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Abstract 

Prestressed concrete cylinder pipe (PCCP) has been applied in many large-scale hydraulic engineering projects around the 

world. And the prestressed wire breakage is the most common form of PCCP damage. Traditional carbon fiber reinforced 

polymer (CFRP) liner techniques fail to fully exploit the tensile performance of CFRP. Therefore, the method of using 

EPS cushion and CFRP liner to strengthen the PCCP with broken wire is proposed in this study. To clarify the effect of 

the proposed method, a finite element three-dimensional model is established and validated using experimental data. 

Subsequently, the effects of EPS thickness, CFRP thickness, and wire breakage ratio on the stress-strain response of the 

PCCP are analyzed. Based on different failure modes of the pipe, the influence of EPS and CFRP thickness on the internal 

pressure bearing capacity is discussed. The study reveals that the synergistic action of the EPS cushion can effectively 

enhance the internal pressure bearing capacity of the PCCP. As the thickness of EPS cushion and CFRP increases, the 

bearing capacity almost linearly increases. Under the influence of internal pressure, visible cracks first appear in the 

concrete core, followed by yielding of the steel cylinder, and finally the steel wire stress reaches its ultimate strength. 
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1. Introduction 

Underground pipelines are the urban lifeline and are vital to the healthy development of the city [1-3]. Prestressed 

concrete cylinder pipe (PCCP) has been widely used in hydraulic engineering [4, 5]. PCCP is composed of concrete, 

prestressed steel wire, steel cylinders, and mortar. The steel wire in PCCP always breaks due to factors such as corrosion, 

resulting in a significant decrease in the bearing capacity of PCCP [6-8]. 

Zarghamee et al. conducted an exhaustive analysis [9-12] on the adhesive efficacy between prestressed wire and 

mortar coating, employing both experimental techniques and finite element methodologies. Their study delved into the 

impact of wire spacing and mortar shrinkage on adhesive performance. Furthermore, employing a multi-layer ring 

model, they scrutinized the mechanical behavior of PCCP under diverse loads, including internal pressure, external 

pressure, and fluid weight, comparing theoretical calculations with experimental findings. Employing principles of 

elastic mechanics and finite element analysis, You et al. [13-15] investigated the failure mechanisms of concrete and 

steel cylinders within PCCP with fractured wire, probing into the bearing capacity alterations induced by longitudinal 

cracks. Ge & Sinha [16] proposed a model to assess wire prestressing loss and scrutinized various parameters' effects 
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on PCCP's structural integrity. These insights aid utilities in effectively managing PCCP pipelines with varying bond 

qualities. Considering the intricate interplay of pipe joints, Hajali et al. [17-19] utilized finite element methods to explore 

how factors like wire breakage position and quantity affect PCCP's structural performance. Hu et al. [20] conducted 

comprehensive experiments and finite element analyses to examine PCCP's structural response during wire breakage, 

evaluating the wire breakage ratio's impact on internal pressure bearing capacity. Cheng et al. [21], employing fiber 

optic monitoring technology, analyzed strain distributions under internal pressure across diverse materials, investigating 

PCCP's behavior under elastic and serviceability limit states.  

Zhai et al. [22] proposed a non-linear stress reduction model for steel wires, accounting for mortar's bonding force 

on prestressed wires, substantiating their model through experimentation, and exploring parameters such as pipe 

diameter, reinforcement ratio, and wire breakage ratio's effects on PCCP performance. Dong et al. [23] compared three-

edge bearing test outcomes against calculations derived from an enhanced ANSI/AWWA C304 program, examining 

calculation methodologies pre- and post-PCCP cracking. Experimental findings revealed tensile stress occurrences at 

the crown, invert, and springline, with calculated results aligning well with experimental data pre-concrete core cracking. 

Employing distributed fiber optic sensors utilizing optical frequency domain reflectometry, Li et al. [24, 25] conducted 

a full-scale experimental investigation on PCCP's mechanical response under internal pressure, emphasizing the 

potential of distributed sensing technology for structural health monitoring in both new and existing pipeline 

infrastructures. Li & Feng [26] established a nonlinear finite element model of PCCP, and used the model to study the 

damage and degradation of in-service PCCP under internal pressure overload. Wang et al. [27] proposed the use of 

piezoelectric lead zirconate titanate (PZT) technology to monitor PCCP mortar and concrete. Through theoretical 

analysis and finite element method, the propagation law of Rayleigh waves was confirmed, and the changes in the 

measured voltage amplitude curve were consistent with the experimental results, verifying the reliability of the proposed 

method. 

