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Abstract

:

In this paper, the structural responses and failure characteristics of a new type of water conveyance tunnel lining structure subjected to reverse fault conditions were numerically investigated by considering multiple loads and interaction separation modes between different structural layers. This study proposes a new evaluation standard for the safety level of the damage state of the composite lining water conveyance tunnel. It also discusses the influences of fault dislocation displacement (Δf), dip angle (β), and the mechanical properties of the surrounding rock in the fault fracture zone on the water conveyance tunnel response and damage. The results indicate that the buckling failure of the steel tube under axial compression is the dominant failure mode of the composite lining structure. With increasing fault dislocation displacement, the axial compressive strain and circumferential shear strain of the composite lining are most severely damaged on the sliding plane. With decreasing fault dip angle, the axial compressive strain of the composite lining weakens, while the bending and shear strains increase. The increase in rock stiffness in the fault fracture zone reduces the damage scope but increases the composite lining structural damage severity. Overall, the numerical results of this study provide a better understanding of the failure mode and damage process of composite lining water conveyance tunnels under reverse fault conditions; therefore, this study can serve as a reference for composite lining structure disaster assessments.
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1. Introduction


With the continuous development of underground space excavation technology, the field of underground engineering has expanded greatly. To realize the optimal allocation of water resources, many long—distance and large—diameter water conveyance tunnels have been constructed in China. Due to increasing internal water pressure requirements, tunnel lining structures have evolved from single lining structures to composite lining structures with high strengths and excellent performances [1,2]. With the development of monitoring technology, Structural health monitoring (SHM) can effectively prevent failures and significantly improve pipeline management with informed decision-making support [3,4]. A steel tube–concrete composite structure is a new type of water conveyance tunnel lining that fully utilizes the material strengths of both steel tubes and concrete; furthermore, it is lightweight and rapidly constructed. The combined properties of steel tubes and concrete can effectively avoid cracking and leakage throughout the long-term operation of water transmission tunnels. Composite lining water conveyance tunnels are restrained by the presence and movement of surrounding rocks. Fault dislocation is a typical form of surrounding rock motion that is always accompanied by forced displacement, causing underground structural cracks and large deformations, and it can even lead to overall structural failure. Once fault dislocation occurs, it can bring serious structural disasters and socioeconomic losses [5,6]. The socioeconomic losses caused by fault dislocations often exceed the structural repair costs, especially for long-distance water conveyance tunnels. Therefore, fault dislocation has always been a major concern for the safe operation of underground structures [7,8]. Due to the long-distance linear structural characteristics of the water conveyance tunnel, the tunnel will inevitably intersect with the fault during construction. Additionally, the interactions between the different-material structural layers in composite lining structures increase the complexity of underground structural failure research [9,10,11].



Both numerical and experimental studies have been conducted in the past two decades to investigate the seismic responses and design methods of tunnels that cross active faults. Scale model and centrifuge tests were performed with sand and clay samples, respectively, to study active fault propagation in bedrock overburden [12,13,14,15,16]. Scale model tests were used to study the key mechanical characteristics of the tunnel structure, such as deformation, strain distribution, surrounding rock pressure, and cracking shape, under different fault dip angles and dislocation displacements; additionally, the response law of the tunnel structure under the fault was analyzed [17,18]. The centrifuge test can simulate the interaction between the surrounding rock lining structure more realistically than the scale model test, and it can obtain the deformation characteristics of the strata [19]. Burridge et al. [20] created the first centrifuge physical model to assess the interactions between continuous tunnels and faults during an earthquake. Subsequently, many scholars have utilized centrifuge tests to consider the influence of parameters, such as fault dislocation displacement, burial depth, fault dip angle, and formation material properties, on the internal force response, failure location, and failure mechanism of the tunnel lining structure [21,22,23]. Although the model test can intuitively characterize the deformation mode and damage state of the structure affected by the fault, it is not possible to comprehensively study the influence of the fault on the underground structure using this test due to the test condition limitations.



Unlike model tests, the numerical simulation method can simultaneously consider the nonlinearity of the surrounding medium and the tunnel and the interactions between different structural layers. Moreover, its feasibility has been verified by experiments, making it an important scientific research technique in underground engineering [24,25,26]. Russo et al. [27] first proposed the use of a series of simplified elastoplastic springs to simulate the mechanical properties of media around underground structures, but the researchers did not provide any numerical analysis results. Tohidifar et al. [26] used the beam–spring model to study the effects of fault zone width and longitudinal reinforcement ratio on tunnel response under reverse fault conditions. Yao et al. [28] used the beam–spring model for parametric studies to investigate the active length of a structure (continuous pipe or tunnel) in a reverse fault and the factors that affect its properties. Nevertheless, in the beam–spring model where the springs are spaced at certain distances from each other in three vertical directions, this discrete concept cannot continuously simulate interactions between different media [29]. In recent years, innovative analyses and comparative studies have been conducted to explore the interactions between tunnels and the surrounding media. The results of the three-dimensional continuum contact element model simulation display the interactions between different media without any clearance. Meanwhile, it also considers the initial stress state of the surrounding rock during tunnel excavation, which is more consistent with the real-world scenario than the results of the beam–spring model simulation. Considering some factors, such as fault dislocation displacement, fault dip angle, and fault fracture zone width, numerical studies on the structural response of tunnels across faults have been carried out by using the three-dimensional continuum contact element model [19,30,31,32]. Overall, both model simulation and numerical analysis studies have helped to enhance the public awareness of the tremendous threats that active faults pose to the structural safety of tunnels.



