide an additional literature-based validation for
a repaired pipe containing actual wall thinning, the vali-
dation procedure previously reported by Alhusain (2026a)
was adopted, in which selected axisymmetric composite-
repair cases from Saeed et al. (2014) were reproduced. Two
zero-live-pressure cases with circumferential wall thinning
of 30% and 40 % were reproduced using the pipe geome-
try, repair thicknesses, composite properties, and design pres-
sure reported in the reference study. Saeed et al. employed
a two-dimensional axisymmetric FE model and evaluated
the composite response at a design pressure of 27.25 MPa.
The present FE model predicted maximum FRP hoop strains
of approximately 0.200 % and 0.211 % for the 30 % and
40 % wall-thinning cases, respectively. The corresponding
analytical values were approximately 0.199 % and 0.210 %,
while the digitized literature FEA values were approximately
0.203% and 0.223 %, as shown in Fig. 4c. The present
FE predictions therefore differed from the digitized litera-
ture values by approximately 1.5 % and 5.4 %, respectively,
indicating a reasonable agreement. Although the analytical
and literature-based benchmarks do not reproduce the finite
defect end geometry, the local stress response was assessed
through the mesh convergence study in Sect. 2.3, where the
selected 2 mm mesh differed from the finest 1 mm mesh by
only 0.05 % in the defect end hoop stress.
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Figure 4. FE model verification: (a) steel and (b) FRP hoop stresses compared with the analytical multilayer solution and (¢) FRP hoop

strain compared with digitized FEA data from Saeed et al. (2014).

2.5 Development of the proposed correlation

After determining the required FRP thickness from the
FE simulations, the resulting dataset was used to develop
a compact empirical correlation for estimating the normal-
ized repair thickness, fr/a. The correlation was formulated
in terms of the three main non-dimensional parameters con-
sidered in the parametric study: the FRP-to-steel-stiffness
ratio Er/E, the normalized defect depth a/¢, and the pipe
diameter-to-thickness ratio D/t. The objective was to de-
fine a design-oriented functional form that captures the main
FE trends and that can be used for the preliminary estimation
of the required FRP repair thickness.

The proposed functional form was selected based on the
trends observed in the FE results. The required normalized
repair thickness decreased with increasing Er/E, increased
with increasing a/t, and varied with D/t in a manner depen-
dent on the defect depth. Accordingly, the following general
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correlation was adopted:

tF Ep\" a/t P D/t ql(a/1)—0.20]

a _C< E) (o.zo) ( 20 > ' )
where C, n, p, and g are the fitting constants. The reference
values a/t = 0.20 and D/t = 20 were used to normalize the
correlation around representative values within the investi-
gated parameter range.

The fitting constants were obtained using MATLAB by
minimizing the difference between the FE-derived and pre-
dicted values of tg/a. Only feasible repaired cases were in-
cluded in the fitting dataset. Cases classified as no repair
were excluded because they correspond to tg/a = 0, while IF
cases were excluded because the stress recovery criterion was
not achieved within the investigated upper limit of tr/a = 5.
The shallowest defect cases with a/t = 0.10 were also ex-
cluded from the fitting and error evaluation because several
of these cases required no repair or very small repair thick-
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Table 5. The 5-fold cross-validation scheme used to evaluate the
proposed correlation.

Run  Groups used for Group used Fitting  Validation

parameter fitting for validation cases cases
1 Gy+G3+Ga+Gs Gy 59 15
2 G1+G3+G4+Gs Gy 59 15
3 G1+G2+Gs4+Gs Gy 59 15
4 G +G2+G3+Gs Gy 59 15
5 G1+G2+G3+Gs  Gs 60 14

nesses, which can distort a power-law correlation intended
for finite repair demand.

