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A B S T R A C T

Reinforced concrete pipes (RCPs) are prone to structural deterioration during long-term service due to internal
corrosion, resulting in reduced load-bearing capacity. Cured-in-place pipe (CIPP) lining is a widely used trench-
less rehabilitation technique; however, the quantitative relationship between liner thickness and structural en-
hancement remains insufficiently understood. In this study, full-scale three-edge bearing tests (TEBT) and three-
dimensional finite element analyses were conducted on intact and corroded RCPs rehabilitated with CIPP liners
of different thicknesses. The results show that corrosion reduces the cracking and ultimate loads of RCPs,
whereas CIPP rehabilitation significantly enhances structural capacity, with increases of approximately 11–30%
and 2–44%, respectively. This study reveals that corrosion preserves the intrinsic cracking–ultimate load rela-
tionship while reducing structural resistance, indicating that corrosion affects load capacity magnitude without
altering the underlying structural response mechanism. Numerical predictions agree well with experimental re-
sults, and a design-oriented bearing capacity modification model is developed within the framework of Zhu's
plastic-hinge theory. By introducing a correction factor of K = 1.12, the prediction error is reduced to within ap-
proximately 2%, demonstrating the accuracy and engineering applicability of the proposed model.

1. Introduction

Urban underground pipeline networks are critical infrastructure sys-
tems that are continuously exposed to chemical corrosion, microbial at-
tack, traffic loading, and ground deformation. As a result, reinforced
concrete drainage pipes (RCPs) are prone to deterioration such as inter-
nal surface corrosion, crack propagation, and joint dislocation, leading
to progressive degradation of circumferential stiffness and overall load-
bearing performance [1,2]. Under complex service conditions involving
uneven ground settlement, fault movement, and variations in soil
cover, the residual load-bearing capacity has therefore become a key in-
dicator for evaluating pipeline structural safety [3–6].

Cured-in-place pipe (CIPP) lining has been widely applied in
drainage pipeline rehabilitation due to its construction convenience
and strong adaptability. By forming a glass fiber reinforced polymer
(GFRP) strengthening layer inside the host pipe, CIPP transforms the
RCP into a composite structure, thereby enhancing its stiffness and
load-bearing capacity [7–10]. Existing studies have shown that the
strengthening effect is highly sensitive to liner thickness [11]. How-
ever, current design standards and guidelines, such as ASTM F1216,
DWA-A 143–2, and AWWA M28, are largely based on empirical formu-
lations or single-material assumptions, and thus fail to adequately re-
flect thickness–modulus matching, interface interaction, and corrosion-
induced degradation in RCP-CIPP composite systems [12–14].
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Fig. 1. Free-body diagram of a ring structure subjected to a concentrated load F.

Fig. 2. Load transfer mechanism of the composite structure formed by the CIPP liner and the host pipe.

Table 1
Test conditions of pipe specimens.
Group Corrosion

depth(mm)
length
(mm)

Wall
thickness
(mm)

Liner
thickness
(mm)

Repair
type

Remarks

S1 0 2500 80 0 RCP Reference
specimen

S2 0 2500 80 12 Fully
structural

UV-CIPP
liner

S3 60 2500 80 0 Corroded
RCP

Corrosion
simulated by
milling

S4 60 2500 80 12 Fully
structural

Corroded +
liner

Table 2
Summary of experimental results (mean and standard deviation).
Group Cracking load (kN) Ultimate load (kN)

S1 187 ± 27.83 kN 265 ± 45.08 kN
S2 234.77 ± 25.16 kN 293.55 ± 11.69 kN
S3 146.58 ± 25.05 kN 225.07 ± 13.31 kN
S4 176.69 ± 5.59 kN 265.80 ± 10.65 kN

Note: Each value represents the mean and standard deviation obtained from
three parallel specimens for each test condition.

In recent years, multi-scale investigations combining TEBT, distrib-
uted optical fiber sensing, and finite element modeling (FEM) have pro-
vided deeper insights into the mechanical behavior of composite pipe
structures. Wang et al. [15], Dong [16], Zhai et al. [17], and Wang et al.
[18] systematically investigated the effects of liner thickness, pipe
geometry, and interface conditions on stiffness distribution, load trans-

fer, and bending response of CIPP-rehabilitated pipes through TEBT
and numerical analyses. Based on experimental observations, Wang et
al. [19] further proposed a bearing capacity model for concrete
pipe–CIPP composite systems, indicating that the required CIPP thick-
ness could be reduced compared with ASTM-based designs [20,21].

Although the ASTM C497 TEBT method [22], the ASTM F1216 CIPP
design approach, and the AWWA M28 rehabilitation guideline [23]
provide useful references for pipeline structural assessment, they gener-
ally neglect the effects of interface interaction, liner thickness variation,
and corrosion-induced degradation in RCP-CIPP composite systems,
which limits their ability to accurately predict structural performance
under realistic engineering conditions.