A literature survey shows that the existing research is mainly focused on single lining structures. However, the composite lining is obviously different from the single lining in terms of their structural forms, structural responses, and failure characteristics under fault conditions. Due to the large differences in the material properties of different structural layers and the bonding properties between layers, the difficulty and complexity of research are increased. By considering the change in the bond performance between structural layers, there are few reports of damage assessments of the composite lining water conveyance tunnel structure under reverse fault conditions, especially for tunnels affected by a fault and internal water pressure. Due to the lack of literature on the topic, a 3D finite element model was established; by using the model, the composite lining water conveyance tunnel structural response was studied and analyzed under the influences of different fault displacements, dip angles, and the mechanical properties of the surrounding rock in different fault fracture zones under reverse fault conditions. A quantitative damage assessment was performed to provide technical support for the safe operation and maintenance of composite lining water conveyance tunnels.




2. Numerical Modeling


2.1. Brief Introduction to Composite Lining Structures


In recent years, a new type of composite lining structure has been adopted in the construction of long-distance water conveyance tunnels: steel tube and primary linings are combined, and self-compacting high-performance concrete is filled between the linings to form a three-layer tunnel lining system of “shield primary lining-self-compacting concrete-steel tube lining”, as shown in Figure 1a. In this paper, the tunnel lining system consists of the primary lining, which comprises 0.18 m thick shotcrete, surrounding rock bolts, and a steel arch. The inner lining has a 0.024 m thick stiffened steel tube with a stiffening rib height of 0.012 m and a spacing of 1.2 m on the surface of the steel tube. The steel tube and the primary lining are backfilled with self-compacting concrete (thickness 0.52 m), as shown in Figure 1b. The tunnel has a circular cross section with an internal diameter of 4.0 m and a working pressure of 0.9 MPa. The outer concrete lining in the composite lining structure not only bears the external surrounding rock pressure but also shares the burden of the internal water pressure with the steel tube. The internal water pressure reduces the damage to the outer concrete because of the tension it generates. The constraints of the external surrounding rock, concrete lining, and stiffening rib on the steel tube surface are beneficial to the enhancement of the lateral stiffness and the prevention of local buckling and instability of the thin-walled steel tube.




2.2. Numerical Modeling


A 3D numerical model of the water conveyance tunnel subjected to reverse fault conditions was established by ABAQUS general finite element software. When the ratio of the cross-section size to the tunnel section size is between 4 and 10, the boundary effect can be eliminated [33]. The overall dimensions of the numerical model were 200 m × 100 m × 100 m. In this paper, the tunnel axis was orthogonal to the fault, and the fault plane was set in the middle of the fault fracture zone, dividing the model into two parts: a moving block and a fixed block. Figure 2 shows a typical three-dimensional model, with a buried depth of 50 m, fault fracture zone width of 10 m, and fault dip angle of β = 60° for illustration purposes. The four-node reduced integral shell element (S4R) was employed for modeling the stiffened steel tube, and the surrounding rock, fault fracture zone, and concrete were simulated by eight-node reduced integral “brick” elements (C3D8R). To ensure the calculation efficiency and accuracy, much finer meshes were applied to the parts of the model close to the fault fracture zone and tunnel excavation area; the mesh sizes in the longitudinal direction of the tunnel were 0.6 m and 0.7 m, and the dimensions of the concrete and stiffened steel tube were 0.8 m and 0.4 m, respectively [33]. The whole model had approximately 200,000 elements.



The surrounding rock and fault fracture zone adopted the ideal elastoplastic Mohr-Coulomb model. The material parameters are cohesion c, Poisson’s ratio ν, the friction angle ϕ, and the dilation angle ψ. The dilation angle is 1/8 of the friction angle [32], as listed in Table 1.



An ideal elastoplastic constitutive model was used to define the stress-strain relationship for stiffened steel tubes, as shown in Figure 3a. The concrete damaged plasticity model (CDP) was assigned to the primary and secondary linings of the water conveyance tunnel. The tension and compressive stress-strain relationships of the concrete material are shown in Figure 3b,c, with the subscripts t and c denoting tension and compression, respectively. The uniaxial compression damage factor dc and uniaxial tensile damage factor dt were used to characterize the stiffness degradation characteristics of concrete structures caused by plastic-stage damage. The damage factor in the CDP model can be determined by the following formula [34]:


   d i  = 1 −    (     σ i   /   E 0   ε i     )    0.5    



(1)




where i = c is compression, i = t is tension, di is the damage variable, and σi and εi are the stress and strain of concrete, respectively. The material parameters of the composite lining are shown in Table 2.



