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Research Progress and Prospect of Seismic Resistance and Damping of Prestressed Lining in Water Conveyance Tunnels
[bookmark: _GoBack]Abstract: As a key infrastructure in water conservancy projects, water conveyance tunnels play a crucial role in water resource allocation, regional economic development, and people's livelihood security. Prestressed concrete linings are widely used in water conveyance tunnel projects due to their excellent crack resistance and load-bearing capacity. However, in earthquake-prone areas, prestressed concrete linings of water conveyance tunnels are vulnerable to earthquake effects, resulting in cracks, displacements, and even structural damage, which seriously threaten the safety of the project. This paper focuses on the research of seismic resistance and damping of prestressed concrete linings in water conveyance tunnels, systematically combs the relevant research results at home and abroad, summarizes the research from the aspects of seismic performance analysis, damping technology application, numerical simulation and experimental research, deeply discusses the existing problems in current research, and looks forward to the future research directions. It aims to provide a reference for the seismic design and safe operation of water conveyance tunnel projects.
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1.Introduction
With the continuous advancement of water conservancy project construction in China, water conveyance tunnels are increasingly widely used in cross-basin water transfer, urban water supply, agricultural irrigation and other fields. By pre-applying prestress, prestressed concrete linings effectively offset the tensile stress that may occur in concrete during service, significantly improving the crack resistance and durability of the lining structure, and have become the preferred lining form for large-section and high-water-head water conveyance tunnels. Li Xiaoke et al.[1]took the water conveyance project of Dahuofang Reservoir in Liaoning Province as an example, analyzed in detail the design idea and application effect of unbonded prestressed concrete linings, and further verified the reliability of this lining form in practical projects.
However, some areas in China are located in seismic activity-prone zones, such as Southwest China and North China. Water conveyance tunnels in these areas face severe challenges when earthquakes occur. Historical earthquake disaster cases show that seismic waves caused by earthquakes will cause complex dynamic responses of tunnel linings, and prestressed concrete linings may have problems such as prestress loss, crack propagation, and joint damage. Lin Xiushan et al.[2]found in the study of concrete linings of Xiaolangdi sediment discharge tunnels that the prestress effect will be significantly attenuated under earthquake action. If timely intervention measures are not taken, it will directly lead to structural safety hazards. If effective seismic resistance and damping measures are not taken, it will lead to tunnel water leakage, structural instability, and even collapse accidents, resulting in huge economic losses and social impacts. Therefore, carrying out research on seismic resistance and damping of prestressed concrete linings in water conveyance tunnels is of great theoretical value and practical significance for improving the seismic capacity of the project and ensuring the long-term safe and stable operation of the project.
2 Current Research Status of Seismic Resistance of Prestressed Linings in Water Conveyance Tunnels
The seismic performance analysis of prestressed concrete linings in water conveyance tunnels mainly includes three core methods: theoretical analysis, numerical simulation and model test.
Theoretical analysis is based on structural dynamics, and solves the seismic response by establishing the dynamic equilibrium equation of the lining. In the early stage, simplified models such as elastic rings and beam elements were used, which ignored the interaction between surrounding rock and lining, resulting in deviations in the results. In the later stage, the coupling effect was introduced, and with the help of elastic foundation beam theory (equating the surrounding rock constraint to spring stiffness), viscoelastic foundation model, etc., the displacement and internal force distribution of the lining under different seismic waves can be calculated more accurately. The core methods (the principle of response shear method, the method of determining boundary dimensions) and research objectives (evaluating the applicability of the method) of the research by Yu Haitao et al.[3]are extracted, and detailed descriptions are deleted to make the content more concise while retaining the key research logic.