To assess the predictive robustness of the proposed corre-
lation form, 5-fold cross-validation was performed using the
74 eligible FE cases. The cases were randomly divided into
five approximately equal groups, G1—Gs, containing 14—15
cases each. In each run, four groups were used to refit the
correlation coefficients C, n, p, and ¢, while the remaining
group was withheld for validation, as summarized in Table 5.
This procedure ensured that every case was used once for
validation. The overall cross-validation statistics were calcu-
lated from the combined held-out predictions. Detailed group
assignments, fold-specific fitted coefficients, and validation
statistics are provided in the Supplement. The fold-specific
coefficients were used only for cross-validation, whereas the
final correlation reported in Sect. 3.4 was fitted using the
complete set of 74 eligible FE cases.

The optimized constants and predictive performance of
the final correlation are presented in Sect. 3.4. The proposed
correlation was developed for the parameter ranges investi-
gated in this study and is intended as a preliminary thickness
estimation tool for elastic-hoop stress recovery. Therefore,
its use should be limited to the fitted parameter range and
should not be interpreted as a substitute for detailed design
checks involving FRP failure, interfacial debonding, installa-
tion constraints, or long-term durability.

3 Results and discussion

3.1 Overview of required FRP thickness trends and
repair feasibility

The overall repair response was first examined by compar-
ing the representative hoop stress distributions before and af-
ter repair. Figure 5 shows the hoop stress contours for the
case D/t =20 and a/t = 0.4, including the unrepaired pipe
and two repaired configurations with different FRP stiffness
ratios. The unrepaired pipe exhibited a significantly higher
hoop stress field near the corrosion defect, confirming the
stress amplification caused by the local wall thickness re-
duction. After repair, the steel-hoop stress was substantially
reduced, and the two repaired cases produced similar stress
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Figure 5. Representative hoop stress distributions in the steel pipe
for D/t =20 and a/t =0.4: (a) unrepaired pipe, (b) repaired
pipe with Eg/E = 0.4 and tp/a = 2.50, and (c) repaired pipe with
Ep/E =1.2and tg/a =0.75.

distributions despite using different FRP stiffness ratios and
repair thicknesses.

For the repaired cases shown in Fig. 5, the lower-stiffness
repair with Ep/E = 0.4 required a larger normalized thick-
ness of tr/a = 2.50, whereas the higher-stiffness repair with
Eg/E = 1.2 required only tr/a =0.75. The similarity be-
tween the repaired stress fields indicates that comparable
elastic repair performances can be obtained using different
FRP systems when the repair thickness is adjusted accord-
ing to the FRP stiffness. Therefore, Er/E primarily controls
the amount of repair thickness required to achieve the tar-
get stress reduction, which is consistent with previous find-
ings that composite stiffness governs load sharing in repaired
steel pipes (Chen et al., 2021; Dumitrescu et al., 2021). In
the present cases, once the same stress recovery criterion
was satisfied, the repaired steel stress distributions remained
broadly similar despite the different stiffness—thickness com-
binations.

The complete feasibility map is shown in Fig. 6. This fig-
ure summarizes the required #g/a values for all of the inves-
tigated combinations of D/t, a/t, and Er/E. Cases marked
as NR indicate that the unrepaired corroded pipe already sat-
isfied the 10 % stress tolerance criterion and therefore did not
require an FRP repair. Cases marked as IF indicate indeter-
minate feasibility, meaning that the criterion was not satisfied
within the investigated upper limit of tg/a < 5. This classifi-
cation distinguishes between cases in which repair is unnec-
essary, cases in which the criterion can be satisfied within
the investigated thickness range, and cases for which the
feasibility beyond this range remains undetermined. Accord-
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Figure 6. Repair feasibility maps showing the required normalized FRP thickness g /a for different D/t ratios: (a) D/t = 10, (b) D/t = 20,
and (¢) D/t = 40. NR indicates that no repair is required, whereas IF indicates indeterminate feasibility, corresponding to cases in which the

stress recovery criterion was not achieved within fgp/a < 5.

ingly, the NR and IF classifications are specific to the adopted
10 % stress tolerance criterion and tr/a < 5 search limit and
should not be interpreted as absolute classifications indepen-
dent of these thresholds. The feasibility map also shows that
low-stiffness FRP systems are more likely to reach the in-
vestigated upper thickness limit for deeper defects than high-
stiffness FRP systems.