The interactions between the rock mass–concrete, concrete–stiffened steel tube, and fault plane under fault movement are found by applying contact pairs in ABAQUS [30,32]. The normal contact interface direction adopted “hard contact” behavior to allow the separation of the contact surface. The classical isotropic Coulomb friction found through the penalty method was used to describe the tangential behavior of the interface. The friction coefficients between the concrete–rock mass and concrete-stiffened steel tube are 0.4 [35] and 0.7 [36], respectively, and the friction coefficient between fault planes is 0.63 [35].




2.3. Analysis Procedure and Boundary Conditions


The numerical simulation of a composite lining water conveyance tunnel subjected to reverse fault conditions is conducted in four steps. (1) The lining structure is removed by element birth-and-death technology, and the initial stress of the surrounding rock is obtained by ground stress balance. (2) The softening modulus method is used to simulate stress release during tunnel excavation. (3) The working load (composite lining gravity, water weight in the pipe, and internal pressure) is applied. The water weight load is calculated by the conversion formula of buoyancy and water weight. When applying internal pressure, it is assumed that the tunnel elevation in the calculation section is the same, and that uniform pressure is applied to the inner side of the steel tube. (4) The static fault displacement method is used to simulate the relative fault movement. The influence of reciprocating movement is not considered, and it is assumed that the fault movement is carried out in only one direction.



In the process of numerical analysis, the first three steps constrain the normal displacement of the side of the model (X and Y), the bottom is constrained by the fixed end, and the top surface is set to the free surface, as shown in Figure 2a. When applying the fault dislocation displacement load, release the Y and Z constraints of the moving block, and based on the distributed loading increment method, the 20 cm fault movement is divided into several smaller quantities and applied to the Y and Z directions of the moving block to eliminate the influence of dynamic effects. The constraint condition of the fixed block remains unchanged.





3. Structural Damage Indicators


The composite lining structure is composed of multiple structural layers of different materials. The damage to different structural layers will reduce the overall bearing capacity and affect the safety and durability of the water conveyance tunnel. Under strong permanent ground-induced actions, composite lining structures exhibit severe deformation beyond the elastic limit. Concrete can crack and break due to tensile, shear, and compressive stresses. Steel material is ductile and capable of sustaining a significant amount of inelastic deformation; however, at locations with large tensile and excessive compressive strains, rupture and wrinkling (local buckling) of the pipeline wall may occur. Based on the above discussion, the following performance limit states are described and quantified: the overall structural damage index of concrete and the ultimate strain of the steel tube.



3.1. Overall Structural Damage Index of Concrete


There are two main damage measurement standards for the overall structural damage index of concrete. One is to determine the damage of each component [37,38], and the other is to directly determine the structural damage [39]. Park and Ang [37] proposed a damage index calculated by a linear combination of the damage caused by excessive deformation to individual elements that was contributed to by the repeated cyclic loading effect. This damage index reflects the damage degree of each component. The overall structural damage is an energy-weighted average of the damage index of each element. This method has been widely used in the overall damage assessment of tunnel lining structures. Chen et al. [40] assessed the overall damage of tunnel lining based on the stiffness degradation damage index of concrete materials, and established a quantitative relationship between ground motion parameters and tunnel damage degree. Zhong et al. [32] established a quantitative relationship between the concrete cracking width and damage index, and the team conducted a quantitative study on the overall damage index and the structural integrity and damage status of water conveyance tunnels that cross multiple strike-slip faults. Therefore, the damage degree of a concrete structure with a composite lining section under reverse fault conditions is quantified by considering the influence of local damage on the overall safety of the composite lining and by taking energy dissipation as a weighted function.



The overall damage index is a weighted average of the local damage index of each element in the same cross section, and the unit dissipation energy is used as a weighting factor during calculation. There are two primary forms of concrete damage. Excessive axial pressure will cause the concrete to be crushed or spalled, and then the concrete will lose its load-bearing capacity. Additionally, the tensile forces will cause concrete lining cracks, and crack development will lead to a reduction in the waterproof performance, which affects its durability indirectly. Therefore, the overall lining damage indices in compression (OLDC) and in tension (OLDT) are used to estimate the lining damage state, which can be defined as follows [37]:


  O L D C =   ∑ i    [   (     E i e   /    ∑ i    E i e       )  ⋅ d  c i e   ]     



(2)






  O L D T =   ∑ i    [   (     E i e   /    ∑ i    E i e       )  ⋅ d  t i e   ]     



(3)




where i is the element number in the tunnel cross section,    E i e    is the energy dissipation of the ith element, and   d  c i e    and   d  t i e    denote the tensile and compressive damage indices of the ith element.



