
Research Article
Using Externally Bonded CFRP to Repair a PCCP with Broken
Wires under Combined Loads

Kejie Zhai,1 Hongyuan Fang ,2,3,4 Bing Fu ,5 Fuming Wang,1,2,3,4 and Benyue Hu2,3,4

1School of Civil Engineering, Sun Yat-sen University, Guangzhou 510275, China
2College of Water Conservancy & Environmental Engineering, Zhengzhou University, Zhengzhou 450001, China
3National Local Joint Engineering Laboratory of Major Infrastructure Testing and Rehabilitation Technology,
Zhengzhou 450001, China
4Collaborative Innovation Center of Water Conservancy and Transportation Infrastructure Safety, Henan Province,
Zhengzhou 450001, China
5School of Civil and Transportation Engineering, Guangdong University of Technology, Guangzhou 510006, China

Correspondence should be addressed to Hongyuan Fang; 18337192244@163.com

Received 29 March 2019; Revised 5 September 2019; Accepted 11 September 2019; Published 20 October 2019

Academic Editor: Gianluca Cicala

Copyright © 2019 Kejie Zhai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Prestressed concrete cylinder pipe (PCCP) is widely used for long-distance water pipelines throughout the world. However,
prestressing wire breakage is the most common form of PCCP damage. For some pipelines that cannot be shut down, a new
technique for in-service PCCP repair by externally bonding the pipe with layers of carbon fiber reinforced polymer (CFRP) was
proposed. A set of three-dimensional finite element models of the repaired PCCP have been proposed and implemented in the
ABAQUS software, which took into account the soil pressure, the weight of the PCCP, the weight of the water, and the
hydrostatic pressure. The stress–strain features of the PCCP repaired with CFRP of various thicknesses were analyzed. The
stress–strain features of different wire breakage rates for the repaired PCCP were also analyzed. The results showed that the
strains and stresses decreased at the springline if the PCCP was repaired with CFRP, which improved the operation of the
PCCP. It has been found that the wire breakage rates had a significant effect on the strains and stresses of each PCCP
component, but CFRP failed to reach its potential tensile strength when other materials were broken.

1. Introduction

The first prestressed concrete cylinder pipe (PCCP) was
designed and manufactured in 1939. PCCP is widely used in
water transfer projects all over the world because it resists exter-
nal pressures and internal forces and it is impermeable. PCCP is
a composite structure consisting of a concrete pipe core encased
in a steel cylinder surrounded by prestressing wires and a mor-
tar coating. Structurally, PCCP can be divided into embedded
cylinder (ECP) and lined cylinder (LCP) types [1, 2].

PCCP is subjected to different loads from external
pressures and internal forces during its service life. Many stud-
ies have focused on PCCP loading. Ross [3] analyzed the strain
responses of various structural materials by crushing and bend-
ing tests with the pipe under hydrostatic pressure. Kennison [4]

and McCall [5] examined the behaviour of PCCPs in response
to combined loads using internal and external load tests.
Gomez andMunoz [6] used two- and three- dimensional finite
element models to investigate the effects of gradual loss of ten-
sion in the prestressing wires. Zhang et al. [7] used ANSYS to
examine the mechanical properties of the PCCP during manu-
facture, construction, and operation, and they developed
models for PCCP design, manufacture and operation. Dou
et al. [8, 9] tested the various PCCP layers during pressurization
using Brillouin optical time-domain analysis (BOTDA) and
fiber Bragg grating (FBG) sensing techniques. Zhang et al.
[10] comprehensively tested a jacking prestressed concrete cyl-
inder pipe (JPCCP) with external loads, internal hydrostatic
pressure, and combined loads and described the failure of the
JPCCP under combined loads.
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Zarghamee et al. [11, 12] studied the separation of mortar
and concrete under different mortar–prestressing wire bond-
ing conditions through tests and finite element analysis. Hu
et al. [13] conducted an external load prototype test and
modeled the PCCP used in the South-to-North Water Diver-
sion Project to predict the effects of existing cracks in the
concrete core of the PCCP. Gong et al. [14] conducted full-
scale experimental research and modeling to evaluate the
damage caused during pipe jacking by different jacking forces
and different geological conditions. Sun et al. [15] combined
testing and numerical analysis to identify the key factors con-
trolling the rotation of PCCP pipelines and to guide PCCP
design and engineering on soft soil foundations. Zhang
et al. [16] conducted a full-scale test on a new JPCCP to
determine changes in pipe–soil contact stress during jacking
and to provide a better basis for the manufacture and con-
struction of the JPCCP. Xu et al. [17] used BOTDA to evalu-
ate mortar cracks and PCCP structural states.