The influence of FRP stiffness was particularly evident
at Er/E = 0.2, where the stress recovery criterion was sat-
isfied within the investigated thickness range for fewer pa-
rameter combinations as the defect depth increased. In con-
trast, higher stiffness ratios expanded the range of config-
urations for which the criterion was satisfied and reduced
the required normalized thickness over a wider range of a/¢
and D/t. These results demonstrate that the ability to satisfy
the adopted stress recovery criterion within the investigated
thickness range depends on the combined effects of defect
severity, pipe geometry, and FRP stiffness.

3.2 Effect of FRP stiffness ratio on required repair
thickness

The influence of the FRP-to-steel-stiffness ratio, Er/E, on
the required normalized repair thickness is shown in Fig. 7.
For all of the investigated D/t ratios, increasing Er/E re-
duced the required fp/a. This trend is expected because a
stiffer FRP layer provides greater circumferential resistance
to pressure-induced deformation, allowing the target reduc-
tion in steel-hoop stress to be achieved with a smaller repair
thickness. This behavior is consistent with previous findings,
which show that the stiffness of the composite repair layer
governs load sharing between the steel pipe and the exter-
nal repair system (Ansari Sadrabadi et al., 2022; Duell et al.,
2008; Lim et al., 2019).

For D/t = 10, the repair demand was highly dependent on
both the defect depth and FRP stiffness, as shown in Fig. 7a.
Shallow defects with a/t = 0.1 did not require repair be-
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cause the unrepaired pipe already satisfied the 10 % stress
tolerance criterion. For larger defects, however, the required
tr/a decreased markedly as Er/E increased. For exam-
ple, at a/t =0.2, the required thickness decreased from
tr/a =330 at Er/E =0.2to trp/a =0.47 at Er/E =1.2.
For deeper defects, some low-stiffness cases exhibited in-
determinate feasibility within the investigated upper limit of
tr/a <5, indicating that increasing repair stiffness becomes
increasingly important as the defect severity increases.

A similar reduction in the required repair thickness was
observed for D/t = 20, as shown in Fig. 7b. For this geome-
try, feasible repairs were obtained over a wider range of de-
fect depths and stiffness ratios. The required fr/a decreased
consistently with increasing Er/E for all defect depths. At
a/t = 0.4, the required normalized thickness decreased from
tr/a=2.50 at Eg/E =0.4 to tp/a=0.75 at Eg/E =1.2.
This behavior confirms that higher-stiffness FRP systems can
substantially reduce the repair thickness required to satisfy
the same stress criterion.

For D/t =40, shown in Fig. 7c, the effect of Ep/E re-
mained clear, but the reduction in #g/a became more gradual
at higher stiffness ratios. The curves show a steep decrease
between Er/E = 0.2 and 0.6, followed by smaller reductions
as Er/E increased further. This indicates that the benefit of
increasing the FRP stiffness is strongest when moving from
low-stiffness to moderate-stiffness repair systems, while fur-
ther increases in stiffness produce progressively smaller re-
ductions in the required normalized thickness.

Overall, Fig. 7 confirms that Er/E is one of the dominant
parameters controlling the required repair thickness. The de-
crease in fp/a with increasing Er/ E was consistent across all
pipe geometries and defect depths. However, the magnitude
of this reduction depended on a/t and D/t, showing that
FRP stiffness cannot be evaluated independently from defect
severity and pipe geometry. These results support the use of a
normalized stiffness-based correlation, in which Eg/E, a/t,
and D/t are considered simultaneously.
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Figure 7. Effect of FRP stiffness ratio Er/E on the required normalized repair thickness tg/a: (a) D/t = 10, (b) D/t =20, and (¢) D/t =

40.