Previous studies on the structural performance of CIPP-rehabilitated
pipelines have primarily focused on intact host pipes or relied heavily
on numerical simulations [24–26]. Experimental investigations are of-
ten limited to small-scale specimens or simplified loading conditions,
and the coupled effects of corrosion-induced degradation and liner
thickness variation remain insufficiently explored. Moreover, most ex-
isting analytical and design-oriented models are developed for intact
pipes and do not explicitly account for the influence of corrosion dam-
age on load-bearing mechanisms. As a result, the applicability of cur-
rent approaches for assessing deteriorated RCP-CIPP composite systems
under realistic service conditions is limited.

To address these limitations, the present study integrates full-scale
TEBT with three-dimensional finite element analyses to systematically
investigate the structural behavior of both intact and corroded RCPs re-
habilitated with CIPP liners. Emphasis is placed on the role of corro-
sion-induced degradation in governing failure mode evolution, strain
response, and load-bearing performance before and after rehabilitation.
Furthermore, based on Zhu's plastic-hinge model, a design-oriented
bearing capacity modification method is proposed by incorporating
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Fig. 3. Specimens and loading setup: (a) intact RCP; (b) RCP-CIPP; (c) corroded RCP; (d) corroded RCP-CIPP.

Fig. 4. Photograph of the TEBT experimental setup.

both liner thickness effects and corrosion-induced strength reduction,
thereby extending existing bearing capacity models toward practical re-
habilitation design.

2. Bearing capacity calculations for RCP and RCP-CIPP composite
pipes

Existing plastic-hinge-based formulations for intact and corroded
RCPs under TEBT loading are first reviewed. Building on the framework
proposed by Zhu et al. , the model is further extended to RCP-CIPP com-
posite pipes by explicitly accounting for the structural contribution of
the CIPP liner, including stiffness and thickness effects.

2.1. Overview of the Zhu model

(1) Bearing capacity of intact RCPs

Reynolds et al. [28] proposed distinct failure modes for rigid and
flexible pipes, as illustrated in Fig. 1. Rigid pipes exhibit limited defor-
mation and primarily resist loads through their structural strength,
whereas flexible pipes undergo significant deformation and rely on soil
structure interaction to redistribute external loads.

For intact RCPs, the bearing capacity is evaluated using the three-
edge bearing (TEB) method based on the plastic-hinge failure mecha-
nism of rigid pipes. According to the model proposed by Zhu et al. [29],

Fig. 5. Schematic diagram of testing equipment and sensor layout: (a) testing apparatus; (b) circumferential angle identification on the inner wall; (c) optical fiber
layout in the RCP; (d) optical frequency domain reflectometry(OFDR)-based distributed optical fiber sensing system; (e) distributed optical fiber interrogation unit;
(f) fiber Bragg grating(FBG) optical fiber strain sensor; and (g) optical fiber layout in the CIPP liner.
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Table 3
Material properties used in the numerical simulations.
Part Density

(kg/m³)
Elastic modulus
(MPa)

Poisson’s
ratio

Source

Concrete 2400 33,500 0.3 Ref. [36]
Steel 7850 210,000 0.3 Ref. [37]
Rubber pad 1000 10 0.3 Ref. [38]
Timber

beam
900 10,000 0.3 Ref. [39]

CIPP liner 1800 14,360 0.3 Experimental
measurement

Table 4
Mechanical properties of the CIPP liner used in the numerical model.
Property Value Unit Test standard

thickness 12 mm Determination of Dimensions of Plastic Components
for Plastic Pipeline Systems GB/T8806

Tensile
strength

147.64 MPa Determination of Tensile Properties of Plastics-Part 4:
Test Conditions for Isotropic and Orthotropic Fiber-
Reinforced Composites GB/T 1040.4

Flexural
strength

158.88 MPa Test Method for Flexural Properties of Fiber-
Reinforced Plastics GB/T 1449

Flexural
modulus

14360 MPa

plastic hinges form at the crown, invert, and springlines, allowing the
pipe ring to be idealized as a closed system composed of four rigid seg-
ments. Based on this failure mechanism, the ultimate bearing capacity
is derived using an energy balance approach, which is subsequently ex-
tended in this study to RCP-CIPP composite pipes, i.e.,

(1)

Where F is the ultimate bearing capacity under TEB loading(kN); Mcrown,
Minvert, and Mspring denote the plastic bending moments at the crown, in-
vert, and springlines, respectively(kN·m); and R is the mean radius to
the centroid of the pipe wall cross-section(m). Owing to geometric and
reinforcement symmetry, Eq. (1) can be simplified as:

(2)

The load-bearing capacity of the vertical section is mainly provided
by tensile resistance of the outer reinforcement cage and the combined

contribution of the inner reinforcement cage and the concrete compres-
sion zone, which can be expressed as:

(3)

The plastic bending moment of the horizontal section is given by:

(4)

Where As and As
’ are the cross-sectional areas of the inner and outer re-

inforcement cages(mm2); as and as’ denote the corresponding concrete
cover thicknesses; h is the pipe wall thickness(mm); and σvi,σvo, σhi and
σho represent the tensile stresses of the inner and outer reinforcements
in the vertical and horizontal sections, respectively(MPa). These
stresses are evaluated using a bilinear steel constitutive model in con-
junction with strain compatibility conditions and the yield-to-failure
strain limits proposed by Zhu et al. [29].

