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A new type of composite lining structure consisting of segments, steel pipes, and concrete lining can be adopted in the water conveyance tunnel to bear large internal water pressure. However, there is still no effective analysis model and calculation method for the parameter influence effect of this new composite lining. In this paper, the load structure method and the elasticity theory are adopted, the stress analysis model and theoretical calculation method of a new type of composite lining of water conveyance tunnel are given, and the influence law of lining structure parameters is studied. Each part of the shield assembled lining is regarded as a stressed spring, and a formula for calculating the equivalent elastic modulus of the overall structure at the joint of the lining under partial tension and partial compression is given. The stress and deformation of each layer of lining are deduced based on the theory of thick-walled cylinders. According to the actual project, the rationality of the calculation method is verified by comparing the results of finite element analysis, and the influence of the thickness of intermediate concrete lining and inner lining parameters on the distribution of force transmission among lining layers is further analyzed. The results show that the radial displacement and circumferential stress of each layer of lining structure decrease with increasing the thickness of the concrete lining. The larger the elastic modulus of the inner lining material is, the smaller the radial displacement of each lining structure will be, but the circumferential stress of the inner lining will increase. In addition, when the thickness of the steel pipe lining is reduced or the internal water pressure is increased, the circumferential stress and radial displacement generated by the inner lining will increase. This analysis model and method considering the deformation coordination relationship solves the problem of setting the parameters of the lining structure and has obvious advantages in the calculation of the stress and deformation of the new composite lining water conveyance tunnel structure, which can provide a theoretical basis for related engineering design.
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1 INTRODUCTION
With the development of regional economy and the difference of population distribution, the problem of water resources distribution is becoming more and more serious. In order to solve the problem of regional water use, a number of representative shield water conveyance tunnels have been built in China, such as the Pearl River Delta Water Resources Allocation Project (Yang et al., 2018; Cao, 2020), the Xijiang Water Diversion Project in Guangxi (Cao, 2020), the South-to-North Water Diversion Project through the Yellow River Tunnel Project (Chen et al., 2014; Yang et al., 2018a,b) and so on. The water conveyance tunnel structure is not only subjected to external water and soil loads, but also bears large internal water pressure. Therefore, multi-layer lining structures are usually used in engineering to joint force to improve the overall load-bearing capacity of the structure (Vogel et al., 2017; Wang et al., 2019; Ding et al., 2020). Facing the construction requirements of large sections, high internal pressure, and complex internal and external loads, part of the project began to try to use the new composite lining structure of “steel lining—self-compacting concrete (SCC)—segment” (Cao, 2020). Part of the water delivery project with this structure is shown in Figure 1. Compared with single-layer lining and double-layer lining structures, the new composite lining structure has higher designed internal water pressure, and under the protection of self-compacting concrete lining in the middle layer, the internal steel pipe is not prone to buckling failure (Gavriilidis and Karamanos, 2019; Yuan and Kyriakides, 2021). At present, there are few water conveyance tunnels with the new composite lining structure of “steel lining—SCC—segment”, and there is a lack of corresponding engineering experience and theoretical research, especially the stress and deformation of each layer lining are still unclear (Nabipour et al., 2020). In addition, the unreasonable setting of structural parameters makes the material stress distribution unreasonable, reduces the bearing capacity of the lining structure, and leads to a series of problems such as concrete cracking and excessive deformation of segments (Guan et al., 2015). Therefore, it is necessary to conduct in-depth research on the theoretical calculation and parameter analysis of the new composite lining structure of the water conveyance tunnel.
[image: Figure 1]FIGURE 1 | New composite lining water conveyance project.
At present, many scholars have conducted relevant theoretical research on the lining structure of water conveyance tunnel. At first, most of the water conveyance tunnels adopt single-layer lining structure. Yuan et al. (2017) established an elastoplastic damage constitutive model of stress-seepage coupling of surrounding rock, and analyzed the unfavorable situation of grouting cycle failure for a water conveyance tunnel. Yang et al. (2020) put forward an innovative analysis method to evaluate the safety of muddy sandstone pressure water conveyance tunnel under weak water conditions based on the test results and numerical analysis method. Based on the shear test results, Li et al. (2019) put forward the bond zone model of bolt connection in the lining structure of water conveyance tunnel. With the continuous improvement of design load and single-layer lining is prone to a series of problems such as insufficient bearing capacity, pipe wall cracking, water leakage and so on, the double-layer lining structure has gradually become the mainstream form of lining structure of water conveyance tunnel. Zhu et al. (2022) put forward the stress analysis model and method of double-layer lining structure of shield water conveyance tunnel considering the influence of transition layer and revealed the influence law of transition layer parameters on the internal force and deformation of lining structure. Based on the elastic theory, Li et al. (2021) put forward a simplified calculation method that can accurately calculate the stress distribution of composite lining structure, considering the influence of internal water pressure and surrounding rock. Yan et al. (2016) studied the dynamic response of double-layer lining shield tunnel with different thicknesses by using the plastic damage model of concrete.