This paper refers to the statistical results of mountain tunnel earthquake damage by Wang and Zhang [41], the definition and limitations of underground lifeline engineering damage status [42], and the seismic failure grade standard of tunnel structures based on the damage coefficient [43]. Then, it divides concrete tensile damage in a water conveyance tunnel into four grades, as shown in Table 3. When the overall compressive damage (OLDC) of the concrete lining reaches 0.9, local or overall collapse will occur [32].




3.2. Ultimate Strain of Steel Tube


An internal steel tube damage evaluation index has not yet been proposed in response to the composite lining water conveyance tunnel damage. Therefore, references to the research of buried steel tube damage, and the water conveyance tunnel steel tube damage state are analyzed. In the case of extreme ground-induced loading conditions, which act on the buried steel tube under deformation-controlled conditions, the pipeline exhibits significant inelastic deformation. Therefore, pipeline performance should be addressed in terms of limit states based on strain or deformation rather than stress. Note that the axial compressive strain causing the buckling failure of the steel tube under seismic action is usually lower than the axial tensile strain causing the tensile failure [44]. Thus, in this paper, axial compressive strain is used for the definition of the steel tube damage limit state. Limit states are conditions under which a structure is considered to have failed since the structure no longer fulfills the relevant design criteria. Therefore, suitable limit states are essential conditions for evaluating structural damage. Based on the work of [45], the limit states of steel tubes are divided into the following three types:




	(1)

	
Operable limit state (OL)









In the OL state, the pipeline is expected to continue its operation immediately regardless of any necessary repairs; although, some plastic deformation may occur in the pipeline. The corresponding axial compressive strain is as follows:


   ε c  = min  {  0.01 , 0.4  t / D   }   



(4)







	(2)

	
Pressure integrity limit state (PI)







The PI limit state assumes that significant pipeline deformation is possible without leakage. The corresponding axial compressive strain is as follows:


   ε c  = min  {  0.04 , 1.76  t / D   }   



(5)







	(3)

	
Ultimate limit state (UL)







The state before structural collapse is the UL state, at which the pipeline will leak and cause damage to the entire structure. The corresponding axial compressive strain is as follows:


   ε c  = min  {  0.1 , 4.4  t / D   }   



(6)




where t is the wall thickness of the steel tube, D is the inner diameter, and εc is the compressive strain. According to the above strain limit state, the damage state of the steel tube is divided into four damage states: no damage, slight damage, moderate damage, and severe damage, as shown in Table 4.





4. Numerical Case Studies


The performance of composite lining water conveyance tunnels that cross reverse faults is affected by many factors. Chen et al. [7] studied the damage characteristics and effects of mountain tunnels under strong earthquakes and concluded that fault dislocation displacement is the main cause of damage to mountain tunnels. Hashash et al. [46] pointed out that in the seismic design and analysis of underground structures, the influence of fault displacement should be considered for tunnel structures that pass through fault fracture zones. Based on earthquake case history and centrifuge models, Ha et al. [47] concluded that if the faulting direction is unknown, one should design the pipe route closer to 90° perpendicular to the fault trace since any other angle will induce either compression or tension and bending of the pipe. Li et al. [19] used numerical methods to conclude that the surrounding rock properties and fault dip angle can have a significant impact on the damage of tunnel lining structures under the same fault displacement. Therefore, this paper mainly considers the three influencing factors of fault displacement (Δf), dip angle (β), and the mechanical properties of the surrounding rock in the fault fracture zone. The following numerical model with the parameters listed below is used as the benchmark for comparison: fault dip angle β = 60°, the surrounding rock of the fault fracture zone is stiff, and the water conveyance tunnel is orthogonal to the fault. The structural response of the composite lining water conveyance tunnel under the reverse fault is studied and analyzed, and the damage state of the composite lining structure under reverse fault conditions is quantitatively analyzed. In the following results, a negative coordinate axis value represents the moving block, and a positive value represents the fixed block.



4.1. Effects of Fault Dislocation Displacement (Δf)


This section focuses on the effects of different dislocation displacements (Δf) on the structural performance of composite lining water conveyance tunnels under reverse fault conditions. Figure 4 shows the circumferential shear strain nephogram of the composite lining structure under different Δf values. As seen in Figure 4, the shear strain of the composite lining structure under reverse fault conditions is mainly distributed in the fault plane arch waist sidewall area, and the shear strain increases with increasing Δf. When Δf < 8 cm, the axial influence range gradually expands to the two blocks with different dislocation displacements. When Δf ≥ 8 cm, the axial influence range does not change, but the damage degree at the fault plane increases significantly. The shear strain values at the crown and invert are small, indicating that the concrete arch waist sidewall of the composite lining structure is prone to shear failure under reverse fault conditions.