By substituting Eqs. (3) and (4) into Eq. (2), a closed-form expres-
sion for the ultimate bearing capacity of intact RCPs is obtained, which
shows good agreement with full-scale TEB test data and existing design
charts (average discrepancy ≈2%), and is therefore adopted as the ref-
erence bearing capacity for subsequent analyses.

(2) Residual bearing capacity of corroded RCPs

Based on the four-hinge plastic failure mechanism of a rigid ring, the
bearing capacity of corroded RCPs can be regarded as a reduction of the
plastic bending moments relative to intact pipes, resulting from corro-
sion-induced deterioration of cross-sectional geometry and material
properties. Corrosion damage is mainly manifested by a reduction in
the effective wall thickness due to the loss of the inner concrete cover,
degradation of the yield strength and ultimate strain of the inner rein-
forcement caused by steel corrosion, and a weakened steel–concrete
composite action [30].

(5)

Here Fc is the residual bearing capacity of the corroded reinforced
concrete pipe under the three-edge bearing condition; Mv

’,Mi
’ and Ms

’

denote the plastic bending moments at the crown, invert, and the two
springline locations of the corroded pipe, respectively; and Rc is the
mean radius to the centroid of the corroded cross-section, determined
by the post-corrosion inner diameter and wall thickness.

Fig. 6. Three-dimensional finite element model of the concrete pipe–CIPP liner system.
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Fig. 7. Tensile and compressive stress-strain relationships adopted as constitutive inputs in the concrete damage plasticity (CDP) model: (a) tension; (b) compression.

Table 5
Parameters of the concrete damage plasticity (CDP) model.
Parameter Dilation angle ψ Eccentricity e fb0/fc0 kc Viscosity parameter μ

This study 30 0.1 1.16 0.67 0.0005

Note: The CDP parameters listed in this table are commonly adopted values re-
ported in the literature and design guidelines for normal-strength concrete [36].

For RCPs subjected to internal surface corrosion, the corrosion
depth is denoted as dc. When corrosion occurs only on the inner sur-
face, the equivalent wall thickness can be expressed as:

(6)

The inner diameter increases to:

(7)

Here ho and Do are the wall thickness and inner diameter of the in-
tact pipe, respectively.

For the vertical sections (crown and invert), where the load-bearing
mechanism is governed by the outer concrete compression zone with
joint contributions from the inner and outer reinforcement cages, the
post-corrosion plastic bending moment can still be expressed in the

Fig. 8. Schematic of the boundary conditions and finite element model: (a)
boundary conditions and loading configuration; (b) pipe-liner system; (c) rein-
forcing cage.

same form as that of the intact section, with material properties and
lever arms evaluated using post-corrosion values, i.e.,

(8)

Here, a's,i and a's,o denote the post-corrosion concrete cover thick-
nesses of the inner and outer reinforcement cages; and σ'vi and σ'vo are
the tensile stresses determined based on the post-corrosion yield and ul-
timate states of the reinforcement. Because the plastic hinge in the ver-
tical section primarily develops on the outer side, reduction of the inner
concrete cover causes only a limited change in the corresponding lever
arm.

The horizontal section (springline) is more sensitive to internal cor-
rosion, and its post-corrosion plastic bending moment can be expressed
as:

(9)

Here a's,i = as,i -dc, represents the effective lever arm of the inner rein-
forcement after corrosion-induced reduction of the concrete cover; and
σ'hi and σ'ho are the tensile stresses of the inner and outer reinforce-
ments, respectively, determined by considering both the loss of steel
cross-sectional area and the reduction in yield strength due to corro-
sion.

Compared with the vertical section, the horizontal section exhibits a
more pronounced reduction in bending moment due to the direct reduc-
tion of the lever arm caused by corrosion depth.

2.2. Bearing capacity modification model for RCP-CIPP composite pipes

Building upon the residual bearing capacity model for RCPs based
on the plastic-hinge failure mechanism [27], this study further incorpo-
rates the strengthening effect of CIPP lining and the influence of liner
thickness variation. Based on composite beam theory (Fig. 2), a bearing
capacity modification model for RCP-CIPP composite structures is es-
tablished.

After CIPP rehabilitation, the pipe system is approximated as a dou-
ble-layer composite ring structure consisting of the original RCP and
the liner. The overall bearing capacity of the composite pipe is gov-
erned by the stiffness compatibility between the concrete pipe wall and
the liner, the interfacial bonding condition, and the liner thickness
[31]. Assuming perfect bonding at the interface without debonding or
voids, the ultimate bearing capacity of the composite pipe under the
three-edge bearing condition can be expressed as:

(10)

5
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Fig. 9. Circumferential strain distribution on the inner surface of the concrete pipe: (a) RCP (b) Corroded RCP.