PCCP performance deteriorates as the pipe ages. The pipe
corrodes easily in the complex underground environment,
and the prestressing wires may break, which reduces the integ-
rity of the pipeline. There have been studies of PCCPs with
broken wires. Diab and Bonierbale [18] created two-
dimensional and three-dimensional finite element models
and developed effective repair procedures. Zarghamee et al.
[19–21] studied the characteristics of broken PCCPs with dif-
ferent diameters under combined loads using nonlinear finite
element models. They empirically tested the failure modes and
ultimate bearing capacity of a PCCP with broken prestressing
wires to give probabilistic risk assessments for a PCCP with
broken wires. Hu and Shen [22] used finite nonlinear element
analysis with empirical testing and found that when the num-
ber of broken wires reaches a certain value, the concrete core
is more likely to crack, which affects the long-term operation
of a PCCP. Ge and Sinha [23] developed a theoretical method
for calculating the length of prestress loss. They suggested that
broken wires do not have a significant impact on a PCCP
with good mortar adhesion. Hajali et al. [24–26] considered
the pipe–soil interaction, the interaction between neighboring
pipes, and internal and external loads in modeling the effects
of the position and number of broken wires on a PCCP using
a three-dimensional finite element model.

The breakage of prestressing wires can easily cause a pipe
burst event, resulting in almost incalculable loss. Reinforce-
ment and repair of the PCCP has received increased atten-
tion. Carbon fiber reinforced polymer (CFRP) is widely
used as reinforcement because of its light weight, high
strength, corrosion resistance, and many other advantages
[27–30]. CFRP liner installation has gradually become the
focus of scholarly research. Lee and Karbhari [31] studied
the mechanical behavior of CFRP lining under external and
internal forces by testing PCCP cross-sections. Engindeniz
et al. [32, 33] developed quality assurance procedures and
testing standards to be followed before, during and after the
use of CFRP liner to repair a PCCP. Then, the effects on
the design, materials, installation and quality control regula-
tions of the AWWA were identified through testing.
Alkhrdaji [34] introduced a hybrid FRP liner repair technol-
ogy and verified its reliability through testing. Lee and Lee

[35] used finite element analysis to examine the effects of
the number of CFRP liners, the lining angle, and the number
of broken wires on a PCCP. Hu et al. [36] modeled the com-
plex CFRP–concrete bond interface using ABAQUS software
for finite element analysis and analyzed the CFRP liner in
repairing a PCCP under combined loads.

The preceding results show that PCCP can be effectively
repaired. However, the use of CFRP liner in repairs requires
the pipe flow to be interrupted over a long construction
period. It is also difficult to use CFRP liner to repair small
diameter PCCP. A method of repairing a PCCP with exter-
nally bonded CFRP was proposed. We used ABAQUS finite
element software to create a three-dimensional model for
the repair of a PCCP with broken wires using externally
bonded CFRP layers. The 3D FEM model takes account of
the pressure of the soil, the weight of the PCCP, the weight
of the water, and the hydrostatic pressure. We analyzed the
effect of using CFRP externally to repair a PCCP with broken
wires under combined loads and the effect of the number of
CFRP layers and the proportion of broken wires on the
repair. The research undertaken in this study provides novel
ideas and methods for PCCP reinforcement, and the results
can guide PCCP repair in practice.

