


Research Progress on Monitoring and Reinforcement of Prestressed Concrete Cylinder Pipe


Abstract
Prestressed Concrete Cylinder Pipe (PCCP), as a composite pipe material with high strength and good durability, is widely used in urban long-distance water transmission projects in China. Its main structure includes the steel cylinder, concrete, prestressed steel wires, and a mortar protective layer. However, over the long-term use of PCCP, problems such as cracks in the cement mortar protective layer, longitudinal cracks in the concrete wall, corrosion of circumferential prestressed steel wires, and wire breakage gradually emerge, leading to the degradation of pipe performance and even rupture accidents. Therefore, the safe operation of PCCP during its service life has attracted widespread attention from researchers. This paper provides a detailed review of the wire breakage monitoring technologies and reinforcement methods for PCCP, focusing on the wire breakage monitoring methods based on electromagnetic principles and distributed optical fiber sensing technology, and their applications in PCCP. In addition, this paper also introduces CFRP reinforcement technology and external prestressed reinforcement methods for PCCP pipe wire breakage issues. External prestressing has particular advantages over CFRP, which is commonly used for internal reinforcement, for in-service long-distance pipelines. Research shows that the use of modern non-destructive testing technologies and reinforcement methods can significantly enhance the safety and service life of PCCP pipes, especially in emergency repairs. 
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1. Introduction
Prestressed Concrete Cylinder Pipe (PCCP) is a composite structure composed of a steel cylinder, concrete, prestressed steel wires, and a mortar protective layer. To resist the corrosion of harsh soil environments, cathodic protection and anti-corrosion coatings are often added, as shown in Figure 1.
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Figure 1: Schematic Diagram of PCCP Structure
This composite structure is made by welding thin steel plates and socket joint steel rings to form a cylinder, then pouring concrete into the inside and outside of the cylinder using a vertical vibration method to form the pipe core (PCCPE). PCCPL, on the other hand, uses a horizontal centrifugal method to pour concrete inside the cylinder to form the pipe core. After curing, circumferential prestressed steel wires are wound around the outer surface of the pipe core, creating circumferential prestress in the concrete wall. Finally, a mortar protective layer is sprayed onto the outer surface of the wound wire pipe core to form a new type of composite pipe material [1]. With its high strength, high impermeability, high sealing performance, good durability, precise interface dimensions, low maintenance costs, and wide range of pipe diameters, PCCP has become the primary pipeline material for urban long-distance water transmission projects in China. PCCP has been widely applied in key water transmission projects in China, such as the Hohhot Yellow River Diversion Project, Shanxi Wanjiazai Water Diversion Project, Harbin Mopanshan Water Transmission Project, Guangxi Xijiang Water Diversion Project, South-to-North Water Diversion Project, Liaoning Dahuofang Reservoir Water Diversion Project, and many other major water resource projects [2,3].      
[bookmark: _Hlk192010522]With the widespread use of PCCP pipelines in China, some issues have emerged, such as cracking of the cement mortar protective layer, longitudinal cracks in the concrete pipe wall, corrosion and wire breakage of the circumferential prestressed steel wires, and occasional pipe bursts. Hassi et al. [4] presented the investigation results of PCCP failure accidents in the Tafilalet and Greater Agadir regions of Morocco, pointing out that chloride ion corrosion of prestressed steel wires and water hammer effects are the main causes of PCCP degradation. In addition to localized corrosion in corrosive burial zones, manufacturing defects (such as irregular mortar coating thickness, inconsistent prestressed steel wire spacing, and low mortar coating porosity), improper methods, and designs also significantly affect the degradation of PCCP pipelines. Among these, wire breakage is a major cause of concrete failure [5,6]. Therefore, the safe operation of PCCP during its service life has attracted widespread attention from researchers. In recent years, significant research has been conducted in our country on wire breakage monitoring [7-10] and reinforcement repair [11-15] of PCCP. The purpose of this paper is to analyse and summarise the current research hotspot of PCCP - monitoring and reinforcement.