Figure 5 shows the axial strain nephogram under different Δf values. Under reverse fault conditions, the composite lining structure is dominated by compressive strain in the axial direction; the compressive strain is distributed along both sides of the fault plane. Among them, the compressive strain of concrete is consistent with the direction of the fault plane, and the distribution of the steel tube and fault plane is in an “X” shape. With the increase in Δf, the axial compressive strain shows a monotonically increasing trend. The concrete arch waist sidewall, the steel tube moving block spandrel, and the fixed block arch foot are more seriously deformed than the other parts. This phenomenon is caused by the bending, compression, and shearing of the composite lining under reverse fault dislocation.



Figure 6 shows the changes in the overall compression (OLDC) and tensile damage (OLDT) of the concrete lining in the longitudinal direction of the tunnel under different fault displacements. Under the reverse fault, when Δf is small, the composite lining structure at the fault plane is mainly subjected to axial tensile stress and shear stress. With the increase in fault displacements, the axial compressive stress increases significantly, thereby reducing the tensile damage of the concrete lining under the fault. Therefore, the overall axial tensile damage of the concrete lining increases first and then decreases. When Δf = 5 cm, the concrete OLDT becomes severe at approximately 4 m away from the fault plane on the side of the fixed block. When Δf > 8 cm, the overall tensile damage tends to be stable, and cracks are only visible within 3 m of the axial extension of the fault plane to both blocks. However, due to the compression of the reverse fault, the composite lining structure suffers severe overall compression failure near the fault plane, which is positively correlated with the dislocation displacement. When Δf = 10 cm, the peak values of OLDC for the cross sections of the tunnel close to the fault plane exceed 0.9, indicating that the concrete lining has partially or completely collapsed at the fault plane. It is also found that both OLDC and OLDT remain nearly constant after the fault displacement exceeds 8 cm. Therefore, Δf = 8 cm is adopted in the numerical study of the dip angles of faults and mechanical properties of the surrounding rock mass on the performance of the tunnel in the following sections.



With the increase in fault displacements, the axial compressive strain of the steel tube tends to increase and concentrate near the fault plane, and the axial influence range decreases with increasing distance from the fault plane, as shown in Figure 5. Figure 7 shows the axial strain distribution curve of the steel tube in the peak strain section under different dislocation displacements. When Δf < 5 cm, the fault dislocation is mainly concentrated on the outer concrete, and the steel tube is only slightly deformed to adapt to the fault dislocation. When Δf > 8 cm, the outer concrete is damaged due to the stresses of tension, compression, and shear. At this time, both the internal and external loads are borne by the steel tube, and the steel tube at the fault plane section has obvious compression deformation and is in a state of slight damage. When Δf > 10 cm, the plastic deformation of the steel tube at the fault plane section increases obviously. When Δf = 15 cm, the section has severe plastic deformation and reaches moderate damage, and there is a risk of leakage. When Δf > 20 cm, the steel tube experiences buckling failure throughout the hoop direction at the fault plane.



Through the above research, it is found that fault dislocation displacement is one of the main factors causing the failure of the composite lining structure. With the increase in fault displacement, the stress of the composite lining structure changes—from tensile and shear action to the joint action of tensile, compressive, and shear action. In addition, the presence of an inner steel tube reduces the radial extension of concrete tensile damage, reduces the risk of internal water seepage caused by concrete cracking, and enhances the resistance of the composite lining structure to fault dislocation. To a certain extent, this improves the safety of the water tunnel structure.




4.2. Effects of Fault Dip Angle (β)


As one of the important parameters to characterize the geological characteristics of the fault, the fault dip angle has a very significant influence on fault movement. The Chinese code for highway engineering geological investigations states that when tunnels must pass through a fault fracture zone, they should pass through a narrow part of the fault at a large angle [48]. However, due to the influence of external factors, such as line site selection and construction cost, the water conveyance tunnel cannot fully meet the code recommendations during construction. Therefore, based on the range of the reverse fault dip angle, this paper sets β to 50°, 60°, 70°, 75°, and 85° to study the structural response and damage state of the composite lining structure under the reverse fault.



Figure 8 shows the hoop shear strain nephogram of the composite lining structure under different β values. It can be seen from the figure that with the increase in β, the influence range of concrete lining shear failure gradually decreases and is concentrated near the fault plane, but the damage degree increases with increasing fault dip angle, and most severe damage is mainly concentrated in the fault plane waist. The peak shear strain increases monotonically from 0.055 at β = 50° to 0.181 at β = 85°.