3.3 Effect of pipe slenderness on required repair
thickness

The effect of the pipe diameter-to-thickness ratio, D/t, on
the required normalized FRP thickness is shown in Fig. 8.
Unlike the effect of FRP stiffness, the influence of D/t
was more dependent on the defect depth and stiffness ratio.
This indicates that pipe slenderness affects the repair demand
through its influence on the stress recovery target and the
remaining wall stiffness. Previous numerical work on FRP-
reinforced steel pipes has similarly shown that pipe dimen-
sions, including diameter and wall thickness, influence the
effectiveness of composite reinforcement (Elchalakani et al.,
2017; Li et al., 2022; Sebeay and Ahmed, 2023).

For low FRP stiffness, the effect of D/t was more
pronounced, and the feasible repair region was limited.
At Ep/E =0.2, shown in Fig. 8a, several deeper-defect
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cases exhibited indeterminate feasibility within the investi-
gated upper thickness limit. For the feasible cases, the re-
quired #g/a did not vary monotonically in the same way for
all defect depths. For shallow defects, the thicker-pipe case
was less demanding and could even require no repair. How-
ever, for larger defects, the stress recovery criterion was not
achieved for some low-stiffness configurations within the in-
vestigated thickness range.

As the stiffness ratio increased, the influence of D/t de-
creased. For Er/E = 0.4 and 0.6, shown in Fig. 8b and c, the
required fg/a generally decreased as D/t increased for mod-
erate and deep defects. This trend suggests that, within the
investigated range, thinner-walled pipes require smaller nor-
malized repair thicknesses once the repair is feasible. How-
ever, this does not imply that thinner pipes are less stressed in
terms of absolute values. Instead, it reflects how the normal-
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ized repair thickness required to restore the stress to the cor-
responding intact-pipe baseline changes with the wall slen-
derness.

For higher stiffness ratios, Eg/E =0.8, 1.0, and 1.2,
shown in Fig. 8d—f, the curves became flatter for most de-
fect depths. This indicates that increasing the FRP stiffness
reduces the sensitivity of the required thickness to D/t. At
high stiffness ratios, the FRP layer provides sufficient cir-
cumferential stiffness such that the required tr/a becomes
controlled more by the defect depth than by pipe slender-
ness. Nevertheless, the deepest defect cases still showed vis-
ible sensitivity to D /¢, especially for a/t = 0.5 and 0.6.

The shallow-defect cases exhibited different behaviors
compared to the deeper defects. For a/¢t = 0.1, some config-
urations required no repair, particularly for D/t = 10. This
occurs because the remaining steel wall is sufficiently stiff
for shallow corrosion, such that the unrepaired pipe can re-
main close to the 10 % stress tolerance criterion. As D/t in-
creases, the same normalized defect depth corresponds to a
thinner pipe wall, and the no-repair condition becomes less
common. This explains why the shallow-defect curves may
increase slightly with D /¢, while deeper-defect curves gen-
erally decrease or become less sensitive as D/t increases.

Overall, Fig. 8 shows that D/t has a secondary but impor-
tant influence on the repair thickness. Its effect is strongest
for low-stiffness FRP systems and deeper defects, where the
feasibility of repair can change depending on the pipe ge-
ometry. At higher FRP stiffness ratios, the required thickness
becomes less sensitive to D /¢, supporting the conclusion that
repair stiffness can reduce the geometric dependence of the
required FRP thickness.

3.4 Evaluation and cross-validation of the proposed
correlation

The fitting procedure described in Sect. 2.5 was applied to the
FE-derived repair thickness dataset to obtain the constants
for the proposed empirical correlation. The optimized con-
stants were obtained as C = 0.577, n = —1.063, p =0.876,
and g = —1.850. Therefore, the final proposed correlation is
expressed as

t_F _ '577<E>1.063<a_/l)0‘876
a E 0.20
D/t —1.850[(a/1)—0.20]
X ( 20 ) . 6)
The correlation structure reflects the main trends observed
in the FE results. The negative exponent of Er/E indicates
that the required normalized repair thickness decreases as the
FRP stiffness increases. Because this exponent is close to —1,
the required repair thickness is approximately inversely re-
lated to the overall orthotropic stiffness level represented
by Er/E. The positive exponent of a/¢ confirms that deeper
defects require larger normalized repair thicknesses. The fi-
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nal term accounts for the interaction between D/t and the
defect depth, allowing the effect of pipe slenderness to vary
with a /¢ rather than being treated as a constant scaling factor.