2. Overview of PCCP
2.1 Development History of PCCP
As early as 1893, Paris chief engineer Bonna designed and manufactured the concrete cylinder pipe, with a diameter of 1800mm and an internal pressure of 0.35MPa. It was first laid in the Colombes water diversion pipeline network in Paris, with a length of 1500m. The first attempt at prestressed concrete was in Germany in 1888. The experiment failed because the mortar concrete used did not have sufficient strength to form adequate bonding between the concrete and the steel reinforcement. Twenty years later, in prestressed concrete beams, success was achieved by anchoring lightweight steel bars on the end plates to prevent slippage caused by bond failure. In 1927, France first used high-strength steel wires and ultra-high-strength concrete, marking a significant development in the design of prestressed concrete. Since then, prestressing has been successfully applied to piles, railway struts, electric poles, floor slabs, arches, beams, and many other reinforced concrete structures. In 1939, Bannon Company successfully manufactured the Prestressed Concrete Cylinder Pipe (PCCP) using the discovered principle of prestressed concrete and laid it in the suburbs of Paris. In 1942, the United States developed the prestressed concrete cylinder pipe and applied it to commercial manufacturing for the first time [16,17].
The development, research, and production of PCCP in China started later, with efforts beginning only in the 1980s. In 1984, the Suzhou Concrete Cement Products Research Institute collaborated with the Yantai City Waterworks Pipe Factory in Liaoning Province to develop a φ600mm PCCP using simplified methods, and it was tested on water transmission pipelines. In 1985, the Nanjing Cement Pipe Factory in Jiangsu Province cooperated with the Beijing Municipal Engineering Research Institute to manufacture prototype PCCPs with diameters DN600mm and DN1200mm using self-stressed concrete, which were installed in the Fujian Jianyang Hydropower Station and Nanjing city water supply pipelines for testing. Although these pipes were small in diameter and produced in small quantities using simplified methods, they successfully explored the potential for PCCP development. In 1989, Shandong Power Pipeline Engineering Company introduced PCCP manufacturing technology and key equipment (steel cylinder spiral welding machine, socket steel ring equipment, pipe molds, vibrators, etc.) from the American Amerren Company and domestic auxiliary equipment (such as winding machines and roller machines), establishing a production line. This marked the beginning of PCCP production in China [18].
2.2 Structure of PCCP Pipes
Prestressed Concrete Cylinder Pipe (PCCP) is classified into two types based on its structure: internally lined prestressed concrete cylinder pipe (PCCPL) and embedded prestressed concrete cylinder pipe (PCCPE). According to the type of pipe joint sealing, they are further divided into single-gasket prestressed concrete cylinder pipes (PCCPSL, PCCPSE) and double-gasket prestressed concrete cylinder pipes (PCCPDL, PCCPDE). The difference between the internally lined and embedded structures lies in the position of the steel cylinder within the core. The internally lined structure consists of a steel cylinder and a concrete lining; the embedded structure consists of a steel cylinder with concrete layers on both the inner and outer sides of the cylinder. PCCP has a wide range of diameters (nominal internal diameter DN400 to DN4000), with a maximum working pressure of up to 2.0 MPa and a maximum burial depth of over 10 meters. The nominal internal diameter of PCCPL is generally DN400 to DN1400, while PCCPE’s nominal internal diameter typically ranges from DN1000 to DN4000 [19].
3. Research Progress in Monitoring Wire Breakage of PCCP
3.1 Wire Breakage Detection Based on Electromagnetic Principles
Eddy current testing based on electromagnetic induction principles is a detection method used to evaluate the properties of conductive materials or near-surface defects by measuring changes in the impedance of a detection coil caused by induced eddy currents in the specimen. It is commonly used for surface crack detection in medium and small-diameter metal pipes. Xu Jin et al. [20] utilized far-field eddy current transformer coupling technology to detect wire breakage in prestressed concrete cylinder pipes (PCCP). The basic principle of wire breakage detection was introduced, where the occurrence of wire breakage in the prestressed concrete cylinder pipe causes distortions in the amplitude and phase of the far-field eddy current signal that penetrates the pipe wall twice. This phenomenon can be used to determine the number and position of wire breakages in the prestressed steel wires of PCCP. The method was validated through experiments. Hu Shaowei et al. [7] proposed a non-destructive testing method for PCCP wire breakage based on eddy current principles. The PCCP is viewed as an enlarged metal pipe, with prestressed steel wires forming the main structure. During detection, a probe with an internal coil generates eddy currents inside the pipe, and the magnetic field generated by the eddy currents reacts with the probe's magnetic field, causing changes in the probe's magnetic flux. By collecting impedance fluctuations from the probe, the change in magnetic flux can be obtained, and the damage condition of the prestressed steel wires in the PCCP can be inferred. An associated equation was established using electromagnetic induction and equivalent circuits, and the impedance fluctuation formula was derived. The feasibility of this method was preliminarily demonstrated based on experimental methods.