2. 3D FEM Model Description

2.1. Model State Description. The type of PCCP used in the
3D FEM model is ECP. The structure of ECP is shown in
Figure 1. The geometry of PCCP is shown in Table 1.

Concrete and mortar were modeled using three-
dimensional eight-node solid brick elements to represent
them [37]. The concrete and mortar were meshed as 25200
and 5459 elements. Two failure mechanisms were associated
with them in the 3D FEM model: compressive crushing and
tensile cracking. The ABAQUS concrete damaged plasticity
model (CDP) was used to describe the mechanical behavior
of the concrete and mortar, which were both classified as
brittle materials. The concrete damaged plasticity model is
shown in Figure 2.

In Figure 2, σc is the compressive stress of the concrete; σt
is the tensile stress of the concrete; σc0 is the maximum elastic
compression stress; σt0 is the maximum elastic tensile stress;
σcu is the maximum compression stress; dc is the damage fac-
tor of compression; dt is the damage factor of tension; ωc is
the compressive recovery factor; ωt is the tensile recovery fac-
tor; E0 is the initial elastic modulus.

The steel cylinder was represented by a four-node quad-
rilateral element with reduced integration (S4R) because it
is classified as a thin-walled structure. The steel cylinder
was meshed as 1380 elements.

The wrapping stress of the prestressing wires is 70% of
the tensile strength of the wire. The stress–strain relation of
the prestressing wire is shown in Equation (1).

f s =
εsEs εs ≤ f sg/Es

f su 1 − 1 − 0:6133 εsEs/f suð Þ½ �2:25� �
εs > f sg/Es

(

ð1Þ
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where: fs is the stress of the prestressing wire; εs is the strain of
the prestressing wire; Es is the elastic modulus of the prestres-
sing wire; fsu is the tensile strength of the prestressing wire;
and fsg=0.75× fsu.

A three-dimensional truss element (T3D2) was used to
represent the prestressing wires. The prestressing wires were

considered as many rings, and every ring was meshed as
80 elements.

Three methods can be used for prestressing wires: equiv-
alent load, cooling, and wrapping [38]. We used the cooling
method. The cooling value is determined by:

Δt = F
αEA

ð2Þ

where: Δt is the temperature decrease (°C); F is the stress of
the prestressing wire (N); α is the coefficient of expansion
of the prestressing wire (10−6/°C); E is the elastic modulus
of the prestressing wire (Pa); and A is the cross-sectional area
of the prestressing wire (m2).

In the model, all broken wires were removed and the
position of the broken wires is the midpoint of the PCCP.

The soil was represented as three-dimensional eight-
node brick elements described by the Mohr–Coulomb
model. The depth of soil covering the PCCP was 5m, and
there was soil cushion under the pipe.

The CFRP was represented as a four-node quadrilateral
element with reduced integration (S4R), like the steel cylin-
der, and it was classified as elastic-brittle material. The direc-
tion of the material is shown in Figure 3(c). Each layer of
CFRP is 0.167mm thick and 500mm wide.

2.2. Material Properties and the Model of Contact. The
mechanical properties of the materials used in the model
are shown in Table 2.

Pipe–soil and CFRP–soil contact was simulated using the
surface-to-surface contact technique. This is described as
“hard contact” with a penalty condition to allow the stress
transmission between the surfaces. The concrete and mortar
were combined, as were the CFRP and the mortar. The pre-
stressing wires and the steel cylinder were embedded in the
concrete core. The bottom surface of the soil was fully con-
strained, the normal directions were assigned to the shell,
and the top surface was not constrained [39, 40].

2.3. Model Verification of PCCP. The size and material
parameters of the PCCP model used in this paper are the
same as those in [41]. Also, the calculation results of the soil-
less PCCP model were compared with that in reference [41],
as shown in Figure 4. The initial strain was calculated from
the beginning of internal pressure. Figure 4 shows that the
PCCP model agrees well with the results of reference, which
verifies the reliability of the PCCP structural model.

3. Effects of Different CFRP Thicknesses on
the Repair

Externally bonded CFRPs with different thicknesses were
modeled to study the effects of repair when there were com-
bined loads. The proportion of broken wires on the PCCP
was 10%. The five models had identical conditions except
for the thickness of the CFRP. The five different models are
shown in Table 3.