Facing the complex design requirements and application environment, some special forms of composite lining structures are used in water conveyance projects, such as prestressed composite lining and steel fiber reinforced concrete lining. By applying to prestress to the lining structure, initial compressive stress can prevent the concrete from cracking and improve the capacity of the structure to bear the internal water pressure (Andjelkovic et al., 2013). Yang et al. (2018) analyzed the mechanical properties of each component of prestressed composite lining of a water conveyance tunnel and the interaction between inner and outer linings through numerical simulation. Wang et al. (2020) revealed the change in the tension of the ring anchor and the characteristics of the redistribution of prestress in the lining in the process of tensioning the prestressed tendons and applying the internal water pressure through field tests. Adding steel fiber to concrete can effectively improve the strength and crack resistance of the lining structure (Liu X et al., 2020). Gong et al. (2017) studied the ultimate bearing capacity and cracking process of steel fiber reinforced concrete segment joints under different load conditions through full-scale tests. Nehdi et al. (2015) conducted a model test on the mechanical behavior of concrete tunnel lining segments with different lengths and contents of steel fibers. The above research mainly focuses on single-layer lining and double-layer lining structure. Compared with single-layer lining and double-layer lining, the materials of the new composite lining structure are more diverse and the force transmission forms are more complex. There is a still lack of relevant research on force transmission among different layers of lining and the mechanism of load sharing (Mezger et al., 2017; Dong et al., 2021; Huang et al., 2021; Zhang et al., 2021; Zhou et al., 2021). In the past, it was seldom used to analyze the influence of structural parameters of “steel lining -SCC- segment” new composite lining by establishing an analytical model and analytical calculation method. The reasonable setting of structural parameters in the process of engineering design and construction can not only improve the bearing capacity and safety of the structure but also reduce the engineering cost (Salemi et al., 2018).
To solve the joint force problem of the new composite lining structure and consider the influence of structural parameters, a stress analysis model of the lining structure under the action of uniformly distributed pressure is established in this paper. Segments, bolts, and joint gaskets of shield lining are regarded as stressed springs, and a formula for calculating the equivalent elastic modulus of the whole structure at the joint of lining under partial tension and partial compression is given. Based on the load structure method and the theory of thick-walled cylinders, a calculation method for solving the stress and coordinated deformation of lining structures in different layers is proposed. According to an engineering example, the rationality of the calculation method is verified by finite element analysis. On this basis, the influence of concrete lining thickness and inner lining parameters on structure stress and deformation is further analyzed. This method, which combines the load structure method with the elasticity theory, can effectively calculate the stress and deformation of the new lining structure, solve the problem of setting the parameters of the lining structure and provide a theoretical basis for related engineering design.
2 ANALYSIS MODEL AND METHODS
In this section, based on simplifying the stress of lining structure of water conveyance tunnel, a force analysis model of new composite lining is given. Using the spring series formula, the equivalent elastic modulus of shield assembled lining is calculated. Then, the force analysis of the lining structure is carried out independently, and the calculation formulas of radial displacement and circumferential stress of each layer lining are obtained. Through the deformation compatibility conditions, the relationship between the radial displacement of each layer of the lining is established, to obtain the magnitude of the interaction force between the lining structures.
2.1 Establish Analysis Model
The lining structure of the water conveyance tunnel in the project is in a complex stress environment. The outside is affected by the gravity of water and soil loads, the inside by the gravity and pressure of water, the dead weight of each structure, and the external resistance caused by structural deformation. To simplify the calculation, the pressure on the outer surface of the lining is taken as uniform pressure equal to the minimum water and soil pressure value, regardless of the influence of the lining structure weight, water weight, and external resistance. Establish the stress calculation model of the new composite lining structure of shield water conveyance tunnel under the action of uniformly distributed internal water pressure and uniformly distributed external water and soil load, considering the deformation coordination relationship, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Force analysis model of new composite lining.