Li Runbin et al. [21] constructed a simulation model using finite element analysis to study the principle of orthogonal electromagnetic detection for PCCP wire breakage. They analyzed the impact of axial and circumferential positions of wire breakage on detection signals, providing theoretical guidance for practical detection. Finally, the model was experimentally validated on a PCCP DE3000×5000 pipeline, and the model accurately simulated real-world conditions.
3.2 Wire Breakage Detection Based on Distributed Optical Fiber Sensing
Compared to traditional methods, distributed optical fiber sensing technology for PCCP wire breakage monitoring has significant advantages in terms of sensor deployment convenience and event recognition accuracy. Zhang Xuping et al. [22] compared various existing methods for PCCP wire breakage detection and introduced a real-time online monitoring scheme based on the integrated DAS (Distributed Acoustic Sensing) principle, which has emerged in recent years. Zhang Ye et al. [9] analyzed prototype experimental signal characteristics and classified wire breakage types using an intelligent learning model. They conducted prototype experiments on embedded PCCP with an internal diameter of 3.4 m and length of 5 m. The distributed optical fiber sensor was used to monitor real-time signals of cut wires, corroded wires, and tapping noise. Based on short-time Fourier transform and deep learning models, they reconstructed wire breakage signals and finally developed a wire breakage signal recognition model using support vector machines. The wire breakage recognition model, based on Inception-ResNet-v2 for signal reconstruction, achieved a minimum accuracy of 92.9% and a maximum accuracy of 100%. The effectiveness of signal reconstruction was subsequently validated using t-SNE. Yang Guang et al. [10], to enhance the real-time detection capability of the distributed optical fiber monitoring system for PCCP wire breakage signals, developed an analytical model based on a packaging strategy to extract effective feature parameters conducive to vibration mode recognition. A phase-sensitive optical time-domain reflectometry (Φ-OTDR) based distributed optical fiber monitoring system was used to collect vibration signals. Raw feature parameter sets were established for time domain, frequency domain, and time-frequency domain analysis. Nonlinear convergence factors, nonlinear adaptive weights, Gaussian perturbation, and Tent chaotic perturbation were introduced to improve the whale optimization algorithm (WOA). Based on this, the improved WOA (IWOA) and hierarchical clustering (HC) were used to propose the IWOA-HC effective feature extraction model. This model provides technical support for the health diagnosis and disaster early warning of in-service PCCP projects.
4. Research Progress in Reinforcement and Repair of PCCP
Wire breakage is currently the most common defect in PCCP, and if reinforcement is not performed in time, it can easily lead to pipe bursts and other accidents. The repair methods for PCCP with wire breakage depend on the on-site conditions, materials, load, and the degree of damage to the pipe. Reinforcement methods include pipe replacement, internal reinforcement, and external reinforcement.