PCCP with broken wires needs to be strengthened, and FRP is widely used in structural engineering rehabilitation 

[28-31]. Lee & Karbhari [32] studied the mechanical behavior of FRP-lined composites under internal and external 

pressures via pipe section examinations. Their findings underscored the structural efficacy and expeditious nature of 

FRP liners, offering a cost-efficient alternative to traditional methods of preventive maintenance and repair. Lee & Lee 

[33] proposed novel design criteria and methodologies for rehabilitating PCCP with FRP, enabling precise determination 

of optimal FRP layer quantities by evaluating the limit states of deteriorated PCCP. Hu et al. [34, 35] investigated the 

efficacy of strengthening PCCP with CFRP liners through comprehensive full-scale testing and finite element 

simulations, analyzing the impact of CFRP layers on concrete, steel wire, and steel cylinders, while also delineating a 

systematic design process for PCCP repair utilizing CFRP liners. Zhao et al. [36, 37] expounded upon the utilization of 

prestressed steel strands to fortify PCCP with fractured wires, delving into the methodology's effects on PCCP. Their 

theoretical derivations culminated in a preliminary design approach capable of determining the area and optimal center 

spacing of prestressed steel strands considering prestress loss. Zhai et al. [38-41] proposed strengthening PCCP with 

externally bonded FRP and studied the influence of parameters such as FRP layers and wire breakage ratio on the load-

bearing performance of PCCP through experiments and finite element methods, and they analyzed the mechanical 

behavior of PCCP strengthened by prestressed CFRP subject to secondary load [42]. 

The aforementioned study has made significant contributions to the service performance and reinforcement repair 

of PCCP. However, traditional CFRP liner reinforcement methods fail to fully harness the tensile properties of CFRP. 

Therefore, Zhai et al. [43] proposed the utilization of EPS and CFRP composite liner reinforcement technology, 

demonstrating its efficacy in strengthening PCCP. Nevertheless, challenges remain regarding EPS and CFRP composite 

lining reinforcement technology, such as the thickness of EPS material, CFRP, and the effect of wire breakage ratio on 

pipe load-bearing performance. Thus, this study addresses these deficiencies by establishing a three-dimensional finite 

element model and evaluating it through experimental data verification. Subsequently, the impact of EPS material 

thickness, CFRP thickness, and wire breakage ratio on PCCP performance is analyzed. The research findings serve as a 

reference for the reinforcement of PCCP with broken wires. 

2. Finite Element Model 

Using ABAQUS, a three-dimensional finite element model is established [44, 45]. Concrete core, mortar coating, 

and EPS are simulated using three-dimensional solid elements; CFRP and steel cylinder are simulated using shell 

elements; prestressed steel wires are simulated using three-dimensional truss elements. The prestressed steel wires are 

embedded in the mortar, the steel cylinder is embedded in the concrete, and bonding is employed between the concrete 

and mortar. The contact between EPS and the concrete inner wall, as well as CFRP, is simulated using bonding. Concrete 

and mortar materials are simulated using a concrete damage plastic model; a steel cylinder is simulated using an ideal 

elastic-plastic model; CFRP is simulated using an ideal elastic-brittle model. The EPS material is simulated by the 

“Crashable-Foam” model, and the elastic modulus and Poisson’s ratio are 2.27 MPa and 0.03, respectively. The 

geometric dimensions of the model are identical to those in the study by Zhai et al. [43]. The model mesh division is 

shown in Figure 1. 
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Figure 1. Mesh of the finite element model 

Without considering the conditions of wire breakage and repair, utilize the experimental results from reference [46] 

to evaluate the finite element results, as shown in Figure 2. One can see that the results of the experiment coincide well 

with the finite element model. Under the internal pressure of 0.7 MPa, the difference in prestressed wire strain between 

the test and finite element is 7.3%. For concrete core and mortar coating, the maximum difference between the test and 

model lies between 9.2% and 21.5%, respectively. 
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Figure 2. Evaluation of the finite element model 

3. Results and Discussion 

In this section, the effect of EPS thickness, CFRP thickness, and wire breakage ratio on the mechanical response of 

PCCP are studied.  