Fig. 10. Circumferential strain distribution on the inner surface of the composite pipe: (a) RCP-CIPP composite pipe; (b) Corroded RCP-CIPP composite pipe.

Here Fc is the ultimate bearing capacity of the composite pipe, Fr de-
notes the bearing capacity of the original RCP (intact or corroded), and
ΔFL represents the additional bearing capacity contribution provided by
the CIPP liner.

The incremental bearing capacity provided by the liner primarily
arises from its circumferential flexural stiffness and radial confinement
effect. Based on composite beam theory, the bending moment contribu-
tion of the liner is expressed as:

(11)

The CIPP liner is idealized as a thin-walled cylindrical shell, and its
circumferential bending stiffness is evaluated using classical thin-plate
theory, where EL is the elastic modulus of the liner, tL is the liner thick-
ness, μL is Poisson’s ratio, and k denotes the sectional curvature. Assum-
ing strain compatibility at the RCP-CIPP interface, i.e., εL = εc, the
equivalent flexural stiffness of the composite section can be expressed
as:

(12)

The coefficient nL accounts only for interfacial bonding or slip be-
tween the RCP and CIPP (0 <nL≤1), whereas the material modulus mis-
match is explicitly represented by EL and Ec. Here, Ec and Ic are the elas-
tic modulus and moment of inertia of the concrete pipe, respectively.
The interface cooperation coefficient nL depends on the interfacial

bonding condition, with nL = 1 for perfect bonding and 0 <nL≤ 1 in the
presence of interfacial slip.

According to Eq. (2), the ultimate bearing capacity modification
model for the composite pipe is expressed as:

(13)

The coefficient nL governs interfacial stiffness transfer, whereas α
represents the liner’s effective load participation at the ultimate state.
Here Mv

’ and Mh
’ are the plastic bending moments of the corroded RCP

in the vertical and horizontal sections, respectively, calculated by Eqs.
(8) and (9). The coefficient α is the effective participation factor of the
liner in load bearing, which depends on the thickness ratio tL/h and the
degree of interfacial slip.

To quantitatively capture the strengthening effect of CIPP thickness
on the composite structure, a liner thickness modification factor kt is in-
troduced as:

(14)

Here β and γ are empirical coefficients, with recommended ranges of
0.2–0.5 and 1–2, respectively, introduced to characterize the influence
of the CIPP liner contribution. These coefficients are intended to be de-
termined through subsequent numerical simulations and experimental
validation.

6
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Fig. 11. Damage distribution of intact and corroded RCPs under compression and tension before rehabilitation.

Fig. 12. Damage distribution of intact and corroded RCP-CIPP composite pipes under compression and tension after rehabilitation.

7
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Fig. 13. Crack propagation observed in the specimens.

In summary, the ultimate bearing capacity of the RCP-CIPP compos-
ite pipe is expressed in the following unified form:

(15)

The proposed expression extends the Zhu's plastic-hinge framework
by incorporating liner stiffness, thickness ratio, and interfacial coopera-
tion, enabling quantitative evaluation of the bearing capacity of RCP-
CIPP composite pipes at different rehabilitation levels.

The proposed bearing capacity model is directly applied in the sub-
sequent analysis to interpret the experimental and numerical results.
The effects of liner thickness, interface interaction, and corrosion level
are evaluated using Eqs. (12)-(15), and the theoretical predictions are
compared with the experimental and numerical results to demonstrate
the applicability of the model.

3. TEBT experimental validation

3.1. Experimental design

To systematically evaluate the strengthening effect of CIPP liners on
RCPs, three-edge bearing (TEB) tests were conducted. The main objec-
tives of the experiments were to: (i) validate the accuracy of the plastic-
hinge-based Zhu model and the finite element simulations; (ii) quanti-
tatively assess the degradation effect of pipe wall corrosion on the bear-
ing capacity of RCPs; and (iii) investigate the strengthening mecha-

nisms of CIPP liners with different thicknesses for both intact and cor-
roded pipes.

Four groups of pipe specimens with different test conditions were
designed in the experimental program, and the detailed grouping and
basic parameters are summarized in Table 1, while the corresponding
results are presented in Table 2. The RCPs were supplied as commercial
precast products. The detailed concrete mix proportions were deter-
mined by the manufacturer and are not disclosed due to proprietary
considerations; therefore, the concrete strength grade and experimen-
tally measured mechanical properties are reported for structural char-
acterization and reproducibility.

The corrosion defects were uniformly introduced at the inner sur-
face of the pipe crown and simulated using a high-pressure water jet
milling method. The dimensions of the corrosion region were controlled
as 280 mm (width) × 60 mm (depth) × 2500 mm (length). The CIPP
liners were fabricated using a UV-curing process, with a designed struc-
tural liner thickness of 12 mm. For each test condition, three parallel
specimens were prepared to reduce experimental variability.

3.2. Experimental procedure

The experiments were conducted in accordance with the TEBT
method specified in GB/T 16752–2017 [32]. The TEBT provides a stan-
dardized approach for evaluating the intrinsic structural resistance of
RCPs, and its results can be related to buried pipe performance through
the bedding factor.