Numerical simulation has become the current mainstream method because it can deal with complex structures and loads. Common software such as ANSYS, FLAC3D, and ABAQUS can realize the three-dimensional modeling of the surrounding rock-lining system and consider material and contact nonlinearity. The input methods of seismic loads include the acceleration time-history method (inputting actual waves to reflect randomness), the response spectrum method (converting to equivalent static force, which is simple to calculate but ignores dynamic amplification), and the dynamic time-history analysis method (combining the advantages of the two, and widely used in engineering). For example, the study by Yu H et al.[4]pointed out that the greater the stiffness of the surrounding rock, the smaller the lining stress, which provides a reference for parameter selection. Jia Lei et al.[5]reflected the pipe-soil interaction by constructing a soft-flexible contact surface, solved the contact problem using the Lagrange multiplier method, and set viscoelastic boundaries around and at the bottom of the soil to reduce boundary effects. The simulated pipeline response law is consistent with the experiment, verifying the rationality of the results. Li Yue et al.[6]used the Drucker-Prager constitutive model to explore the nonlinearity of the soil, simulated the pipe-soil interaction with a flexible-flexible contact surface, calculated the contact response combined with the Lagrange multiplier method, and set viscoelastic boundaries around and at the bottom of the soil to realize energy radiation. The proposed soil analysis model can more accurately simulate the soil-structure interaction. Han et al.[7]established a three-dimensional nonlinear numerical model for parallel double buried pipelines considering soil-pipe interaction under non-uniform seismic excitation, and studied the effects of seismic wave propagation, seismic intensity, internal pipeline pressure and spacing on the structural safety of the pipelines.
Model tests simulate earthquakes in the laboratory through scaled models to intuitively study the seismic performance. They are divided into static tests (providing basic parameters) and dynamic tests (using shaking tables to simulate different earthquakes and observe damage forms, displacements, etc.). The key is to ensure the similarity of geometry, materials, loads and boundary conditions between the model and the prototype. In recent years, relying on 1:10-1:20 scaled models and combining technologies such as high-definition camera and strain acquisition, the dynamic response and damage mechanism of the lining can be captured more accurately. For example, Ma Xue et al.[8]found through large-scale shaking table tests that increasing the reinforcement ratio can effectively delay the crack propagation of the lining. Yang et al.[9]carried out centrifuge shaking table tests to study the seismic dynamic response of a immersed tube tunnel and the influence of foundation liquefaction on the tunnel. Han Chao et al.[10]carried out two groups of centrifuge shaking table tests on the free field of saturated sand and the circular tunnel structure in the saturated sand foundation under the excitation of various seismic waves, and analyzed the influence of the tunnel structure on the site response.
2.1 Research on Influencing Factors of Seismic Performance
At present, scholars at home and abroad have carried out a large number of studies on the influencing factors of the seismic performance of prestressed concrete linings in water conveyance tunnels, mainly focusing on prestress parameters, lining structure parameters, geological conditions and other aspects.
In terms of prestress parameters, the prestress tension value and the arrangement of prestressed tendons are the key influencing factors. Studies have shown that appropriately increasing the prestress tension value can enhance the crack resistance and stiffness of the lining, and reduce the probability of cracks under earthquake action. However, excessive prestress may lead to brittle failure of the lining under seismic excitation. The reasonable circumferential and longitudinal arrangement of prestressed tendons can make the lining structure bear force more evenly, effectively disperse seismic energy, and improve the overall seismic performance. For example, a scholar found through numerical simulation that when the prestressed tendons are arranged with a circumferential spacing of 20 cm and a longitudinal spacing of 30 cm, compared with the traditional uniform arrangement, the maximum displacement of the lining under earthquake action can be reduced by 15% - 20%.
In terms of lining structure parameters, the lining thickness and concrete strength grade have a significant impact on its seismic performance. Increasing the lining thickness can improve the load-bearing capacity and stiffness of the structure, but it will also increase the self-weight of the structure, resulting in greater inertial force under earthquake action. Therefore, it is necessary to find a balance between stiffness and self-weight. The increase of concrete strength grade can enhance the compressive and tensile strength of the lining, and reduce the width and depth of cracks caused by earthquakes. However, high-strength concrete has high brittleness, and its toughness needs to be improved by adding fibers. Zhou Wending et al.[11]introduced the application of a new type of fiber-reinforced concrete in the lining of water conveyance tunnels. Tests showed that this material can improve the crack resistance of the lining by 30%, providing a new direction for the selection of lining materials. In addition, the form of lining joints also affects the seismic performance. Flexible joints are more able to adapt to the displacement deformation caused by earthquakes than rigid joints, and reduce the stress concentration at the joints.