Figure 9 is the axial strain nephogram of the composite lining structure under different β values. Under reverse fault conditions, with the increase in β, the axial strain of the composite lining structure at the fault plane changes obviously, and the changing trend of the concrete lining and the steel tube lining is consistent. When β < 70°, the composite lining structure under reverse fault conditions is mainly subjected to compressive strain in the axial direction, which is concentrated at the fault plane. When β > 70°, the concrete lining is subjected to tensile strain at the moving block crown and fixed block invert, and the steel tube is subjected to tensile strain at the moving block invert and fixed block crown, which is positively correlated with β. With increasing β, the axial compressive strain of the composite lining structure decreases significantly. At this time, the composite lining structure is mainly affected by the axial combined bending and shear stress of the fault plane section. Among them, the axial strain at the fault plane section of the steel tube also decreases monotonically from −5.482 × 10−3 when β = 50° to −1.675 × 10−3 when β = 85°. When β = 85°, the fault plane of the steel tube is mainly subjected to tensile strain, and the tensile strain is in the same direction as the fault plane. The tensile strain area of the concrete lining is antisymmetrically distributed on both sides with the fault plane as the center.



Figure 10 shows the overall axial damage distribution curve of the concrete lining under different β values. It can be seen from the figure that the axial influence range of the concrete lining OLDC is negatively correlated with β, and the damage degree at the fault plane increases monotonically with the increase in β. When β < 60°, the axial compressive strain of the composite lining structure is obvious, which reduces the tensile damage of the concrete lining, achieving only moderate damage in the local fault plane area. When β > 60°, the axial OLDC gradually concentrates on the fault plane. At the same time, OLDT occurs near the fault plane of the two blocks, which is concentrated in the area approximately 3 m away from the fault plane. The axial damage range and damage degree tend to increase with increasing β because under reverse fault conditions, different structural layers lead to the local detachment of the moving block crown and the fixed block invert near the fault plane due to material and bonding property differences. Furthermore, stress concentration occurs at the critical part of axial detachment and combination, resulting in large tensile stress and failure. This finding shows that when the water conveyance tunnel passes through the fault fracture zone, increasing β will lead to the concrete lining being damaged by the tension, compression, and shear stresses.



Figure 11 shows the axial strain distribution curve of the section corresponding to the peak strain of the steel tube at different β values. Under reverse fault conditions, with increasing β, the fault plane section of the water conveyance tunnel is gradually reduced by axial compression. Under the same fault displacement (Δf = 8 cm), when β = 75°, although the steel tube is subjected to compressive strain, it is still in the elastic stage without permanent damage. When β < 75°, the steel tube at the fault plane section undergoes obvious plastic deformation under axial compressive stress, and the peak compressive strain appears at the spandrel. When β > 75°, the fault plane section is subjected to large tensile strain due to bending and shearing, and the peak value appears at the arch foot (0.4%). At this time, the steel tube suffers tensile plastic damage. With the increase in β, the steel tube will change from axial compressive buckling failure to tensile cracking failure. By considering the damage degree and range of different composite lining materials, β = 75° is found to be the safest angle for a composite lining to cross the reverse fault.



Through the above research, it is found that the change in fault dip angle has a significant effect on the stress response of the composite lining structure. When the fault dip angle is small, the composite lining structure will be subjected to large compressive stress under the action of reverse fault, causing local buckling failure of the steel tube lining, which is unfavorable for the stress of this composite lining structure. On the contrary, when the fault dip angle is large, although the damage degree near the fault glide plane is increased, the anti-fault performance of the whole structure is obviously better than that of the small angle crossing fault zone.




4.3. Effects of Mechanical Properties of Surrounding Rock Mass in the Fault Fracture Zone


The different properties of the surrounding rock in the fault fracture zone will affect the overall stability and durability of underground structures [32,49]. This section mainly discusses the influence of the surrounding rock properties of different fault fracture zones on the structural responses and damage characteristics of composite lining water conveyance tunnels. According to the China highway tunnel design guidelines [50], the physical and mechanical properties of the surrounding rock mass (IV) in the fault fracture zone are divided into three cases: hard, medium, and soft, as shown in Table 5.



Figure 12 shows the circumferential shear strain nephogram of the composite lining structure with different fault properties in the fault fracture zone. Under the same dislocation displacement, with the increase in the stiffness of the surrounding rock in the fault fracture zone, the shear strain at the arched waist of the composite lining structure tends to increase. While the axial influence range does not change significantly, the hoop influence range near the fault plane gradually develops to the crown and invert positions with the increase in the surrounding rock stiffness.



Figure 13 shows the axial strain nephogram of composite linings with different surrounding rock properties in the fault fracture zone. With the increase in the stiffness of the surrounding rock in the fault fracture zone, the axial compressive strains of the concrete and steel tube linings at the fault plane tend to increase, and the influence range in the axial direction gradually concentrates on the fault plane. The compressive strain changes are most obvious at the concrete-lined spandrel, the steel tube moving block spandrel, and the fixed block haunch; the steel tube axial peak strain appears at the moving block spandrel position.