3.1.  Effect of the EPS Thickness 

When considering various thicknesses of EPS, the relationship between internal pressure and maximum principal 

strain of concrete cores varies, as illustrated in Figure 3. From the figure, it is evident that in the initial stages of 

increasing internal pressure, the strain of concrete increases linearly with internal pressure, albeit with a small magnitude 

of increase. At internal pressures of 0.84 MPa, 1.04 MPa, 1.15 MPa, 1.24 MPa, and 1.34 MPa, with EPS thicknesses of 

0 mm, 5 mm, 8 mm, 10 mm, and 13 mm, respectively, concrete reaches the strain of micro-cracking, and there is a sharp 

increase in strain. When the internal pressure reaches 1.03 MPa, 1.23 MPa, 1.35 MPa, 1.44 MPa, and 1.54 MPa, 

respectively, with different EPS thicknesses, concrete reaches its visible cracking strain, and PCCP reaches its 

serviceability limit state. Based on the serviceability limit state, the internal pressure bearing capacity of the PCCP 

strengthened by EPS with thicknesses of 5 mm, 8 mm, 10 mm, and 13 mm will increase by 19.4%, 31.1%, 39.8%, and 

49.5%, respectively. 



Civil Engineering Journal         Vol. 11, No. 06, June, 2025 

2270 

 

0.0

0.3

0.6

0.9

1.2

1.5

1.8

0 400 800 1200 1600 2000 2400

1.54

1.44

1.35

1.23

Maximum principal strain(me)

In
te

rn
al

 p
re

ss
u
re

(M
P

a)

 tEPS = 0 mm

 tEPS = 5 mm

 tEPS = 8 mm

 tEPS = 10 mm

 tEPS = 13 mm V
is

ib
le

 c
ra

ck
in

g

1.03

Wire breakage ratio of 15%

tCFRP = 1.002 mm

 

Figure 3. Relationship of internal pressure and concrete strain when different EPS thickness 

When different thicknesses of EPS are applied, the damage contour of the concrete core is illustrated in Figure 4. It 

is evident from the figure that as the thickness of EPS increases, both the extent and area of concrete damage 

progressively decrease, indicating that the augmentation of EPS thickness contributes to the enhancement of PCCP's 

load-bearing capacity. It is noteworthy that in Figure 4, the wire breakage ratio of PCCP is 15%, the thickness of CFRP 

is 1.002 mm, and the internal pressure is 1.5 MPa. 

tEPS = 0 mm tEPS = 5 mm tEPS = 8 mm tEPS = 13 mmtEPS = 10 mm

Wire breakage of 15%, tCFRP = 1.002 mm, P = 1.5 MPa

 

Figure 4. Damage contour of concrete core when different EPS thickness 

When varying thicknesses of EPS are employed, the relationship between circumferential stress in the steel cylinder 

and internal pressure is depicted in Figure 5. As depicted in the figure, during the initial stages of gradual increase in 

internal pressure, the stress in the steel cylinder also gradually increases. However, a steep rise in steel cylinder stress 

occurs after the appearance of micro-cracking in the concrete. At internal pressures of 1.36 MPa, 1.51 MPa, 1.66 MPa, 

1.76 MPa, and 1.91 MPa, with EPS thicknesses of 0 mm, 5 mm, 8 mm, 10 mm, and 13 mm, respectively, the steel 

cylinder reaches its yield stress, marking the elastic limit state of the PCCP. Based on the elastic limit state, the internal 

pressure bearing capacity of the PCCP strengthened by EPS with thicknesses of 5 mm, 8 mm, 10 mm, and 13 mm will 

increase by 11.0%, 22.1%, 29.4%, and 40.4%, respectively. 
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Figure 5. Relationship of internal pressure and cylinder stress when different EPS thickness 
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When varying thicknesses of EPS are employed, the circumferential stress contour of the steel cylinder is depicted 

in Figure 6. As illustrated in the figure, with an increase in EPS thickness, the stress in the steel cylinder gradually 

diminishes, indicating that augmenting the EPS thickness can mitigate the damage to the PCCP. It is noteworthy that in 