The whole lining structure consists of external assembled segments, internal steel pipe lining, and middle self-compacting concrete lining. The three layers of linings are tightly connected, and it is considered that only radial pressure is transmitted on the contact surfaces of each layer of linings. As shown in Figure 2, taking the isolated body from the overall structure and the lining structure of each layer is analyzed separately. It is known that the uniformly distributed internal pressure is P and the uniformly distributed external pressure is P3. Assume that the reaction force of the concrete lining to the steel pipe lining is P1, and the reaction force of the shield lining to the concrete lining is P2.
To calculate the internal force and deformation of the lining structure, the magnitude of the unknown interaction force is required. The equivalent elastic modulus of shield assembling lining structure will be obtained by using the series equivalent formula of springs. Then, through the coordinated relation of deformation between each layer of lining. The calculation formula of radius increment obtained by independent analysis of lining structure is used to solve the values of the unknown forces P1 and P2.
2.2 Equivalent Elastic Modulus
The outer lining of the shield water conveyance tunnel is composed of assembled segments, which are mainly used to bear the external water and soil pressure. The stress and deformation of the segment joints are complex, and the connecting bolts and joint gaskets are the weak links of the whole shield assembling lining structure. According to the force analysis model established in Figure 2, the force analysis of the shield assembling lining is carried out alone, and the structure is affected by the uniformly distributed internal pressure P2 transmitted by the concrete lining and the uniformly distributed external water and soil pressure P3. The analysis model is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Analysis model of shield assembling lining.
Under the action of external force, the circumferential direction of the shield assembling lining is in a tension or compression state. The connecting bolt, joint gasket, and shield tunnel segment can be regarded as the force spring, and the whole can form a spring ring, and then the stiffness of the spring ring can be calculated like a steel pipe.
According to the relationship between the elastic modulus of the material and the spring stiffness (Yang et al., 2018), the equivalent spring stiffness of each assembled segment can be obtained as follows:
[image: image]
Where: KF, KL, and KB are the spring stiffness of cap block, connecting block, and standard block respectively. EC is the elastic modulus of the segment. AC is the sectional area of the segment. LF, LL, and LB are neutral axis arc lengths of cap block, connecting block, and standard block respectively.
In previous studies, the segment joints were in tension, and only the bolts played a role in the joints (Yang et al., 2018). In practice, the shield lining structure is mostly in a state of partial tension and partial compression. When the external assembled segment joint is under tension, the connecting bolt works, but the joint gasket does not work. When the external assembled segment joint is under pressure, the joint gasket works, but the connecting bolt does not work. The equivalent spring stiffness of the joint under the corresponding two cases is:
[image: image]
Where: KS and KS1 are the total stiffness of bolts at a tensile joint and gaskets at a compressive joint respectively. nS is the number of bolts at a single tensile joint. nS1 is the number of joint gaskets at a single compression joint. ES and ES1 are elastic moduli of the connecting bolt and joint gasket respectively. AS and AS1 are the cross-sectional areas of a single connecting bolt and joint gasket respectively. LS and LS1 are the effective lengths of connecting bolt and joint gasket respectively.
From the series equivalent formula of springs (Yang et al., 2018), we can get:
[image: image]
Where: K is the total equivalent stiffness of shield assembling lining. nJ, nJ1, nF, nL, nB are the number of tensile joints, compressive joints, cap blocks, connecting blocks, and standard blocks respectively.
Therefore, the equivalent elastic modulus of shield lining ring can be obtained from the relationship between elastic modulus of material and spring stiffness as follows:
[image: image]
Where: E is the equivalent elastic modulus of the shield assembling lining. L is the neutral axis length of the shield assembling lining.
2.3 Force Analysis of Lining
According to the theory of thick-walled cylinder in elasticity (Xu, 2002), the general solution formula of axisymmetric stress is as follows:
[image: image]
Where: σρ is radial stress; σφ is circumferential stress; ρ is the polar diameter at the calculated position; A, B, and C are all undetermined constants.
The calculation formula of the corresponding displacement component in the axisymmetric stress state is as follows:
[image: image]
Where: uρ is radial displacement; uφ is circumferential displacement; φ is the angular coordinate at the calculated position; μ is Poisson’s ratio; E′ is the elastic modulus of the material; H, I, and K are all undetermined constants.