4.1 CFRP Reinforcement
Bonding carbon fiber reinforced polymer (CFRP) lining to the inner wall of the pipe core is a common reinforcement method. Due to CFRP's high tensile strength, corrosion resistance, light weight, and ease of construction, CFRP lining can significantly enhance the load-bearing capacity of PCCP pipes with wire breakage, and can repair PCCP pipes from the inside without excavation. Dou Tiesheng et al. [11] verified the effectiveness of CFRP in repairing PCCP with wire breakage by comparing the reinforced pipe with CFRP applied to the inner surface of the concrete core and the original pipe. They performed wire breakage tests under different internal pressures to study the damage characteristics of PCCP wire breakage under the most unfavorable conditions. The test results showed that the CFRP applied to the inner wall of the concrete core, when combined with the PCCP structure, contributed to load-bearing. After microcracks appeared in the concrete core, the CFRP participated in stress redistribution, limiting the development of cracks in the concrete core and adjusting the stress state of the pipe structure. The CFRP reinforcement had a clear effect on strengthening PCCP with wire breakage. Lv Kangwei et al. [23] proposed an internal circumferential prestressed carbon fiber reinforced polymer (CFRP) plate reinforcement method to fully utilize the tensile properties of CFRP and enhance the bearing capacity of PCCP with broken wires. Through analysis of circumferential stresses in CFRP and concrete, it was demonstrated that the mechanical model calculations based on Lamé's formula aligned well with finite element analysis results, with a maximum discrepancy of only 9.3%. Computational studies on different wire breakage distributions under identical breakage rates revealed that concentrated wire breaks at the same location represented the most critical scenario. When wire breaks occur, concrete damage progresses from minor to severe from the inner to outer surfaces at the breakage location. A focused comparison of pre- and post-reinforcement performance at 10% wire breakage rate showed that under normal operating water pressure, stress-strain in PCCP concrete and steel cylinders at breakage locations significantly decreased, confirming CFRP's effective reinforcement. Higher wire breakage rates amplified CFRP's beneficial effects prior to inner wall concrete damage. This method also features short construction cycles, minimal environmental impact, trenchless operation, and ease of implementation, making it highly valuable for emergency PCCP repairs.
Wei Haonan et al. [24] investigated the effects of pipe diameter and high-compression elastic cushion layer thickness on composite CFRP-reinforced PCCP by developing finite element models with 6 pipe diameters and 4 cushion thicknesses. Strain responses under various internal water pressures and prestressed wire breakage conditions revealed that increased cushion thickness substantially enhanced CFRP circumferential strain while significantly improving concrete circumferential strain distribution.
Zhai Kejie et al. [13] proposed a repair method using externally bonded Carbon Fiber Reinforced Polymer (CFRP) to address the issue of difficult shutdown maintenance for long-distance PCCP water transmission pipelines. To investigate the effectiveness of externally bonded CFRP in repairing broken strands in PCCP, a full-scale internal water pressure test was conducted on a PCCP pipeline with an internal diameter of 2.8 m. The strain responses of the PCCP structure before and after the repair were compared and analyzed. The results showed that, due to the "hooping" effect of CFRP, the material strain in the middle section of the broken strand area decreased after the repair, which is beneficial for the load-bearing capacity of the PCCP. Zhai Kejie et al. [25] proposed a technique for reinforcing damaged PCCP using externally wrapped prestressed carbon fibre reinforced polymer (CFRP). When a PCCP reaches the serviceability limit state, prestressed CFRP repair and non-prestressed CFRP repair can increase the bearing capacity of the pipe by 87.3% and 34.9%, respectively.
4.2 External Prestressed Reinforcement
External prestressing reinforcement actively compensates for prestress loss caused by wire breakage in PCCP, restoring original bearing capacity without pipeline drainage –particularly advantageous for non-interruptible water supply systems. Zhao Lijun et al. [14] conducted a comprehensive prototype test simulating PCCP loading-wire breakage-concrete cracking-pressure reduction-external prestressing application-reloading to design load. Analysis of mechanical behavior and deformation characteristics at each stage demonstrated that external prestressing with steel strands effectively closed pipe cracks, restored bearing capacity to the design internal pressure of 0.9 MPa, maintained strands in elastic state, and preserved watertightness.
5. Conclusion and Prospects
As an efficient water conveyance material, PCCP inevitably experiences wire breakage failures during prolonged service. Analysis of monitoring technologies reveals that eddy current testing based on electromagnetic principles and distributed fiber optic sensing provide effective non-destructive detection solutions with high accuracy and real-time capability. CFRP reinforcement and external prestressing methods have proven effective in enhancing PCCP's load-bearing capacity and service life, with external prestressing showing particular advantages for in-service long-distance pipelines. Continued advancements in monitoring and reinforcement technologies will further ensure operational safety and reliability, providing robust support for secure water transmission infrastructure.
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