Figure 14 shows the overall axial damage distribution curve of concrete with different surrounding rock properties in the fault fracture zone. Different surrounding rock stiffnesses in the fault fracture zone will affect the damage characteristics of composite lining structures. The axial OLDC degree of the concrete lining increases with the increasing stiffness of the surrounding rock in the fracture zone, but the axial influence range is negatively correlated with the stiffness of the surrounding rock in the fracture zone. In contrast, for the axial OLDT, the tensile damage degree of the concrete lining structure increases with the decrease in the stiffness of the surrounding rock in the fracture zone. This finding shows that under reverse fault conditions, the softer the surrounding rock of the fault fracture zone is, the greater the deformation capacity of the composite lining structure; thus, the hoop tensile deformation of the composite lining structure increases. When △f = 8 cm, moderate damage occurs in the range of 4 m to the two blocks from the center of the fault plane; the influence range of the soft surrounding rock in the axial direction is wider than that of the hard surrounding rock on the side of the fixed block. Figure 13 shows that the softer the fault plane of the surrounding rock in the fault fracture zone is, the greater the tensile strain in the local area of the moving block vault and the fixed block invert.



Figure 15 shows the axial strain distribution curve of the peak strain section of the steel tube with different surrounding rock properties in the fault fracture zone. It can be seen from the figure that under reverse fault conditions, the variation trend of the steel tube lining axial strain does not change with the change in the surrounding rock stiffness in the fault fracture zone; additionally, the composite lining structure near the fault plane is mainly subjected to compressive strain in the ring upward direction. With the increase in the stiffness of the surrounding rock in the fault fracture zone, the axial strain of the steel tube increases obviously, and the peak strain appears at the spandrel. This finding shows that with the increase in the surrounding rock stiffness in the fault fracture zone, the composite lining structure is strongly restrained by the outer surrounding rock, leading to the dislocation failure of the tunnel lining due to compression and shearing at the fault plane. Although the outer concrete lining will produce tensile failure in the form of severe cracks in the soft surrounding rock in the fracture zone, due to the existence of the inner steel tube, the use function of the water conveyance tunnel is not affected by the concrete lining. In contrast, when the composite lining passes through the weak zone with poor surrounding rock properties, it can withstand greater fault dislocation displacement.



Through the above research, it is found that the change in surrounding rock stiffness in the fault fracture zone will not change the stress characteristics of the composite structure, but will affect the safety performance of the composite lining structure. When the surrounding rock stiffness of the fault fracture zone is harder, the safety of the composite lining structure is more unfavorable. On the contrary, when the stiffness of the surrounding rock in the fault fracture zone is softer, although the outer concrete is obviously cracked by tension, the whole structure will not have an internal water leakage phenomenon, due to the constraint of the inner steel pipe, which is safe for this composite lining structure.





5. Conclusions


In this paper, the structural responses and damage characteristics of composite lining water conveyance tunnels subjected to reverse fault conditions are studied by numerical methods. The evaluation standard for the safety level of the damage state of the composite lining water conveyance tunnel is proposed. The influence laws of fault dislocation displacement, dip angle, and the surrounding rock properties of the fault fracture zone on the failure characteristics of composite lining water conveyance tunnels under reverse faults are discussed. The following conclusions can be drawn from the study.



	
Under reverse fault conditions, the composite lining structure is most severely damaged at the fault plane arch waist sidewall by the stresses of tension, compression, and shearing. Different from the failure forms of traditional water conveyance tunnels, the buckling failure of the steel tube lining under axial compressive strain is the dominant failure mode of the composite lining structure.



	
Fault dislocation displacement is the main factor leading to the failure of composite lining water conveyance tunnels. When the dislocation displacement is small, the composite lining is mainly damaged by tensile and shear strains. With the increase in the dislocation displacement, the axial compressive stress increases significantly, thereby reducing the tensile damage of the concrete lining under fault dislocation; however, it increases the buckling deformation of the steel tube and aggravates the overall failure of the composite lining structure.



	
As the fault dip angle increases, the composite lining water conveyance tunnel gradually changes from axial compression failure to combined bending and shear stress failure. Considering the damage degree and range of the composite lining, the structure is the safest when crossing the thrust fault fracture zone at β = 75°.



	
The change in the surrounding rock properties of the fault fracture zone will not change the failure mode of the composite lining structure. However, the increase in rock stiffness in the fault fracture zone reduces the scope of damage while increasing the severity of structural damage to the composite lining.