According to the force analysis model of the new composite lining established in Figure 2, the shield lining, concrete lining, and steel pipe lining are all under the action of uniformly distributed internal and external pressures, so the independent analysis model of each lining is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Lining force analysis model.
In the ring, the points (ρ1,φ1) and (ρ1,φ1+2π) represent the same point, so the corresponding circumferential displacements are equal. There are:
[image: image]
Where: ρ1 and φ1 are the polar diameter and angular coordinates of a point in the ring, respectively.
Therefore, according to the single-value condition of displacement, it must be B = 0.
As can be seen from Figure 4, the stress boundary conditions of the inner and outer surfaces are:
[image: image]
Where: r and R are the inner radius and outer radius of the lining ring, respectively; P4 and P5 are the uniformly distributed pressures acting on the inner and outer surfaces of the lining, respectively.
Substituting Eq. 5 and B = 0 Into Eq. 8 can Give:
[image: image]
According to the force analysis model shown in Figure 4, the external force and the structure are symmetrical about any straight line passing through the centroid. Therefore, the radial displacement at any position with the same polar diameter is equal. Therefore, uρ is not a function about φ, so we can get:
[image: image]
Substituting A, B, C, and Eq. 10 into the corresponding expressions, the calculation expressions of radial displacement uρ and circumferential stress σφ at any position of the lining can be obtained as follows:
[image: image]
[image: image]
2.4 Unknown Force Solution
Based on the new force analysis model of composite lining established as shown in Figure 2, the lining structures of each layer are analyzed independently. From this, the expressions of radial displacement and circumferential stress of lining structure under uniform internal and external pressure are obtained. Next, through the deformation coordination relation, the formula for calculating the increment of the lining radius of each layer will be established simultaneously, to find out the magnitude of unknown interaction forces P1 and P2.
From the calculation formula of the radial displacement uρ obtained in the previous section, the calculation expressions of the increase of the outer radius of the inner lining Δr2, the increase of the inner radius of the shield lining Δr5, and the increase of the inner and outer radii of the concrete lining Δr3 and Δr4 can be obtained respectively as follows:
[image: image]
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Where: E1, E2, and E3 are the elastic moduli of inner lining, concrete lining, and shield lining respectively. μ1, μ2, and μ3 are Poisson’s ratios of inner lining, concrete lining, and shield lining respectively. r1 and r2 are the inner and outer radii of the inner lining respectively. r3 and r4 are the inner and outer radii of the concrete lining respectively. r5 and r6 are the inner and outer radii of the shield lining respectively. k1, k2, k3, k4, k5, k6, k7, and k8 are all coefficients.
The lining of each layer of the water conveyance tunnel structure is regarded as a tight connection, so the increase of radius at adjacent positions is equal. Therefore, the following deformation coordination relation can be obtained:
[image: image]
Substituting Eqs. 13–15, and Eq. 16 into Eq. 17, we can get the computational expressions of unknown interaction forces P1 and P2 as follows:
[image: image]
To sum up, the calculation formulas of unknown forces P1 and P2 have been obtained. And the corresponding parameter values can be obtained by substituting them into the computational expressions of radius increment Δr and circumferential stress σφ of lining structures in each layer.
3 ANALYTICAL SOLUTION VERIFICATION
3.1 Equivalent Elastic Modulus Calculation
The designed internal water pressure of the Guangxi Xijiang River Diversion Project reaches 0.6 MPa. To ensure the effective operation of the water conveyance tunnel, a new composite lining structure of “steel lining—SCC—segment” is adopted in some pipe sections. A schematic diagram of shield lining structure size and segment segmentation is shown in Figure 5. Using the calculation method of equivalent elastic modulus introduced in Section 2.2, and relying on the engineering design data, the equivalent elastic modulus of the shield lining of the Xijiang Water Diversion Project is calculated.
[image: Figure 5]FIGURE 5 | Schematic diagram of shield lining structure.
The shield lining of this project is divided into six segments per ring, 3 standard blocks (central angle 67.5°), two connecting blocks (central angle 68.75°), and one cap block (central angle 20°). Two adjacent segments are connected by bent bolts, with 12 bolts in each ring. The segment is made of C50 concrete, with an inner diameter of 5.4 m, an outer diameter of 6 m, a thickness of 30 cm, and a width of 1.5 m per ring. The elastic modulus EC of the segment is 34.5 GPa, and the cross-sectional area AC is 0.45 m2. The elastic modulus ES of the bolt is 200 GPa, the cross-sectional area AS is 573 mm2, and the effective length LS is 0.43 m (Cao, 2020). Because the inner water pressure borne by the water conveyance tunnel structure is relatively high, so the shield lining is in tension in the circumferential direction, only the role of bolts is considered at the joint.