In terms of geological conditions, the properties and burial depth of surrounding rock are important influencing factors. Hard and complete surrounding rock can provide good constraint for the lining, share part of the seismic load, and reduce the dynamic response of the lining. However, the surrounding rock with weak and broken properties has poor load-bearing capacity, and is prone to surrounding rock collapse and deformation during earthquakes, which further aggravates the damage of the lining. Liu Guoqing[12]took a water diversion tunnel as an example, studied the influence of the surrounding rock integrity coefficient on the seismic effect of the lining through numerical simulation, and found that when the integrity coefficient increased from 0.5 to 0.8, the maximum stress of the lining decreased by 28%. At the same time, the greater the burial depth of the tunnel, the greater the surrounding rock pressure, and the more obvious the energy attenuation during the propagation of seismic waves. The seismic action on the lining first increases and then decreases, and there is a most unfavorable burial depth range.
2.2 Research on Seismic Performance Analysis Methods
The seismic performance analysis of prestressed concrete linings in water conveyance tunnels mainly includes three core methods: theoretical analysis, numerical simulation and model test.
Theoretical analysis is based on structural dynamics, and solves the seismic response by establishing the dynamic equilibrium equation of the lining. In the early stage, simplified models such as elastic rings and beam elements were used, which ignored the interaction between surrounding rock and lining, resulting in deviations in the results. In the later stage, the coupling effect was introduced, and with the help of elastic foundation beam theory (equating the surrounding rock constraint to spring stiffness), viscoelastic foundation model, etc., the displacement and internal force of the lining under different seismic waves can be calculated more accurately. For example, Ma Hongwei et al.[13]established the analytical solution of the plane seismic response of underwater tunnels when P-waves are incident through the wave propagation solution, providing a new method for the calculation of seismic wave propagation.
Numerical simulation has become the current mainstream method because it can deal with complex structures and loads. Common software such as ANSYS, FLAC3D, and ABAQUS can realize the three-dimensional modeling of the surrounding rock-lining system and consider material and contact nonlinearity. The input methods of seismic loads include the acceleration time-history method (inputting actual waves to reflect randomness), the response spectrum method (converting to equivalent static force, ignoring dynamic amplification), and the dynamic time-history analysis method (combining the advantages of the two, and widely used in engineering). For example, Yang F[14]took the Yellow River-crossing tunnel as a case, established a model using ABAQUS, and the simulation results were highly consistent with the on-site monitoring, verifying the reliability of the method.
Model tests simulate earthquakes in the laboratory through scaled models to intuitively study the seismic performance. They are divided into static tests (providing basic parameters) and dynamic tests (using shaking tables to simulate different earthquakes and observe damage forms, displacements, etc.). The key is to ensure the similarity of geometry, materials, loads and boundary conditions between the model and the prototype. In recent years, relying on 1:10-1:20 scaled models and combining technologies such as high-definition camera and strain acquisition, the dynamic response and damage mechanism of the lining can be captured more accurately.
3 Current Research Status of Damping Technology for Prestressed Concrete Linings in Water Conveyance Tunnels
In order to reduce the damage of earthquake action to the prestressed concrete linings of water conveyance tunnels, scholars have developed and applied a variety of damping technologies, mainly including the application of damping materials, damping structure design and passive control damping technology.
3.1 Application of Damping Materials
Damping materials absorb seismic energy through their own deformation and energy dissipation characteristics, and reduce the seismic load transmitted to the lining structure, thereby playing a damping role. At present, the damping materials widely used in the prestressed concrete linings of water conveyance tunnels mainly include rubber pads, foamed concrete, polyurethane materials, etc.
Rubber pads have good elasticity and energy dissipation capacity, and are often installed between the lining and the surrounding rock or at the lining joints. When an earthquake occurs, the rubber pad absorbs seismic energy through compression and shear deformation, and at the same time allows the lining to produce a certain displacement, reducing the rigid collision between the lining and the surrounding rock. Studies have shown that laying a 5-10 cm thick rubber pad between the lining and the surrounding rock can reduce the maximum stress of the lining under earthquake action by 25% - 35%, and the maximum displacement increases but remains within the safe range. In addition, rubber pads also have good durability and waterproofness, and can adapt to the humid environment inside the tunnel.