Figure 6, the wire breakage ratio of PCCP is 15%, the thickness of CFRP is 1.002 mm, and the internal pressure is 1.5 

MPa. 
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Wire breakage of 15%, tCFRP = 1.002 mm, P = 1.5 MPa

 

Figure 6. Stress contour of steel cylinder when different EPS thickness 

When considering different thicknesses of EPS, the variation in maximum principal stress of CFRP with internal 

pressure is depicted in Figure 7. The stress in CFRP increases continuously with the rise in internal pressure. Moreover, 

as the thickness of EPS increases, the stress in CFRP also escalates, indicating that increasing the EPS thickness allows 

for optimal utilization of CFRP. At an internal pressure of 1.5 MPa, with EPS thicknesses of 0mm, 5mm, 8mm, 10mm, 

and 13mm, the CFRP stress levels are recorded as 439.56 MPa, 571.89 MPa, 681.09 MPa, 752.34 MPa, and 848.58 

MPa, respectively, all of which remain below their ultimate tensile strength. 
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Figure 7. Relationship of internal pressure and CFRP stress when different EPS thickness 

When varying thicknesses of EPS are considered, the CFRP stress contour is illustrated in Figure 8. With the increase 

in EPS thickness, the stress in CFRP progressively escalates, indicating that augmenting the EPS thickness leads to 

greater internal pressure borne by CFRP, thereby enhancing the internal pressure bearing capacity of PCCP. In Figure 

8, the wire breakage ratio of PCCP is 15%, the thickness of CFRP is 1.002 mm, and the internal pressure is 1.5 MPa. 

tEPS = 0 mm tEPS = 5 mm tEPS = 8 mm tEPS = 13 mmtEPS = 10 mm

Wire breakage of 15%, tCFRP = 1.002 mm, P = 1.5 MPa

 

Figure 8. Stress contour of CFRP when different EPS thickness 
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When considering different thicknesses of EPS, the relationship between wire stress and internal pressure is depicted 

in Figure 9. With the increase in internal pressure, the stress in the steel wire steadily rises. Conversely, with the increase 

in EPS thickness, the stress in the steel wire gradually diminishes, reducing the likelihood of PCCP bursting. At EPS 

thicknesses of 0mm, 5mm, 8mm, 10mm, and 13mm, corresponding to internal pressures of 1.40MPa, 1.61 MPa, 

1.76MPa, 1.86MPa, and 2.02MPa, respectively, the steel wire stress reaches 80% of its ultimate strength. Based on 0.8 

fsu, the internal pressure bearing capacity of the PCCP strengthened by EPS with thicknesses of 5 mm, 8 mm, 10 mm, 

and 13 mm will increase by 15.0%, 25.7%, 32.9%, and 44.3%, respectively. 
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Figure 9. Relationship of internal pressure and wire stress when different EPS thickness 

The stress contour of the steel wire is illustrated in Figure 10. Under a pressure of 1.5MPa, the steel wire stress is 

recorded as 1177.0 MPa, 1187.5 MPa, 1205.8 MPa, 1234.4 MPa, and 1275.2 MPa, for EPS thicknesses of 13 mm, 10 

mm, 8 mm, 5 mm, and 0 mm, respectively. 

tEPS = 0 mm tEPS = 5 mm tEPS = 8 mm tEPS = 13 mmtEPS = 10 mm

Wire breakage of 15%, tCFRP = 1.002 mm, P = 1.5 MPa
 

Figure 10. Stress contour of steel wire when different EPS thickness 

3.2. Effect of the CFRP Thickness 

When considering various thicknesses of CFRP, the relationship between internal pressure and maximum principal 

strain in the concrete core is depicted in Figure 11. During the initial stages of gradual internal pressure increase, the 

concrete strain exhibits a linear but slow increase. However, with CFRP layers of 0, 2, 4, 6, and 8, and internal 

pressures of 0.80 MPa, 0.94 MPa, 1.04 MPa, 1.15 MPa, and 1.25 MPa respectively, micro-cracks appear in the 

concrete, followed by a steep rise in concrete strain. Visible cracks in the concrete occur at internal pressures of 0.97 

MPa, 1.12 MPa, 1.23 MPa, 1.35 MPa, and 1.45 MPa, respectively, marking the PCCP's serviceability limit state. 