Figure 9 compares the FE-derived g /a values with the val-
ues predicted by the proposed correlation for D/f = 10, 20,
and 40. The markers represent the FE results, and the solid
lines represent the proposed correlation. For visual continu-
ity, the correlation curves are extended below a/t = 0.20;
however, this portion lies outside the fitted correlation do-
main and was not included in the fitting or error evaluation.
For D/t = 10, the correlation captures the rapid increase in
the required repair thickness with increasing a/t, particularly
for low stiffness ratios. For D/t = 20, the proposed equation
follows the FE trends over a wider range of defect depths
and stiffness ratios. For D/t = 40, the correlation captures
the more gradual increase in required thickness for moder-
ate and high stiffness ratios, as well as the stronger nonlinear
response observed for low-stiffness repair systems.

The overall predictive performance of the proposed corre-
lation was further evaluated using the parity plot shown in
Fig. 10. Most data points were located close to the one-to-
one reference line, indicating good agreement between the
FE-derived and predicted #g/a values. The agreement was
strongest in the moderate repair thickness range, where most
feasible cases were found. Larger deviations occurred mainly
near the upper repair thickness range, where the response be-
came more sensitive to the low FRP stiffness and proximity
to the investigated upper thickness limit.

The predictive accuracy of the final correlation against
the complete fitting dataset was quantified using the coef-
ficient of determination (R?), mean absolute error (MAE),
root-mean-square error (RMSE), and mean absolute per-
centage error (MAPE). The correlation achieved R%=10.90,
MAE =0.13, RMSE =0.34, and MAPE =7.36 %, indicat-
ing good overall agreement with the FE-derived repair
thicknesses. To further assess the predictive performance
on held-out cases, five-fold cross-validation was performed
as described in Sect. 2.5. The combined held-out predic-
tions yielded R2=0.86, MAE=0.14, RMSE = 0.38, and
MAPE =6.71 %. The fold-specific MAPE ranged from
5.41 % to 8.49 %. The comparable error levels obtained for
the complete fitting dataset and the held-out cases indicate
that the proposed correlation form retains good predictive
capability within the investigated parameter space. Detailed
cross-validation results are provided in the Supplement.

Overall, Figs. 9 and 10 show that the proposed correla-
tion provides a reasonable preliminary estimate of the re-
quired normalized FRP thickness within the investigated pa-
rameter range. The correlation is applicable for feasible re-
pair cases within 0.20 < Eg/E < 1.20, 0.20 <a/t <0.60,
and 10 < D/t <40, with Lq/D =0.50 and Lg/Lgq = 1.00.
It should be used as a preliminary thickness estimation tool
for elastic-hoop stress recovery, while detailed design should
also consider strength limits, FRP failure, interfacial debond-
ing, installation constraints, and long-term durability. Ac-
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Figure 9. Comparison between the FE-derived repair thicknesses and the proposed correlation for different pipe diameter-to-thickness ratios:
(a) D/t =10, (b) D/t =20, and (¢) D/t = 40. The correlation curves below a/¢ = 0.20 are shown only for visual continuity and lie outside
the fitted correlation domain.