8
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Fig. 14. Numerical simulation of the structural failure process of the pipe.

Fig. 15. Comparison of theoretical predictions, experimental results, and numerical simulations.

Specifically, the load-bearing capacity of buried pipes can be related
to the load obtained from the TEBT through the bedding factor, denoted
as BF, which accounts for soil support conditions. This relationship can
be expressed as:

(16)

where Wb is the load required to produce the same cracking condition
in the buried pipe, Wt is the load measured in the TEBT, and BF is the
bedding factor reflecting soil–structure interaction effects. This ap-
proach has been widely adopted in international design standards such

as AASHTO and ASCE [1,33]. Lay and Brachman [3] further confirmed
that TEBT results can be directly related to buried pipe structural per-
formance through established design relationships. Therefore, the load-
ing method used in this study is consistent with established engineering
practice. The main testing procedures are summarized as follows:

(1) Specimen installation and sensor arrangement: The pipe
specimens were hoisted and positioned on the testing machine,
with two parallel hardwood strips placed at the bottom as
standard supports. For specimens under the corrosion condition,
a corrosion region with dimensions of 280 mm × 60 mm ×

9
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Table 6
Systematic comparison of theoretical predictions, experimental results, and
numerical simulations.
Specimen Theoretical

prediction (kN)
Experimental
result (kN)

Numerical
simulation (kN)

Deviation
(Theory–Exp)
(%)

S1 260 265 258 -1.9%
S2 285 293.55 289 -2.9%
S3 220 225.07 222 -2.3%
S4 260 265.8 262 -2.2%

2500 mm was pre-formed on the inner surface at the pipe crown
using a high-pressure water jet milling method. For the CIPP-
rehabilitated specimens, the liner was fabricated using a UV-
curing process. Distributed optical fiber sensors were
circumferentially installed at a location 1 m from the inner wall

of the socket end to monitor the strain distribution, as shown in
Figs. 3–5.

(2) Load-controlled loading was adopted during the tests. The load
was applied incrementally until failure, with predefined loading
levels based on the estimated ultimate load. Each load level was
maintained for a short duration to ensure a stable response. Load
and strain data were synchronously recorded throughout the
loading process, and crack initiation and propagation were
visually observed.

4. Finite element method (FEM) evaluation

4.1. Model development

The numerical models adopted the same geometric dimensions and
reinforcement configurations as the full-scale specimens. The pipe had
an inner diameter of 800 mm, a wall thickness of 80 mm, and a total

Fig. 16. Effect of liner thickness on the load-bearing performance of RCPs: (a) RCP-CIPP pipe; (b) corroded RCP-CIPP pipe.

Fig. 17. Influence of cracking load on ultimate load for different liner thicknesses.

10
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Fig. 18. Displacement responses of the composite structure before and after rehabilitation: (a) RCP-CIPP composite pipe; (b) corroded RCP-CIPP composite pipe.

length of 2500 mm. Circumferential cold-rolled steel bars were adopted
as reinforcement. The bars had a nominal diameter of 5 mm and were
uniformly distributed along the circumferential direction with a spac-
ing ranging from 6 to 6.5 mm. The reinforcement layout was consistent
with that used in the full-scale experimental specimens.

ABAQUS (Dassault Systèmes, Version 2024) was employed to simu-
late the TEBT loading of intact RCPs, corroded RCPs, and RCP-CIPP
composite pipes, aiming to validate the experimental results and inves-
tigate the effect of CIPP liner thickness on the bearing capacity of com-
posite pipes.

The finite element analysis focused on two parameters: the corro-
sion condition of the host pipe and the thickness of the CIPP liner. These
two parameters were systematically varied in the numerical simula-
tions, while other factors such as material properties, interface condi-
tions, boundary constraints, and loading scheme were kept constant.

An explicit dynamic analysis step was employed in the numerical
simulations. Although the TEBT represents a quasi-static loading condi-
tion, an explicit dynamic solver was adopted for numerical robustness
in handling material nonlinearity, damage evolution, and contact inter-
actions. To ensure quasi-static conditions, the loading rate was care-
fully controlled so that inertial effects remained negligible during the
simulations, and the numerical response can therefore be regarded as
quasi-static. The concrete pipe and the CIPP liner were discretized using
eight-node linear reduced-integration hexahedral elements (C3D8R)
with a mesh size of 20 mm, resulting in 125 elements along the pipe
length of 2500 mm. The reinforcement was modeled using two-node
three-dimensional linear truss elements (T3D2) and embedded into the
concrete pipe using the Embedded constraint. The concrete material
was described using the concrete damage plasticity (CDP) model, the
steel reinforcement was modeled as an ideal elastic-perfectly plastic,
and the CIPP liner was assumed to behave as a linear elastic material
based on experimentally determined mechanical properties.

The material properties used in the numerical simulations, includ-
ing those of concrete, steel, rubber pad, timber beam, and CIPP liner,
are summarized in Table 3. These parameters were determined based
on a combination of experimental testing, relevant design standards,
and published literature [12,34,35].