Using a hydrostatic pressure of 1.12MPa, which is the
designed value, the effects of the repair on the whole pipe

Mortar coating

Prestressing wire

Outer concrete core

Steel cylinder

Inner cocrete core

Spigot end

Figure 1: Structure of ECP.

Table 1: Geometry of PCCP.

Dimension Size (mm)

Length of PCCP (h) 6000

Inner diameter of PCCP (Di) 2800

Total concrete thickness including cylinder (hc) 200

Thickness of the steel cylinder (ty) 1.5

Diameter of steel cylinder (Dy) 2923

Diameter of wires (d) 7

Spacing of wires 14.1

Thickness of mortar (tm) 32

𝜔t = 1

𝜔c = 1

𝜀c𝜀t

𝜔c = 0

𝜔t = 0

(1–dc) E0(1–dt) E0 

𝜎c
𝜎cu

𝜎t0

𝜎t

𝜎c0

E0

Figure 2: ABAQUS concrete damaged plasticity model.
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during the period of operation were analyzed. The stresses
and strains of the concrete core, steel cylinder, prestressing
wires, and CFRP at different positions were compared.

3.1. Effect of CFRP Repair on the Concrete Core. Figures 5 and
6 show the circumferential strain of the outer and inner con-
crete cores during the period of operation. In the Figures, the
abscissa shows the distance along the length of the PCCP and
the ordinate shows the circumferential strain.

The Figures show that the concrete core had maximum
strain at the springline of the PCCP and that the springline
was the weakest position. Using externally bonded CFRP to
repair a PCCP with broken wires significantly reduces the
circumferential strain of the concrete core at the springline.
Reduced strain on the outer concrete core can be clearly seen,
and the concrete strain at the springline showed the greatest
reduction when CFRP thickness was 0.334mm. As the CFRP
thickness increased, the effect of the repair increased linearly.
However, the strain of the concrete at the crown and the
invert changed very little.

In summary, using externally bonded CFRP to repair a
PCCP with broken wires significantly increases the stress of
the concrete core at the springline, especially for the outer
concrete core and less so for the inner concrete core, and
there was almost no effect at the crown and the invert. Along
the length of the PCCP, the affected area of the concrete was
about 3.3 times that of the broken-wire area.

Figure 7 shows the strain maps of the outer concrete core
at the springline under the combined loads. It shows the

effects of the repair using the externally bonded CFRP. It
can be seen that the concrete strain decreased as CFRP thick-
ness increased. The strain in the middle section of the PCCP
was larger and gradually decreased towards the ends, which is
consistent with Figure 5.

3.2. Effect of CFRP Repair on the Steel Cylinder. Figure 8
shows the circumferential strain of the steel cylinder during
the period of operation. The abscissa shows the length of
the pipe and the ordinate shows the circumferential strain.

The Figure shows that the strain of the steel cylinder was
similar to that of the concrete core. Using externally bonded
CFRP to repair a PCCP with broken wires significantly
reduces the circumferential strain of the steel cylinder at the
springline. The steel cylinder strain at the springline showed
the greatest reduction when CFRP thickness was 0.334mm;
as the CFRP thickness further increased, the steel cylinder
strain at the springline still decreased. However, the CFRP
repair had little effect on the circumferential strain of the steel
cylinder at the crown or the invert. The affected area of the
steel cylinder along the PCCP was about 3.3 times that of
the broken-wire area, which is consistent with the effects on
the concrete core.

3.3. Effect of CFRP Repair on the Prestressing Wires. Figure 9
is the strain diagram of the prestressing wires during the
period of operation. The abscissa shows the distance along
the length of the PCCP, and the ordinate shows the circum-
ferential strain.