From this, the total equivalent stiffness and equivalent elastic modulus of shield assembled lining can be obtained:
[image: image]
[image: image]
3.2 Computational Model Verification
To verify the correctness of the calculation model and method in this paper, numerical analysis, and analytical solution are used to calculate the deformation and stress values of lining structure, and a comparative analysis is made.
The water conveyance tunnel of the Xiaotang interchange section of the Guangzhou Xijiang Water Diversion Project is about 2.4 km long, and the designed internal water pressure is 0.6 MPa. The external lining is a precast reinforced concrete segment poured with C50 concrete, with an outer diameter of 6 m and an inner diameter of 5.4 m. The thickness of the steel pipe lining is 20 mm C20 self-compacting concrete with a thickness of 30 cm is filled between the shield lining and the steel pipe (Cao, 2020).
According to the design data of the water conveyance tunnel of the Xiaotang interchange section of the Guangzhou Xijiang Water Diversion Project (Cao, 2020), the finite element analysis software, ABAQUS is used to establish a new composite lining water conveyance tunnel model. The tunnel parameters required for simulation are the same as the analytical calculation, as shown in Table 1. Some parameters are commonly used values, and the shield lining considers the influence of the joint, and the corresponding equivalent elastic modulus is calculated according to the calculation results in Section 3.1.
TABLE 1 | Model calculation material parameter table.
[image: Table 1]The finite element calculation model bears the uniformly distributed internal water pressure of 0.6 MPa and the uniformly distributed external water and soil pressure of 0.3 MPa, and the components are connected by Tie. The horizontal displacement of the top and bottom cross-sections of the structure and the vertical displacement of the leftmost and rightmost cross-sections of the structure are constrained. All structural components adopt the CPE4I plane strain four-node nonconforming element. External shield lining has an outer radius of 3 m and an inner radius of 2.7 m. The outer radius of the intermediate concrete lining is 2.7 m and the inner radius is 2.4 m. The internal steel pipe lining has an outer radius of 2.4 m and an inner radius of 2.38 m. The finite element model is shown in Figure 6, and some calculation results are shown in Figure 7, Figure 8, Figure 9.
[image: Figure 6]FIGURE 6 | Finite element calculation model.
[image: Figure 7]FIGURE 7 | Radial deformation and circumferential stress of steel pipe lining. (A) Radial deformation of steel pipe lining. (B) Circumferential stress of steel pipe lining.
[image: Figure 8]FIGURE 8 | Radial deformation and circumferential stress of concrete lining. (A) Radial deformation of concrete lining. (B) Circumferential stress of concrete lining.
[image: Figure 9]FIGURE 9 | Radial deformation and circumferential stress of shield lining. (A) Radial deformation of shield lining. (B) Circumferential stress of shield lining.
As shown in Figure 7, due to the thin thickness of the internal steel pipe lining, the radial deformation and stress variation of the lining are very small. In addition, the circumferential stress value of the internal steel pipe lining is relatively large, about 10 MPa. As shown in Figure 8, the radial deformation and circumferential stress of the middle concrete lining gradually decrease from inside to outside under the reaction of the steel pipe lining and the shield lining. The circumferential stress value of concrete lining is much smaller than that of steel pipe lining. As shown in Figure 9, under the action of external water and soil load and the reaction force of concrete lining, the radial deformation of the shield lining gradually decreases from inside to outside, and the circumferential stress value of the shield lining at the steel pipe radius is significantly smaller than that at the outer radius.
Summarize the results of numerical analysis and analytical calculation as shown in Table 2.
TABLE 2 | Model calculation results.
[image: Table 2]From the data in Table 2, it can be seen that the numerical simulation results are consistent with the calculation results. Except for the error of the circumferential stress at the inner radius of the shield lining is 23.9%, the errors of other results are all within 6%, so the rationality of the calculation model and method in this paper can be verified. In the analytical solution, it is considered that only radial pressure is transmitted between the linings, which leads to some errors in the results of deformation and stress calculated by the two methods (Chen et al., 2020). It needs to be further improved.