Based on the serviceability limit state, the internal pressure bearing capacity of the PCCP strengthened by CFRP with 

thicknesses of 2-layer, 4-layer, 6-layer, and 8-layer will increase by 15.5%, 26.8%, 39.2%, and 49.5%, respectively. 

It should be noted that each layer of CFRP has a thickness of 0.167 mm, with a wire breakage rate of 15% in Figure 

11, and an EPS thickness of 8 mm. 
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Figure 11. Relationship of internal pressure and concrete strain when different CFRP thickness 

When different thicknesses of CFRP are applied, the damage contour of the concrete core is illustrated in Figure 12. 

It is evident from the figure that as the thickness of CFRP increases, both the extent and area of concrete damage 
progressively decrease, indicating that the augmentation of CFRP thickness contributes to the enhancement of PCCP's 
load-bearing capacity. 

tCFRP = 0.344 mm tCFRP = 0.688 mm tCFRP = 1.336 mmtCFRP = 1.002 mmtCFRP = 0 mm

Wire breakage of 15%, tEPS = 8 mm, P = 1.5 MPa

 

Figure 12. Concrete damage contour when different CFRP thickness 

When considering different thicknesses of CFRP, the relationship between circumferential stress in the steel cylinder 
and internal pressure is illustrated in Figure 13. As depicted in the figure, when the CFRP layers are 0, 2, 4, 6, and 8, the 
internal pressure reaches 1.16 MPa, 1.33 MPa, 1.50 MPa, 1.66 MPa, and 1.83 MPa respectively, leading the steel 
cylinder to yield stress, marking the elastic limit state of the PCCP. Based on the elastic limit state, the internal pressure 
bearing capacity of the PCCP strengthened by CFRP with thicknesses of 2-layer, 4-layer, 6-layer, and 8-layer will 

increase by 14.7%, 29.3%, 43.1%, and 57.8%, respectively. The stress contour of the steel cylinder is shown in Figure 
14. When the CFRP layers are 0, 2, and 4, under an internal pressure of 1.5 MPa, the steel cylinder yields, with the yield 
area decreasing as the number of CFRP layers increases. At CFRP layer thicknesses of 6 and 8, the steel cylinder stresses 
are 154.7 MPa and 87.8 MPa, respectively, reaching yield states of 72% and 40.8% respectively. 
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Figure 13. Relationship of internal pressure and cylinder stress when different CFRP thickness 
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tCFRP = 0.334 mm tCFRP = 0.668 mm tCFRP = 1.336 mmtCFRP = 1.002 mmtCFRP = 0 mm

Wire breakage of 15%, tEPS = 8 mm, P = 1.5 MPa

 

Figure 14. Stress contour of steel cylinder when different CFRP thickness 

When considering various thicknesses of CFRP, the relationship between maximum principal stress in CFRP and 

internal pressure is depicted in Figure 15. CFRP stress increases with the rise in internal pressure and decreases with the 

increase in CFRP layers, indicating that augmenting CFRP layers contributes to an increase in the load-bearing capacity 

of PCCP. The stress contour of CFRP is illustrated in Figure 16, where the CFRP stress levels for layer counts of 2, 4, 

6, and 8 are 983.8 MPa, 798.4 MPa, 668.6 MPa, and 598.4 MPa respectively, corresponding to 28.9%, 23.5%, 19.7%, 

and 17.6% of their ultimate strength, respectively. 
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Figure 15. Relationship of internal pressure and CFRP stress when different CFRP thickness 

tCFRP = 0.334 mm tCFRP = 0.668 mm tCFRP = 1.336 mmtCFRP = 1.002 mm

Wire breakage of 15%, tEPS = 8 mm, P = 1.5 MPa

 

Figure 16. Stress contour of CFRP when different CFRP thickness 

When considering different thicknesses of CFRP, the relationship between wire stress and internal pressure is 

depicted in Figure 17. With the increase in internal pressure, the stress in the steel wire steadily rises. Conversely, with 

the increase in CFRP thickness, the stress in the steel wire gradually diminishes, reducing the likelihood of PCCP 

bursting. At CFRP layers of 0, 2, 4, 6, and 8, corresponding to internal pressures of 1.25 MPa, 1.43 MPa, 1.60MPa, 