The Figure shows that the strain of the prestressing wires
at the springline was slightly greater than those at the crown
and the invert, similar to the strain of the concrete and the
steel cylinder. When the CFRP thickness was 0.334mm, the
strain of the prestressing wires at the springline decreased
significantly. However, as the CFRP thickness increased, the
strain of the prestressing wires hardly changed. The strain
of the prestressing wires at the crown and the invert changed
very little as the CFRP thickness changed. The affected area
of the prestressing wires was about 3.3 times that of the
broken-wire area along the length of the PCCP, which is con-
sistent with the previous analysis.

3.4. Analysis of CFRP Stress. Figure 10 is the circumferential
strain diagram of CFRP during the period of operation. The

(a) (b)

1
2

(c)

Figure 3: Three-dimensional mesh: (a) soil; (b) PCCP; (c) CFRP.

Table 2: Material parameters.

Material
Density
(kg/m3)

Elastic
modulus
(MPa)

Poisson
ratio

Tensile
strength
(MPa)

Concrete 2500 34500 0.2 2.64

Steel cylinder 7850 206000 0.3 215

Prestressing wire 7850 205000 0.3 1570

Mortar 2400 24165 0.2 3.49

CFRP 1796 240000 0.307 3400

PCCP
foundation

1890 80 0.29

Soil cushion 2200 40 0.35

Backfilling soil 1890 30 0.35
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abscissa shows the CFRP thickness and the ordinate shows
the corresponding strain.

The Figure shows that the CFRP strain at the springline
was significantly greater than that at the crown or the invert
and that CFRP strain at the springline decreased as the thick-

ness increased. When CFRP thickness reached 0.668mm, the
decreasing trend lessened. The CFRP strains at the crown
and the invert were almost unaffected by CFRP thickness,
which agrees with the analysis of the results for the concrete
core, steel cylinder, and prestressing wires.

Internal pressure (MPa)

St
ra

in
 (𝜇

𝜀)

120

100

80

60

40

20

0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Concrete of reference
Wires of reference
Mortar of reference

Concrete of simulation
Wires of simulation
Mortar of simulation

Figure 4: Strain comparisons between PCCP model and reference results.

Table 3: The five models.

Model name1 P-t-0 P-t-2 P-t-4 P-t-6 P-t-8

The thickness of CFRP(mm) Unrepaired 0.334 0.668 1.002 1.336
1P is pipe, t is thickness, and the number indicates the number of layers of CFRP at 0.167mm per layer.
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Figure 5: Circumferential strain of the outer concrete core: (a) springline; (b) crown; (c) invert.
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Figure 11 shows the stress maps of CFRP under com-
bined internal and external loads. The maps show that when
the thickness of CFRP was 0.334mm, CFRP stress was about

136MPa, which was much less than the ultimate tensile
strength. As CFRP thickness increased, the stress gradually
decreased.
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Figure 6: Circumferential strain of the inner concrete core under combined loads: (a) springline; (b) crown; (c) invert.
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Figure 7: Strain maps of outer concrete core at the springline under combined loads: (a) P-t-0; (b) P-t-2; (c) P-t-4; (d) P-t-6; (e) P-t-8.
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Figure 8: Circumferential strain of the steel cylinder under combined loads: (a) springline; (b) crown; (c) invert.
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4. Effects of Repairs for Different Wire
Breakage Rates

In practice, the number of broken wires may vary for differ-
ent PCCPs. Therefore, we examined the effects of a repair
for different wire breakage rates. The CFRP was 500mmwide
and 1.002mm thick in the models used for this analysis. The
wire breakage rates were 5%, 10%, 15% and 20%. The models
are shown in Figure 12.

We examined the effects of the repair on the whole pipe
during the period of operation at a hydrostatic pressure of
1.12MPa, which is the designed value. We compared the
stress and strain of the concrete core, steel cylinder, pre-
stressing wires and CFRP when the wire breakage rates
were different.