The mechanical properties of the CIPP liner were obtained through
laboratory mechanical tests. The detailed specimen preparation proce-
dures and testing methods have been reported in our previous study
[40]. The key mechanical parameters adopted in the present numerical
model are summarized in Table 4, while the detailed experimental pro-
cedures and full datasets are provided in Ref. [40].

To ensure consistency with the full-scale TEBT, the numerical model
was calibrated in terms of geometry, boundary conditions, material
constitutive behavior, and interface interaction mechanisms. The de-
tailed definitions of material properties, interface parameters, and

boundary conditions adopted in the model are described in the follow-
ing sections.

A three-dimensional finite element model was developed based on
the geometry and loading configuration of the TEBT to capture the in-
teraction between the existing pipe and the CIPP liner, as shown in Fig.
6.The model consists of the RCP (including the concrete matrix and the
reinforcement cage formed by steel rebars), rubber pads,

the CIPP rehabilitation liner, and timber beams. The corrosion re-
gion is located on the inner surface at the pipe crown, consistent with
the experimental configuration described in Section 3.

The reinforcement cages embedded in the reinforced concrete pipe
were simulated using an ideal elastic–plastic constitutive model, while
the concrete material was described by the concrete damage plasticity
(CDP) model.

4.2. Concrete damage plasticity (CDP) constitutive model

The RCPs used in this study were commercial precast reinforced
concrete pipes with a concrete strength grade of C45. In the numerical
model, the uniaxial compressive and tensile strengths of concrete were
adopted as 29.6 MPa and 2.51 MPa, respectively. The corresponding
uniaxial tensile and compressive stress–strain relationships shown in
Fig. 7 were adopted from relevant design standards (e.g., GB
50010–2010) and published literature [36,41]. In this model, the non-
linear behavior of concrete is characterized by isotropic elastic damage,
which accounts not only for the differences between tensile and com-
pressive responses but also for the degradation of elastic stiffness in-
duced by tensile and compressive strains, as well as stiffness degrada-
tion induced by tensile and compressive damage [36,41].

(17)

(18)

Here E0 is the initial elastic modulus of the material; σt and σc are the
tensile and compressive stresses, respectively; εt and εc are the tensile
and compressive strains, respectively; εt

pl and εc
pl denote the tensile and

compressive plastic strains of concrete; and dt and dc are the uniaxial
tensile and compressive damage evolution parameters of the concrete
material, respectively.

The parameters of the CDP model are summarized in Table 5. These
parameters are standard CDP model parameters and were adopted di-
rectly from established literature and design recommendations, rather
than being treated as case-specific calibration variables.
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Fig. 19. Displacement contour plots of rehabilitated pipes with different liner thicknesses.

4.3. Boundary conditions and loading scheme

The existing concrete pipe rehabilitated with a UV-cured CIPP liner
can be idealized as a composite beam-type structure. In accordance
with composite beam assumptions, contact interactions were defined at
the interface between the liner and the concrete pipe. A friction coeffi-
cient of 0.3 was assigned to the tangential behavior, while hard contact
was adopted in the normal direction, following commonly reported val-

ues for concrete–polymer interfaces [42,43]. This interface treatment
provides sufficient interfacial shear capacity to prevent relative slip un-
der three-edge bearing loading conditions and represents a properly in-
stalled and fully cured liner. More complex conditions, such as debond-
ing or installation defects, are beyond the scope of this study. Such in-
terface imperfections may influence the local structural response and
will be investigated in future work. The rubber pads were constrained
in the x- and z-directions, and the lower support beams were fully fixed

12
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to reproduce the boundary conditions of the external pressure test sys-
tem (Fig. 8).

Load-controlled loading was adopted in the numerical simulations.
In the experiments, the applied load was increased in a stepwise man-
ner, with each increment equal to 10% of the cracking load Pc, until
structural failure of the pipe occurred. The loading process was imple-
mented using the Amplitude option in ABAQUS to control the incremen-
tal loading history.

5. Results and discussion

5.1. Comparison between numerical simulations and experimental results

To validate both the proposed analytical model and the finite ele-
ment model, a systematic comparison is conducted among theoretical
predictions based on Eqs. (13)–(15), experimental results, and numeri-
cal simulations. Key response parameters, including cracking load, ulti-
mate load, and stiffness evolution, are compared in a consistent manner
across the three approaches, enabling a clear and quantitative evalua-
tion of the model accuracy and its capability to capture the structural
response.

5.1.1. Circumferential strain
Circumferential strains at eight locations along the inner surface of

the intact and corroded concrete pipes were extracted and plotted, as
shown in Fig. 9. The intact concrete pipe exhibits a typical saddle-
shaped strain distribution, with the strain magnitude increasing pro-
gressively as the applied load increases. In contrast, the corroded con-
crete pipe shows pronounced stress concentration and localized dam-
age under loading, resulting in relatively large strains at lower load lev-
els. This behavior is governed by the change in sectional stiffness and
curvature demand along the pipe ring.