Foamed concrete is a lightweight porous material with the characteristics of low density, low thermal conductivity and moderate compressive strength, and also has a certain energy dissipation capacity. Filling the gap between the lining and the surrounding rock with foamed concrete can not only play the roles of heat preservation and waterproofing, but also absorb seismic energy through the compression deformation of pores under earthquake action, reducing the stress on the lining. Experimental studies have found that using foamed concrete with a dry density of 600-800 kg/m³ as the damping layer can reduce the peak seismic response of the lining by 10% - 20%.
Polyurethane materials have excellent elastic recovery performance and energy dissipation characteristics, and are easy to construct. They can form a continuous damping layer through on-site spraying. When subjected to seismic loads, polyurethane materials will produce large elastic deformation, absorb a large amount of seismic energy, and can return to their original state after the earthquake without affecting the normal use of the structure. However, the application of polyurethane materials in water conveyance tunnels is still in the experimental stage, and their long-term durability and performance stability in complex geological environments need further research.
3.2 Damping Structure Design
Damping structure design improves the seismic energy dissipation capacity of the structure itself and reduces earthquake damage by optimizing the form and structure of the lining structure. Common forms of damping structure design include setting damping joints, using flexible lining sections, and optimizing the structure of lining joints.
Damping joints are gaps set in the lining structure, which can divide the long lining into sections and reduce the structural internal force and deformation under earthquake action. The setting position and width of damping joints need to be reasonably designed according to the length of the tunnel, geological conditions and seismic intensity. Generally, the width of the damping joint is 2-5 cm, and the joint is filled with elastic materials, such as rubber strips and foam plastics, to ensure the damping effect and waterproof performance. Studies have shown that setting damping joints in water conveyance tunnels with a length of more than 100 m can reduce the maximum bending moment of the lining by 30% - 40%, effectively preventing the lining from being damaged due to excessive internal force.
Flexible lining sections are sections of lining with high flexibility set in the lining structure, which can absorb seismic energy through their own deformation and reduce the transmission of seismic loads to adjacent lining sections. Flexible lining sections are usually made of concrete with low elastic modulus or concrete added with fibers, and their stiffness is much smaller than that of ordinary prestressed concrete linings. The fiber-reinforced concrete mentioned by Zhou Wending et al.[11], due to its good toughness, can be used as the preferred material for flexible lining sections, and can produce greater plastic deformation to consume energy under earthquake action. Under earthquake action, the flexible lining section will produce large deformation, consume a large amount of seismic energy, and thus protect the safety of other lining sections. The length of the flexible lining section is generally 5-10 m, and it is set at the turning of the tunnel, crossing the fault zone and other parts where the earthquake action is relatively concentrated.
Optimizing the structure of lining joints is also an important means to improve the seismic performance of the lining. Traditional lining joints mostly use rigid connections, which are prone to stress concentration at the joints during earthquakes, leading to joint damage. By improving the joint form, such as using socket joints and tenon joints, and setting rubber sealing rings and buffer materials at the joints, the flexibility and sealing of the joints can be improved, and the joint displacement and leakage under earthquake action can be reduced. For example, a water conveyance tunnel project uses socket joints, and a 3 cm thick rubber sealing ring is set at the joint. Seismic simulation tests show that this joint form can withstand large axial and radial displacements, and the joint leakage is reduced by more than 80% compared with the traditional rigid joint.
3.3 Passive Control Damping Technology
Passive control damping technology reduces the dynamic response of the structure by setting damping devices on the lining structure and using the energy dissipation characteristics of the devices to absorb seismic energy. The passive control damping devices used in the prestressed concrete linings of water conveyance tunnels mainly include friction dampers, viscous dampers and metal yield dampers.
Friction dampers consume seismic energy through the relative sliding between two contact surfaces to generate friction force. Friction dampers are installed at the circumferential or longitudinal joints of the lining. When the earthquake causes relative displacement of the lining, the friction surfaces of the dampers slide, generating friction force, which hinders the displacement of the lining and consumes seismic energy at the same time. The advantages of friction dampers are simple structure, low cost, stable energy dissipation capacity, and not affected by environmental factors such as temperature and humidity. Experimental studies have shown that installing friction dampers at the circumferential joints of the lining can reduce the peak seismic response of the lining by 20% - 30%.