cordingly, the correlation should be interpreted as an inter- 3.5 Practical applicability and limitations of the

polation tool within the investigated parameter domain since FE-based thickness maps

its predictive accuracy outside these ranges has not been es- o )
tablished. The FE-based results presented in this study provide a nor-

malized map of the FRP thickness required to reduce the
maximum inner-hoop stress of a corroded steel pipe to within
10 % above the corresponding intact-pipe value. The maps
are intended to show how the required normalized repair
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Parity plot: FEM vs proposed correlation
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Figure 10. Parity plot comparing the FE-derived and predicted nor-
malized repair thickness values obtained from the proposed corre-
lation. The dashed line represents perfect agreement between the
FE-derived and predicted tg/a values.

thickness, tr/a, changes with the defect depth, pipe diameter-
to-thickness ratio, and FRP orthotropic stiffness level. There-
fore, the main use of the results is to support preliminary
repair assessment by identifying whether a given corrosion
severity can be repaired within a practical thickness range
and how the required repair thickness changes when a lower-
or higher-stiffness FRP system is used for repair.

The feasibility classification used in this study should be
interpreted within the adopted repair criterion and the inves-
tigated thickness range. Cases marked as no repair indicate
that the unrepaired corroded pipe satisfied the 10 % stress
tolerance criterion. Cases marked as IF indicate indetermi-
nate feasibility, meaning that the criterion was not achieved
within the investigated upper limit of tr/a = 5. This classi-
fication does not imply that repair is physically infeasible
beyond this limit; rather, repair thicknesses exceeding this
range were not considered. In practice, the maximum accept-
able repair thickness may depend on the installation method,
available wrapping systems, allowable diameter increase, ac-
cessibility, and project-specific requirements.

The findings are applicable within the parameter range
investigated in the FE study: 0.20 < Eg/E < 1.20, 0.10 <
a/t <0.60 for the FE maps, and 10 < D/t <40. The de-
fect length and repair length were fixed at Lq/D = 0.50
and Lg/Lq = 1.00, respectively. These values were selected
based on previous parametric studies rather than as arbitrary
fixed conditions. A defect length of Lq/D = 0.50 represents
a near-saturated critical condition because further increases

https://doi.org/10.5194/ms-17-1073-2026
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in defect length produced negligible additional influence on
the maximum inner-hoop stress (Alhusain, 2026b). Simi-
larly, Lr/Lq = 1.00 represents the minimum full-coverage
repair condition, while extending the FRP beyond the defect
length produced only marginal additional stress reduction
(Alhusain, 2026a). Nevertheless, because Lq/D and Lg/Lg
were not varied in the present parametric matrix, the thick-
ness maps and correlation should be applied directly only to
these fixed ratios. Application to substantially different de-
fect lengths, partial-coverage repairs, or other repair length
ratios requires additional analysis.

Several modeling assumptions must be considered. The
analysis was limited to the elastic-hoop stress recovery un-
der internal pressure. The present thickness maps were devel-
oped specifically for open-ended pipes, for which no closed-
end axial pressure load was applied. Accordingly, the pre-
dicted tg/a values are directly applicable to this loading con-
dition. Closed-ended pipes additionally develop a pressure-
induced axial membrane stress, which could modify the lo-
cal multi-axial stress state and should therefore be assessed
separately. The steel pipe and epoxy filler were modeled as
linear elastic materials, and the FRP layer was represented
using an orthotropic-elastic-stiffness model. Perfect bonding
was assumed at the steel-epoxy and epoxy—FRP interfaces;
therefore, interfacial debonding, adhesive failure, slip, and
installation defects were not included. Such interfacial im-
perfections could reduce load transfer to the FRP layer and
may therefore increase the repair thickness required to satisfy
the same steel-hoop stress criterion. The repaired configura-
tion was also modeled as axisymmetric with a continuous ex-
ternal FRP layer; therefore, localized three-dimensional cor-
rosion shapes, nonuniform repair thickness, wrinkles, voids,
and imperfect surface preparation were outside the scope of
this study.

Accordingly, the thickness maps and proposed correlation
presented in this study should be used as preliminary de-
sign support tools for elastic stress recovery and not as fi-
nal repair design rules. The final repair design should in-
clude checks for FRP tensile capacity, adhesive stresses,
bond durability, environmental degradation, installation con-
straints, safety factors, and relevant repair code requirements.