6. Further Development


This paper mainly provides a structural response analysis and damage state assessment of composite lining water conveyance tunnels under reverse fault conditions through a numerical simulation. Laboratory and field tests of composite lining water conveyance tunnels under reverse fault conditions need to be further studied.
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Figure 1. Schematic diagram of the composite lining structure: (a) Composite lining structure; (b) Tunnel supporting system constructed by drilling and blasting method. 
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Figure 2. 3D numerical model: (a) rock mass mesh; (b) concrete mesh; (c) stiffened steel tube mesh; (d) surrounding rock in x–y plane near tunnel mesh; and (e) concrete cross-section element. 
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Figure 3. Stress–strain relationships of various materials: (a) stiffened steel tube; (b) concrete under uniaxial loading in tension; and (c) concrete under uniaxial loading in compression. 
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Figure 4. Circumferential shear strain nephogram of composite lining structures under different fault displacements (β = 60°; Stiff). 
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Figure 5. Axial strain nephogram under different fault displacements (β = 60°; Stiff): (a) Concrete lining and (b) steel tube lining. 
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Figure 6. Overall concrete lining damage under different fault displacements (β = 60°; Stiff) and axial stress curve of concrete vault and invert (a) OLDC, (b) OLDT, (c) vault and (d) invert. 
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Figure 7. Axial strain distribution curves of the steel tube at peak strain sections under different fault displacements (β = 60°; Stiff). 
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Figure 8. Circumferential shear strain nephogram with different fault dip angles (Δf = 8 cm and stiff). 
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Figure 9. Axial strain nephogram at different dip angles of faults (Δf =8 cm and stiff): (a) Concrete lining and (b) steel tube lining. 
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Figure 10. Overall concrete lining damage under different fault dip angles (Δf = 8 cm; stiff) and axial stress curve of concrete vault and invert (a) OLDC, (b) OLDT, (c) vault and (d) invert. 
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Figure 11. Axial strain distribution curve of the section corresponding to the peak strain of the steel tube at different dip angles of faults (Δf = 8 cm; stiff). 
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Figure 12. Circumferential shear strain nephogram of composite lining structures with different fault properties in the fault fracture zone (△f = 8 cm and β = 60°). 
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Figure 13. Axial strain nephogram of composite lining structures with different fault properties in the fault fracture zone (Δf = 8 cm and β = 60°): (a) Concrete lining and (b) steel tube lining. 
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Figure 14. Axial overall damage distribution curves of concrete with different surrounding rock properties in the fault fracture zone (Δf = 8 cm and β = 60°) and axial stress curve of concrete vault and invert (a) OLDC, (b) OLDT, (c) vault and (d) invert. 
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Figure 15. Axial strain distribution curves of peak strain sections of steel tubes with different surrounding rock properties in fault fracture zones (△f = 8 cm and β = 60°). 
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Table 1. Material parameters of the surrounding rock mass.
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	Materials
	Density (kg/m3)
	Poisson’s Ratio
	Elastic Modulus (GPa)
	Cohesion (MPa)
	Internal Friction Angle (°)





	Rock mass
	2900
	0.28
	7.5
	1.1
	45



	Fault fracture zone
	2300
	0.3
	3.8
	0.5
	29
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Table 2. Material parameters of the composite lining.
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	Materials
	Density (kg/m3)
	Poisson’s Ratio
	Elastic Modulus (GPa)
	Ultimate Stress (MPa)
	Compressive Strength (MPa)
	Tensile Strength (MPa)





	Concrete
	2200
	0.2
	30
	-
	20.1
	2.01



	Stiffened steel tubes
	7850
	0.28
	206
	490
	345
	345
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Table 3. Tensile damage state of composite lining concrete.






Table 3. Tensile damage state of composite lining concrete.





	Damage State
	Overall Damage Index
	Description of Damage States





	Slight damage
	0~0.2
	Invisible cracks without need of repair;



	Moderate damage
	0.2~0.5
	Microcracks develop into visible cracks with reduced bearing capacity;



	Service break
	0.5~0.8
	Extensive cracking and local spalling;



	collapse
	0.8~1
	Extensive spalling and loss of bearing capacity.










[image: Table] 





Table 4. Damage state of composite lining steel tube.






Table 4. Damage state of composite lining steel tube.





	Damage State
	Compressive Strain (εc)
	Description of Damage States





	No damage
	εc ≤ 0.002
	Small plastic deformation occurs locally without need of repair;



	Slight damage
	0.002 < εc ≤ 0.01
	Obvious plastic deformation occurs, but no leakage occurs;



	Moderate damage
	0.01 < εc ≤ 0.026
	Severe plastic deformation occurs, there is a risk of leakage, and the tunnel operation needs to be interrupted for repair;



	Severe damage
	εc > 0.026
	Steel tube was damaged and there was a serious leak.
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Table 5. Physical and mechanical properties of the surrounding rock mass in the fault fracture zone.
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	Surrounding Rock Classification
	Density (kg/m−3)
	Poisson’s Ratio
	Elastic Modulus (GPa)
	Cohesion (MPa)
	Internal Frication Angle (°)





	Soft
	2100
	0.3
	3.8
	0.5
	29



	Medium
	2300
	0.3
	5
	0.7
	37



	Stiff
	2900
	0.28
	7.5
	1.1
	45
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