4 INFLUENCE ANALYSIS OF LINING STRUCTURE PARAMETERS
Compared with the concrete lining and internal steel pipe lining, the setting of the shield assembling lining structure type of the “segment—SCC—steel lining” new composite lining water conveyance tunnel is relatively fixed, so it is not taken as the analysis object. The following is based on the water conveyance tunnel of the Xiaotang interchange section of the Guangzhou Xijiang Water Diversion Project (Cao, 2020). Through the analytical method given in this paper, the influence of concrete lining thickness and inner lining material parameters on the stress and deformation of lining structure is analyzed.
4.1 Influence Analysis of Concrete Lining Thickness
The setting of the middle self-compacting concrete lining is flexible, and different thicknesses of concrete lining will affect the deformation and stress of the overall structure. To make the stress distribution and deformation control among the structures more reasonable, the influence law of concrete lining thickness on the stress and deformation of the lining structure will be explored according to the model parameters in Table 3. Some parameters are commonly used values, and the shield lining considers the influence of the joint, and the corresponding equivalent elastic modulus is calculated according to the calculation results in Section 3.1.
TABLE 3 | Calculation parameter table.
[image: Table 3]The inner radius of the concrete lining is 2.3, 2.35, 2.4, 2.45, 2.5, and 2.55 m respectively. The lining structure bears the uniformly distributed internal water pressure of 0.6 MPa and the external uniformly distributed water and soil pressure of 0.3 MPa. Analytical calculation and numerical analysis are used to calculate the inner radius increment and circumferential stress value of lining in each layer respectively, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Influence of concrete lining thickness on structural stress and deformation. (A) Inner radius increment. (B) Circumferential stress at the inner radius.
Figure 10A shows that with the increase of the thickness of the concrete lining, the deformation amount of the inner radius of each layer of lining decreases, and the reduction range is very large. Figure 10B shows that with the increase of the thickness of the concrete lining, the circumferential stress at the inner radius of each layer of lining decreases continuously. Among them, the circumferential stress at the inner radius of the steel pipe lining decreases greatly, while the circumferential stress at the inner radius of the shield lining is almost negligible compared with the other two linings. It shows that increasing the thickness of the middle self-compacting concrete lining can reduce the radial displacement and circumferential stress of the lining structure and improve the bearing capacity of the structure. However, the thickness should not be too large. According to relevant codes, the thickness of non-structural secondary lining should generally not exceed 30 cm (Takano, 2000).
4.2 Influence Analysis of Inner Lining Materials
The use of different materials for the inner lining will affect the deformation and stress of the overall structure. To make the stress distribution and deformation control among the structures more reasonable, the influence law of elastic modulus of inner lining materials on the stress and deformation of composite lining structures will be explored according to the design data of the Xijiang water diversion project. Some parameters are commonly used values, and the shield lining considers the influence of the joint, and the corresponding equivalent elastic modulus is calculated according to the calculation results in Section 3.1.
Using the data in Table 3, the inner radius of the concrete lining is 2.4 m, and other parameters only change the elastic modulus of the inner lining. The elastic modulus of inner lining materials is 5e7, 8e7, 1.1e8, 1.4e8, 1.7e8, and 2e8 kPa, respectively. The lining structure bears the uniformly distributed internal water pressure of 0.6 MPa and the external uniformly distributed water and soil pressure of 0.3 MPa. Analytical calculation and numerical analysis are used to calculate the inner radius increment and circumferential stress value of lining in each layer respectively, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Influence of inner lining elastic modulus on structural stress and deformation. (A) Inner radius increment. (B) Circumferential stress at the inner radius.
Figure 11A shows that with the increase of elastic modulus of the inner lining, the deformation of the inner radius of the lining structure in each layer decreases. It shows that the inner lining is made of materials with large elastic modulus, which is beneficial to reduce the overall deformation of the composite lining structure. Figure 11B shows that with the increase of the elastic modulus of the inner lining, the circumferential stress at the inner radius of the inner lining increases significantly, while the circumferential stress of the concrete lining and the shield lining decreases to some extent. The potential mechanism of this phenomenon is that under the same internal water pressure, the deformation of the inner lining decreases with the increase of the elastic modulus of the inner lining. At this time, the internal water pressure shared by the coordinated deformation to other lining structures decreases, and the internal water pressure borne by the inner lining increases. Which makes the circumferential stress of the inner lining increase while that of the other lining decreases.