4 Conclusions

This study developed FE-based repair thickness maps and a
normalized correlation for estimating the FRP thickness re-
quired to recover the elastic-hoop stress response of exter-
nally repaired corroded steel pipes. The required normalized
repair thickness, fr/a, was determined using a 10 % stress
tolerance criterion relative to the corresponding intact pipe.
The main conclusions are as follows:
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1. The required repair thickness decreased consistently
with increasing FRP orthotropic stiffness level, repre-
sented by Er/E, while increasing the defect depth gen-
erally increased the repair demand. Low-stiffness FRP
systems were more likely to reach the investigated up-
per limit of tg/a = 5, particularly for deeper defects.

2. Pipe slenderness, D/t, had a secondary but non-
negligible influence on the required repair thickness.
Its effect depended on both the defect depth and FRP
stiffness, whereas increasing FRP stiffness generally re-
duced the sensitivity of the required tg/a to D/t.

3. Different combinations of FRP stiffness and thickness
can produce comparable repaired steel-hoop stress dis-
tributions when sized to satisfy the same stress crite-
rion. This demonstrates the potential for stiffness-based
repair sizing rather than selection based solely on a spe-
cific FRP material or prescribed thickness.

4. The proposed correlation reproduced the FE-derived
repair thicknesses with R?=0.90, MAE=0.13,
RMSE =0.34, and MAPE =7.36 %. Five-fold cross-
validation showed comparable predictive performance
for held-out cases, supporting the robustness of the
correlation within the investigated parameter space.
Therefore, it provides a practical preliminary estimate
of the required normalized repair thickness within this
range.

The proposed thickness maps and correlation are limited
to the conditions investigated in this study: 0.20 < Eg/E <
1.20;0.10 < a/t < 0.60 for the FE maps; 0.20 <a/t < 0.60
for the fitted correlation; and 10 < D/t <40, with Lq/D =
0.50 and Lr/L4q = 1.00. Their applicability is further lim-
ited to linear-elastic material behavior, perfect bonding at
the steel-epoxy and epoxy-FRP interfaces, a circumferen-
tially continuous axisymmetric corrosion groove, a contin-
uous axisymmetric FRP repair, and open-ended internal-
pressure loading without closed-end axial pressure. Accord-
ingly, the proposed method should be used for preliminary
elastic stress recovery assessment rather than as a final re-
pair design rule. Extension to other defect or repair lengths,
localized three-dimensional corrosion, nonlinear material re-
sponse, or imperfect interfaces requires additional analysis.

Mech. Sci., 17, 1073-1090, 2026

Appendix A: Nomenclature

Below is a list of the symbols used in this study.

D Outer diameter of the steel pipe

t Pipe wall thickness

L Total pipe length

P Internal pressure

a Corrosion defect depth

Lq Axial defect length

Lp FRP repair length

Ip FRP repair thickness

D/t Pipe diameter-to-thickness ratio

alt Defect depth ratio

Lq/D Normalized defect length

Lg/Lq Normalized FRP repair length

te/a FRP thickness-to-defect depth ratio

E Young’s modulus

Er/E FRP-to-steel-stiffness ratio

E\, E>, E3 Orthotropic Young’s moduli of FRP

G12,G13,G23  Orthotropic shear moduli of FRP

v Poisson’s ratio

V12, V13, V23 Orthotropic Poisson’s ratios of FRP

r Radial coordinate

u(r) Radial displacement

A, B Lamé constants

oy Radial stress

oy Hoop stress

009, max Maximum hoop stress

Og inmer Maximum hoop stress at the inner sur-
face

Ué?gﬁter Maximum hoop stress at the outer sur-
face

Op defect-end Maximum hoop stress at the defect end

09, intact Hoop stress of the intact pipe
oy Yield strength

C Correlation coefficient
n,p,q Empirical fitting exponents
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