4.1. Effect of Wire Breakage Rates on the Concrete Core. The
damage maps of the concrete core under the combined inter-
nal pressure and external loads are shown in Figure 13. The

Figure shows that when the wire breakage rate was 5%, there
was no damage to the concrete core. As the wire breakage
rate increased, damage to the concrete core gradually
increased. When the wire breakage rate was 10%, a little ten-
sile damage occurred at the middle of the springline. How-
ever, the damage was not serious, and there was no damage
to the concrete core at the crown or the invert, and the PCCP
operates normally. When the wire breakage rate reached
15%, the concrete damage was serious at the springline, and
the damage extended to the crown and the invert. At a 20%
wire breakage rate, serious damage occurred around the
entire circumference at the center of the pipe, but the two
ends of the pipe were almost unaffected.

The concrete damage levels suggest that CFRP 500mm
wide and 1.002mm thick can repair a PCCP having a wire
breakage rate of <10%, but when the rate is greater, the
method of repair must be reconsidered.

4.2. Effect of Wire Breakage Rates on the Steel Cylinder.
Figure 14 shows the circumferential strain of the steel cylin-
der during the period of operation. The abscissa shows the
distance along the length of the PCCP, and the ordinate
shows the circumferential strain. The Figure shows that the
strain at the springline was greater than at the crown or the
invert. When the wire breakage rate was 5%, there was almost
no effect on the steel cylinder. As the wire breakage rate
increased, the strain of the steel cylinder increased at the
center of the pipe. When the wire breakage rate was 20%,
the circumferential strain of the steel cylinder was 1025 με,
and the steel cylinder yielded. The wire breakage rate had a
significant effect on the steel cylinder.

4.3. Effect of Wire Breakage Rates on the Prestressing Wires.
Figure 15 shows the strain of the prestressing wires during
the operation period. The abscissa shows the length of the
PCCP, and the ordinate shows the strain. The Figure shows
that the strain of the prestressing wires at the springline
was greater than at the crown or the invert. The strains of
the crown and the invert did not change much when the wire
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Figure 9: Strain of prestressing wires under combined loads: (a) springline; (b) crown; (c) invert.
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breakage rate increased from 5% to 10%. In general, the
wire breakage rate had a large influence on prestressing
wire strain.

4.4. Effect of Wire Breakage Rates on CFRP. Figure 16 shows
the circumferential strain of the CFRP during the period of
operation. The abscissa shows the wire breakage rates and
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Figure 11: Stress maps of CFRP under combined loads: (a) P-t-2; (b) P-t-4; (c) P-t-6; (d) P-t-8.
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Figure 13: Concrete damage under combined loads: (a) P-r-5; (b) P-r-10; (c) P-r-15; (d) P-r-20.

8 International Journal of Polymer Science



the ordinate shows the circumferential strain. The Figure
shows that CFRP strain at the springline was greater than
at the crown or the invert. CFRP strains at the crown and
at the invert did not change much when the wire breakage
rate increased from 5% to 10%. This phenomenon was con-
sistent with the results for the strain of prestressing wires.
The wire breakage rates had a significant effect on CFRP.
Figure 17 shows the stress maps of CFRP under combined
loads. The maximum CFRP stress was 290.6MPa when the
wire breakage rate was 20%, which was much less than the
ultimate tensile strength.

5. Conclusion

In this study, externally bonded CFRP of different thick-
nesses was used to repair a PCCP with broken wires. We con-
structed a three-dimensional finite element model of the
repaired PCCP, using ABAQUS software, that took into
account the pressure of the soil, the weight of the water, the
weight of the PCCP, and the hydrostatic pressure. The effects
of the repairs on each PCCP component material for
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different CFRP thicknesses and different wire breakage rates
were analyzed. The main conclusions are as follows.

(1) Under the combined loads, the stresses of the con-
crete core and the prestressing wires were greater at
the springline than at the crown or the invert. The
strain at the springline can be reduced by repairing
the PCCP with the CFRP.

(2) When the rate of wire breakage was 10%, the strained
area of each material was about 3.3 times the broken-
wire area along the length of the PCCP; when the rate
of wire breakage was <10%, CFRP that is 1.002mm
thick and 500mm wide can be used for repair.

(3) The rate of wire breakage had a large influence on the
strain of each material. However, the stress of CFRP
is much less than its tensile strength.
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