Corrosion reduces local stiffness and increases curvature demand,
leading to strain concentration, whereas CIPP rehabilitation increases
the equivalent flexural stiffness (Eq. (12)), reduces curvature, and pro-
motes a more uniform strain distribution, particularly at the crown and
invert where bending moments dominate.

The circumferential strains of the CIPP liner in the composite pipes
are presented in Fig. 10. For the intact composite pipe, the strain distri-
bution is relatively uniform, indicating that CIPP rehabilitation effec-
tively mitigates stress concentration and promotes efficient load shar-
ing. By contrast, the corroded composite pipe exhibits pronounced lo-
calized strain concentration, particularly in the vicinity of the corrosion
region, where strain values increase markedly. This behavior indicates
that corrosion-induced local strength degradation transfers higher
stress demand to the CIPP liner, locally reducing rehabilitation effec-
tiveness. Consequently, the strengthening performance of CIPP liners is
strongly governed by the severity of local corrosion, highlighting the
need for enhanced reinforcement in severely deteriorated regions.

The numerical results agree well with the experimental data, with
differences generally within 10–15% for both intact and corroded
pipes. Slight deviations at higher load levels near the corrosion region
may be attributed to local material heterogeneity and idealized inter-
face assumptions.

5.1.2. Concrete damage
Figs. 11 and 12 present the tensile and compressive damage con-

tours of intact and corroded concrete pipes at the failure state. Under
the non-corroded condition, both tensile and compressive damage lev-
els remain relatively low, indicating limited deterioration over most re-
gions. After CIPP rehabilitation, the overall damage level is signifi-
cantly reduced, although localized damage still persists at the crown
and invert, indicating enhanced resistance to external compression and
improved tensile performance.

Corrosion significantly increases concrete damage, particularly at
the crown and invert, due to reduced material strength. CIPP rehabilita-
tion mitigates damage and shifts the failure mode from localized to
more distributed damage. According to Eq. (13), increasing liner thick-
ness enhances load participation and reduces stress demand at critical
sections, thereby delaying hinge-controlled failure.

5.1.3. Crack development
Crack initiation and propagation observed in the experiments were

well captured by the numerical simulations using the CDP model, as
shown in Figs. 13 and 14. The unlined concrete pipe exhibits brittle fail-
ure with large and irregular cracks, consistent with the typical compres-
sive behavior of concrete.

At the initial loading stage, no visible cracks or element deletion oc-
curred. With increasing load, cracks progressively developed, accompa-
nied by localized element distortion. Once the damage parameter
reached its maximum, extensive element deletion occurred, forming
large voids and indicating global structural failure. This evolution re-
flects progressive stiffness degradation and damage localization gov-
erned by the CDP model.

In contrast, the composite pipe exhibits a more complex failure
mode with enhanced ductility. Cracks are finer and more uniformly dis-
tributed, indicating improved crack resistance and load-bearing capac-
ity. This difference arises from a change in load transfer mechanism,
where the CIPP liner provides an additional load path and redistributes
tensile stresses. As a result, localized brittle cracking is transformed into
a more distributed and ductile failure mode, reducing stress concentra-
tion at critical sections and delaying crack initiation and propagation.

A comparison between the experimentally observed crack patterns
and the numerically predicted damage and crack evolution shows con-
sistent crack initiation locations, propagation paths, and failure modes,
confirming that the finite element model can reliably reproduce the
failure behavior observed in the full-scale tests.

5.1.4. Introduction of the correction coefficient K
A comparison among the theoretical predictions, experimental re-

sults, and numerical simulations is presented in Fig. 15. Under identical
test conditions, the experimental results are in good agreement with the
numerical simulations, whereas the experimental values are consis-
tently higher than the theoretical predictions. This discrepancy is
mainly attributed to the simplifying assumptions adopted in the analyt-
ical model, including the idealized representation of liner contribution
and section interaction.

To improve the predictive capability of the analytical model, a least-
squares regression was employed to calibrate the relationship between
the theoretical and experimental results, leading to the introduction of
a correction coefficient, K = 1.12. With this correction, the analytical
predictions show significantly improved agreement with the experi-
mental results by compensating for the simplified assumptions in inter-
face interaction and liner contribution.

(19)

A systematic comparison between the theoretical predictions, exper-
imental results, and numerical simulations indicates that the proposed
model is capable of reasonably capturing the load-bearing behavior of
the RCP-CIPP composite system. The results are also summarized in
Table 6, where the deviations between theoretical and experimental
values are quantitatively evaluated.

As shown in Table 6, the corrected analytical predictions demon-
strate consistently small deviations from the experimental results, with
errors generally within approximately 2% for all specimens. Overall, a
consistent agreement is observed among the three approaches, confirm-
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ing that both the analytical model and the finite element simulations
can reliably represent the structural response of the rehabilitated pipes.