Viscous dampers use the viscous resistance of viscous fluid to consume seismic energy, and their energy dissipation capacity is proportional to the relative velocity. Viscous dampers are usually installed between the lining and the surrounding rock or inside the lining. When the earthquake causes the lining to vibrate, the viscous fluid in the damper flows, generating viscous resistance and absorbing seismic energy. The advantages of viscous dampers are strong energy dissipation capacity, fast response speed, and stable damping effect under seismic actions of different frequencies. However, the cost of viscous dampers is relatively high, and regular maintenance is required to prevent the leakage of viscous fluid.
Metal yield dampers consume seismic energy through the yield deformation of metal materials. Common metal materials include mild steel and lead. Metal yield dampers have good plastic deformation capacity, can produce large yield deformation under earthquake action, absorb a large amount of seismic energy, and do not produce permanent deformation after the earthquake, so they can be reused. Installing metal yield dampers at key parts of the lining, such as the tunnel entrance and fault crossing section, can effectively improve the seismic capacity of the lining. However, the energy dissipation capacity of metal yield dampers is greatly affected by temperature, and their performance may change in high or low temperature environments.
4 Existing Problems in Current Research
Although scholars at home and abroad have achieved remarkable results in the research of seismic resistance and damping of prestressed concrete linings in water conveyance tunnels, there are still many problems to be solved.
4.1 Insufficient Research on the Mechanism of Dynamic Prestress Loss under Earthquakes
Most of the current achievements focus on prestress loss under normal service conditions, and less attention is paid to dynamic loss caused by earthquakes (such as relaxation of prestressed tendons and slippage of anchors). Although Kang Jingfu et al.[2]found in the study of Xiaolangdi sediment discharge tunnels that earthquakes can reduce the effective stress of prestressed tendons by 10% - 15%, the mechanism has not been deeply analyzed. The randomness and dynamic characteristics of seismic loads will make the stress state of the lining more complex, and the law of prestress loss is significantly different from that under static conditions. If the mechanism cannot be accurately mastered, it will directly affect the accuracy of the evaluation of the seismic performance of the lining.
4.2 Insufficient Research on Seismic Resistance and Damping under Complex Geological Conditions
Most of the existing studies are based on uniform and complete surrounding rock. However, in practical projects, water conveyance tunnels often need to cross fault fracture zones, weak interlayers and other areas. For example, Wei Zhijian et al.[15]pointed out based on the background of the Erlang Mountain water conveyance tunnel of the Yinda Jimin Project that tunnels crossing active faults will face the superposition effect of fault dislocation and seismic excitation, and the existing damping technology is difficult to deal with this situation. The interaction between surrounding rock and lining in such areas is more complex, and disasters such as surrounding rock collapse and water gushing are prone to occur during earthquakes. The existing seismic resistance and damping technologies can no longer meet the needs of complex geological conditions, and targeted design methods and technology research and development are urgently needed.
4.3 Lack of Research on Durability and Economy of Damping Technology
Most of the currently developed damping materials and devices are in the experimental stage, and their performance stability, durability and maintenance costs during long-term service have not been fully studied. For example, rubber pads may age and crack under long-term water pressure and chemical erosion, and the friction surface of friction dampers will wear after long-term use, which will affect the damping effect. Liu Jingbo et al.[16]also pointed out that the long-term performance attenuation of damping materials in water conveyance tunnels will lead to a gradual decline in seismic capacity, and a regular evaluation mechanism needs to be established. At the same time, some damping technologies (such as viscous dampers) have high costs and are difficult to be widely used in large-scale projects. The development of economical and durable damping technologies has become a key issue.