1.76MPa, and 1.94 MPa, respectively, the steel wire stress reaches 80% of its ultimate strength. Based on the state of 

0.8 fsu, the internal pressure bearing capacity of the PCCP strengthened by CFRP with thicknesses of 2-layer, 4-layer, 

6-layer, and 8-layer will increase by 14.4%, 28.0%, 40.8%, and 55.2%, respectively. 
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Figure 17. Relationship of internal pressure and wire stress when different CFRP thickness 

The stress contour of the steel wire is illustrated in Figure 18. Under a pressure of 1.5MPa, the steel wire stress is 
recorded as 1131.9 MPa, 1277.5 MPa, 1237.0 MPa, 1206.1 MPa, and 1182.5 MPa, for CFRP layer of 0, 2, 4, 6, and 8, 
respectively. 

tCFRP = 0 mm tCFRP = 0.334 mm tCFRP = 0.668 mm tCFRP = 1.336 mmtCFRP = 1.002 mm

Wire breakage of 15%, tEPS = 8 mm, P = 1.5 MPa
 

Figure 18. Stress contour of steel wire when different CFRP thickness 

3.3. Effect of the Wire Breakage Ratio 

When considering different wire breakage ratios, the relationship between maximum principal strain in the concrete 
core and internal pressure is depicted in Figure 19. When the wire breakage ratio is 5%, a linear relationship between 
strain and internal pressure is observed at internal pressures ranging from 0 to 2.5 MPa. With wire breakage rates of 
10%, 15%, and 20%, during the initial stage of increasing internal pressure, strain exhibits a linear growth trend with 
internal pressure. Internal pressures reach 2.27 MPa, 1.50 MPa, and 1.10 MPa, respectively, and micro-cracks begin to 

appear in the concrete, followed by a steep increase in strain. For PCCP with wire breakage ratios of 15% and 20%, 
visible cracks in the concrete occur when the internal pressure reaches 1.71 MPa and 1.31 MPa respectively, marking 
the PCCP's service limit state. 
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Figure 19. Relationship of internal pressure and concrete strain when different wire breakage ratio 
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When different wire breakage ratios of PCCP, the damage contour of the concrete core is illustrated in Figure 20. It 
is evident from the figure that there is almost no damage in concrete when the wire breakage ratio is 5%, as the wire 
breakage ratio increases, both the extent and area of concrete damage progressively increase. 
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Figure 20. Damage contour of concrete core when different wire breakage ratio 

When considering different wire breakage ratios, the relationship between internal pressure and circumferential 
stress in the steel cylinder is depicted in Figure 21. The stress in the steel cylinder increases with the rise in wire breakage 
ratio and internal pressure. When the wire breakage ratio is 5%, a linear relationship between stress and pressure is 
observed within the range of 0 to 2.5 MPa. At wire breakage ratios of 15% and 20%, the steel cylinder stress reaches its 
yield strength at internal pressures of 2.15 MPa and 1.66 MPa, respectively, marking the elastic limit state of the PCCP. 
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Figure 21. Relationship of internal pressure and cylinder stress when different wire breakage ratio 

The stress contour of the steel cylinder is illustrated in Figure 22. Under an internal pressure of 1.5 MPa, when the 

wire breakage ratios are 5% and 10%, the steel cylinder remains under compression; however, at wire breakage ratios 
of 15% and 20%, the steel cylinder stress transitions to tensile stress, measured at 15.4 MPa and 155.6 MPa respectively. 
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tCFRP = 1.336 mm, tEPS = 13 mm, P = 2.0 MPa

 

Figure 22. Stress contour of steel cylinder when different wire breakage ratio 

When different wire breakage ratios, the relationship between internal pressure and the maximum principal stress of 
CFRP is illustrated in Figure 23. As depicted in the figure, CFRP stress increases with increasing wire breakage ratio 
and internal pressure. When the wire breakage ratios are 5% and 10%, the CFRP stress curves essentially overlap, 
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indicating minimal effectiveness of CFRP at these points. At an internal pressure of 2.0 MPa, wire breakage ratios of 
5%, 10%, 15%, and 20% correspond to CFRP stresses of 945.6 MPa, 954.3 MPa, 1021.9 MPa, and 1133.9 MPa, 
respectively. The CFRP stress contour is depicted in Figure 24. 
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Figure 23. Relationship of internal pressure and CFRP stress when different wire breakage ratio 
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Figure 24. Stress contour of CFRP when different wire breakage ratio 