5.2. Effect of CIPP liner thickness

5.2.1. Load-bearing performance
According to Eqs. (11)–(14), increasing liner thickness enhances

liner stiffness and load participation, thereby increasing both cracking
and ultimate loads. This reflects the increase in equivalent structural
stiffness and the enhanced participation of the liner in circumferential
load transfer. This trend is consistent with the validated numerical re-
sults shown in Fig. 16. For intact concrete pipes, both the cracking load
and the ultimate load increase significantly with increasing liner thick-
ness. Specifically, the cracking load increases by 13.33%, 21.33%, 22%,
and 23%, respectively, while the ultimate load increases by 5.6%,
22.46%, 25.85%, and 35.59%.

For corroded concrete pipes, the introduction of a CIPP liner has a
pronounced positive effect on load-bearing performance. With increas-
ing liner thickness, the cracking load increases by 10.71%, 25.00%,
28.57%, and 30.00%, while the ultimate load increases by 2.33%,
6.98%, 30.23%, and 44.19%, respectively, compared with the unlined
pipe. These results indicate that the strengthening effect of liner thick-
ness is more pronounced in corroded pipes, because corrosion reduces
the residual stiffness and load-carrying capacity of the host pipe, forc-
ing a larger proportion of the external load to be transferred to the liner.
As a result, the structural response gradually shifts from a concrete-
dominated mechanism to a liner-dominated load-carrying system, par-
ticularly under severe corrosion conditions. Although corrosion sub-
stantially reduces the overall bearing capacity of the pipe, CIPP rehabil-
itation remains effective in enhancing both cracking and ultimate loads.
Similar conclusions were reported by Islam et al. [41], who demon-
strated that increasing the thickness of thermoset liners effectively im-
proves the strength and burst capacity of pipelines.

Fig. 17 indicates a strong positive relationship between the cracking
load and the ultimate load under both intact and corroded conditions.
As liner thickness increases, both quantities increase accordingly, and
the larger increase in ultimate load indicates that the liner contributes
not only to crack delay but also to post-cracking load redistribution.
Corrosion mainly reduces the magnitude of structural resistance,
whereas increasing liner thickness compensates for this loss by enhanc-
ing the liner’s share in circumferential load transfer.

5.2.2. Pipe displacement
Figs. 18 and 19 illustrate the displacement variations of composite

pipes before and after rehabilitation for different liner thicknesses. For
intact composite pipes, the displacement under the same loading con-
dition is significantly reduced after rehabilitation, indicating that CIPP
rehabilitation effectively enhances the global stiffness of the pipe.

For corroded composite pipes, the displacement variation before
and after rehabilitation is more pronounced. The displacement after re-
habilitation is substantially reduced, demonstrating that CIPP rehabili-
tation is particularly effective in reducing displacement under corrosion
conditions. This reduction further indicates that the liner enhances
global stiffness and suppresses deformation localization, especially in
the corroded condition. This behavior can be attributed to the increase
in equivalent structural stiffness and the redistribution of internal
forces, which enhances global stability and reduces deformation de-
mand under external loading.

6. Conclusions

Based on full-scale TEBT and three-dimensional finite element
analyses, this study elucidates the structural behavior of corroded RCPs
rehabilitated with CIPP liners and develops a design-oriented bearing

capacity modification model incorporating corrosion effects and liner
thickness. The main conclusions are as follows:

(1) Corrosion significantly reduces the load-bearing capacity of
RCPs and must be explicitly considered in structural assessment.
It mainly reduces structural resistance without altering the
intrinsic cracking–ultimate load relationship governed by plastic-
hinge behavior.

(2) CIPP lining provides effective structural strengthening rather
than only protection, significantly improving both cracking
resistance and ultimate bearing capacity of RCPs.

(3) Liner thickness is the dominant parameter governing the
strengthening effectiveness of CIPP rehabilitation, particularly for
deteriorated pipes. In the numerical parametric study, a 13 mm
liner increases cracking and ultimate loads by 23% and 35.59%
for intact RCPs and by 30% and 44.19% for corroded RCPs,
indicating greater strengthening efficiency in corrosion-damaged
pipelines.

(4) The developed three-dimensional finite element model
accurately captures the load-bearing behavior of RCP-CIPP
composite structures. Numerical predictions agree well with
experimental results in terms of cracking loads, ultimate loads,
and overall structural response, confirming the reliability of the
modeling approach.

(5) A design-oriented bearing capacity modification model is
proposed for intact, corroded, and rehabilitated RCPs. By
incorporating liner thickness and corrosion effects, the model
provides a unified framework for capacity evaluation. A
correction coefficient calibrated using the least-squares method
(K = 1.12) reduces prediction error to approximately 2%,
demonstrating strong engineering applicability.

From a practical perspective, this study provides reference data and
a design-oriented model for evaluating the load-bearing capacity of cor-
roded RCPs rehabilitated with CIPP liners under TEBT conditions. How-
ever, the experiments were conducted under simplified loading condi-
tions, and the numerical model involved idealized material and inter-
face assumptions. In addition, the investigated ranges of pipe diameter,
corrosion level, and liner thickness were limited. Future research
should extend the analysis to buried pipeline conditions by incorporat-
ing soil–structure interaction and investigating long-term performance
issues such as creep, interface degradation, and fatigue.
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