To sum up, increasing the thickness of intermediate concrete lining can effectively reduce the radius increment and circumferential stress value of lining structure in each layer, but increasing the thickness of concrete lining will also significantly increase the project cost. Increasing the elastic modulus of the inner lining can effectively reduce the increase of the overall structure radius, but the circumferential stress of the inner lining will increase significantly. Compared with concrete lining and outer lining, the circumferential stress of the inner lining is much larger. Therefore, the lining should be made of materials with high tensile strength, and it is not advisable to use the assembled structure similar to the outer lining. In addition, it can be seen from the figure that the results calculated by analytical calculation and numerical analysis are very close, which further verifies the correctness of the calculation model and method in this paper.
4.3 Influence Analysis of Steel Pipe Lining Thickness
Different thicknesses of steel pipe lining will affect the deformation and stress of the overall structure. To make the stress distribution and deformation control among structures more reasonable, the following will explore the influence law of inner lining steel pipes with different thicknesses on inner lining stress and deformation under different internal water pressures according to the design data of the Xijiang water diversion project. Some parameters are commonly used values, and the shield lining considers the influence of the joint, and the corresponding equivalent elastic modulus is calculated according to the calculation results in Section 3.1.
Using the data in Table 3, the inner radius of the concrete lining is 2.4 m, and other parameters only change the inner radius of the inner lining. The thickness of steel pipe lining is 15, 20, 25, 30, and 35 mm respectively. The internal water pressure in the lining structure is 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 MPa, respectively, and the external uniform water and soil pressure is 0.3 MPa. Using the calculation method provided in this paper, the inner radius increase and circumferential stress of the steel pipe lining are calculated respectively, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Influence of thickness of steel pipe lining on structure under different internal water pressure. (A) Inner radius increment. (B) Circumferential stress at the inner radius.
Figure 12A shows that the radial deformation at the inner radius of the inner lining decreases with the increase of the thickness of the steel pipe lining. The greater the internal water pressure, the greater the radial displacement of the inner lining. Figure 12B shows that the circumferential stress at the inner radius of the inner lining decreases with the increase of the thickness of the steel pipe lining. The greater the internal water pressure, the greater the circumferential stress of the inner lining. It shows that increasing the thickness of steel pipe lining properly can improve the bearing capacity of the lining structure. Especially under the action of high internal water pressure, increasing the thickness of steel pipe lining is an effective measure to reduce the stress and deformation of the lining structure.
5 CONCLUSION
The stress and deformation of the new composite lining structure of “steel lining—SCC—segment” are affected by many factors, among which the size and material parameters of the lining structure are the common control factors. A theoretical method for calculating the stress and deformation of the new composite lining structure is given by establishing the stress analysis model of the new composite lining structure of the water conveyance tunnel. Based on verifying the correctness of the calculation method by finite element numerical simulation, the influence law of the thickness of the intermediate concrete lining and the parameters of the inner lining is deeply analyzed. Through the above analysis, the main conclusions are as follows:
1) With the increase of the thickness of the intermediate concrete lining, the radial displacement and circumferential stress of each layer lining structure decrease continuously, and the bearing capacity of the structure increase significantly. However, according to relevant specifications, the thickness of the lining should generally not exceed 30 cm. In addition, the circumferential stress value of the inner lining is large, so the inner lining should be made of materials with high tensile strength.
2) The deformation of the inner lining will decrease with the increase of the elastic modulus of the inner lining. At this time, the internal water pressure shared by the coordinated deformation to other lining structures decreases, resulting in the internal water pressure borne by the inner lining increasing. It increases the circumferential stress of the inner lining and decreases the circumferential stress of other linings. Therefore, the elastic modulus of the inner lining should not be too large in the design of the lining structure.
3) With the increase in internal water pressure, the stress and deformation of steel pipe lining will increase linearly. However, increasing the thickness of steel pipe lining can reduce the stress and deformation of steel pipe lining. Therefore, increasing the thickness of steel pipe lining is an effective measure to reduce the stress and deformation of the lining structure in a high-pressure water conveyance tunnel.
With the increasing internal water pressure and cross-section size of the water conveyance tunnel, there will be more and more application scenarios of “steel lining—SCC—segment” as a new lining structure. Based on the above-mentioned load structure method and elastic theory, considering the deformation coordination relationship, the analysis model and calculation method gave provided a theoretical basis for the mechanical analysis and structural parameter design of the new composite lining of the water conveyance tunnel.
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