When varying the wire breakage ratio, the relationship between steel wire stress and internal pressure is illustrated 

in Figure 25. It is evident from the figure that steel wire stress increases with the rise in both wire breakage ratio and 

internal pressure. When the internal pressures are 2.04 MPa and 2.26 MPa, corresponding to wire breakage ratios of 

20% and 15% respectively, the steel wires reach 80% of their ultimate strength. The stress distribution of the steel wires 

is depicted in the stress contour plot shown in Figure 26. Under an internal pressure of 2.0 MPa, the steel wire stresses 

in PCCP with wire breakage ratios of 5%, 10%, 15%, and 20% are 1163.1 MPa, 1174.3 MPa, 1218.8 MPa, and 1247.3 

MPa respectively. 
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Figure 25. Relationship of internal pressure and wire stress when different wire breakage ratio 
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tCFRP = 1.336 mm, tEPS = 13 mm, P = 2.0 MPa  

Figure 26. Stress contour of steel wire when different wire breakage ratio 

3.4. Discussion 

Using the appearance of visible cracks in the concrete core, yielding of the steel cylinder, or when steel wire stress 

reaches 80% of its ultimate strength as the criteria for determining PCCP failure, the analysis of the variation trend of 

PCCP bearing capacity with EPS thickness and CFRP thickness is illustrated in Figure 27. As depicted in the figures, 

under the condition of 15% wire breakage, the internal pressure bearing capacity of PCCP increases almost linearly with 

the thicknesses of EPS and CFRP. Under the influence of internal pressure, visible cracks first appear in the concrete 

core, followed by yielding of the steel cylinder, and finally the steel wire stress reaches 80% of its ultimate strength. 

With 6 layers of CFRP, when visible cracks appear in the concrete core, yielding of the steel cylinder, or when steel 

wire stress reaches 80% of its ultimate strength, the pipeline bearing capacity is 1.5 MPa for EPS thicknesses of 11.8 

mm, 4.35 mm, and 2.38 mm respectively. For an EPS thickness of 8 mm, the pipe bearing capacity is 1.4 MPa for CFRP 

thicknesses of 7.02×0.167 mm, 2.81×0.167 mm, and 1.68×0.167 mm respectively. 
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Figure 27. The strength of PCCP varies with changes in the thickness of: (a) EPS and (b) CFRP 

4. Conclusion 

The CFRP liner reinforcement for PCCP with broken wires can to some extent increase the internal pressure bearing 

capacity of the PCCP, which has already formed standard specifications in North America. However, the tensile 

performance of CFRP is not fully utilized. The EPS and CFRP liner reinforcement technology in this study can fully 

exploit the tensile performance of CFRP, resulting in a significant increase in the bearing capacity of PCCP when using 

the same thickness of CFRP. Furthermore, this study investigates the effects of EPS thickness, CFRP thickness, and 

wire breakage ratio on the stress-strain of various materials (such as concrete pipe core, steel cylinder, steel wire), 

presenting the mechanical response of PCCP from multiple perspectives when reinforced with EPS and CFRP liner. The 

study found that based on the serviceability limit state, the internal pressure bearing capacity of the PCCP strengthened 

by EPS with thicknesses of 5 mm, 8 mm, 10 mm, and 13 mm will increase by 19.4%, 31.1%, 39.8%, and 49.5%, 

respectively. Based on the elastic limit state, the internal pressure bearing capacity will increase by 11.0%, 22.1%, 

29.4%, and 40.4%, respectively, indicating that the increase in EPS thickness can significantly increase the internal 

pressure bearing capacity of the PCCP. In addition, onset of visible crack of concrete core, the pipeline bearing capacity 

is the lowest, and onset of the state of 0.8 fsu, the bearing capacity is the highest.  

The reinforcement technology in this paper has significant advantages in terms of mechanical response, but also 

faces some challenges in reality, such as the reduction of the pipe's flow area, and the bonding performance of EPS with 

concrete and CFRP. These issues will be gradually addressed in future research. 
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