4.4 The Accuracy of Numerical Simulation and Model Test Needs to be Improved
In numerical simulation, there are errors in the simulation of material nonlinearity and contact nonlinearity of the surrounding rock-lining system, and the input method of seismic load is also difficult to fully reflect the complexity of actual earthquakes. Yu H et al.[4]found through the comparison of different numerical models that the influence error of the selection of surrounding rock constitutive model on the calculation results of lining stress can reach 20%. In terms of model tests, it is difficult to fully ensure the similarity between the scaled model and the prototype, and the applicability and reliability of the test results need to be further verified. Moreover, the mutual verification and combination between the two are not close enough, and it is difficult to form an effective research system.
5 Prospect of Future Research Directions
Combined with the current research problems and the needs of water conservancy projects, the future research on seismic resistance and damping of prestressed concrete linings in water conveyance tunnels can be carried out from four aspects:
5.1 Deepen the Research on the Mechanism of Prestress Loss under Earthquakes
Adopt a combination of "theory + numerical + experiment" methods to analyze the influence of seismic parameters such as acceleration peak and frequency on prestress loss, establish a loss calculation model, and clarify the relationship between prestress loss and the seismic performance of the lining (for example, Jiao Hongbo et al.[17]found that the prestress loss of the lining is the largest when the seismic wave incident angle is 45°, which can be used as a reference). At the same time, develop real-time monitoring technologies such as optical fiber and wireless sensing to realize long-term monitoring of the prestress state of the lining.
5.2 Promote the Research on Seismic Resistance and Damping Technology under Complex Geological Conditions
For areas such as fault fracture zones and weak interlayers, study the dynamic interaction mechanism between surrounding rock and lining, and establish a seismic model considering the coupling effects of earthquake-water gushing-surrounding rock collapse. Draw lessons from the active prevention and control concept of the "excavation compensation method" proposed by Hu J et al.[18], develop new technologies such as deformable linings and self-healing damping materials, and carry out on-site tests combined with practical projects to verify the effectiveness of the technologies.
5.3 Strengthen the Research on Durability and Economy of Damping Technology
Carry out long-term durability tests on existing damping materials and devices, study the performance degradation law under environments such as water pressure and chemical erosion, and propose improvement measures (for example, the material service life and maintenance cycle summarized by Wang Wenhui et al.[19]through post-earthquake repair cases can be used as a reference). Develop new low-cost and high-performance damping materials (such as industrial waste residue damping concrete) and devices, and establish an economic evaluation system to provide a basis for engineering design.
5.4 Improve the Accuracy and Coordination of Numerical Simulation and Model Test
In terms of numerical simulation, improve the material constitutive model and contact model to improve the accuracy of nonlinear simulation, and optimize the input of seismic load (considering spatial variation and multi-point input, for example, the analysis of the response difference of different seismic waves by Wang G et al.[20]can be used as a reference). In terms of model tests, develop large-scale high-precision equipment, improve the formula of similar materials, and combine technologies such as digital image correlation and laser vibration measurement to improve data accuracy. In addition, strengthen the coordination between the two to form a research closed-loop of "test-simulation-verification-optimization".
6 Conclusion
The research on seismic resistance and damping of prestressed concrete linings in water conveyance tunnels is an important topic to ensure the safety of water conservancy projects. In recent years, scholars at home and abroad have carried out a large number of studies on the influencing factors of seismic performance, analysis methods and damping technologies, and have achieved rich results, providing important theoretical support and technical reference for engineering practice. For example, the research on unbonded prestressed linings by Li Xiaoke et al. and the numerical simulation of the prestressed composite lining of the Yellow River-crossing tunnel by Yang F et al. have provided practical solutions for engineering design[1,14]. However, there are still deficiencies in the mechanism of prestress loss under earthquake action, seismic resistance and damping technology under complex geological conditions, long-term durability and economy of damping technology, and the accuracy of numerical simulation and model test.
In the future, it is necessary to further study the law of prestress loss under earthquake action, develop seismic resistance and damping technologies suitable for complex geological conditions, improve the durability and economy of damping technologies, and improve the methods of numerical simulation and model test, so as to promote the research on seismic resistance and damping of prestressed concrete linings in water conveyance tunnels to a deeper level and a wider range. Through continuous technological innovation and theoretical breakthroughs, the seismic capacity of water conveyance tunnel projects will be continuously improved, providing a solid guarantee for the high-quality development of China's water conservancy cause.
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