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Abstract

:

It is still challenging to anticipate with accuracy how tunnels will behave and if they will fail when subjected to an earthquake load. In this study, assuming nonlinear material behavior and a three-dimensional inelastic rock medium, the theory of damage mechanics is applied to numerical simulation to build a curved tunnel-surrounding rock model, whose correctness was verified in laboratory experiments. To better understand the influence of surrounding rock strength on the seismic performance of a curved tunnel, the stratum parameters of the curved tunnel-surrounding rock system are quantified. The findings demonstrate that the damage process in curved tunnels is a circular process of damage change, and the model accurately captures these structural aspects of the damage evolution process. In addition, structural damage can be identified using displacement detection because the displacement of a curved tunnel is directly related to its compression damage. Finally, the seismic response of the curved tunnel-surrounding rock system is studied parametrically to determine the extent to which different parameters affect the seismic response. These parameters, including elastic modulus, friction angle, cohesion, and Poisson’s ratio, are characteristics of rock-medium materials. We then created multi-factor evaluation formulas to direct the surrounding rock to reinforce.
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1. Introduction


Owing to the rapid growth of the urban population and the fast development of urbanization, demands for improvement and development of services in cities are increasing. In recent years, the pace of urban metro systems has accelerated significantly to alleviate transportation pressure in many cities, among which the tunnel has been widely employed owing to its various applications, such as favorable site conditions and use where above-ground buildings exist. China is a country with a high incidence of earthquakes. Under the action of seismic waves, curved tunnels suffer from damage, especially in shallowly buried rock strata. The reasons are complicated, including the complexities of geological engineering conditions, stratigraphic physical and mechanically unique properties, inevitable nearby construction, and so on [1]. Large damage degrees will adversely affect the safety and serviceability of curved tunnels [2]. Stress concentration, along with lining cracks, cave collapse, concrete falloff, and steel bending, may occur, which brings great risk to the operational metro train. Many attempts have been made to investigate the damage behavior of curved tunnels. Those available methods can be separated into three categories: analytical models, experiments, and numerical analyses.



Constructing reasonably constructed analytical solutions for tunnel dynamic response is a critical issue in investigating the damage behavior and seismic dynamic response of a curved tunnel. Many researchers have pointed out that damage problems in curved tunnels can be divided into two categories: in-plane problems, where the external loads are in the plane of the tunnel, and out-of-plane problems, where the loads are perpendicular to the plane of the tunnel. Initially, tunnels were generally treated as simplified solutions for basic geometries known as the beam-spring model. Because of its ease of computation, the beam-spring model, which considers the curved tunnel as a curved beam with reduced stiffness, is popular and widely accepted. Following that, the Galerkin method was used to obtain closed-form solutions for the vertical, torsional, radial, and axial responses of a curved beam subjected to multi-directional moving loads [3]. Then, the controlling differential equations for the dynamic response of the curved tunnel were presented based on the arbitrary form of viscoelasticity using Hamilton’s principle and dynamic equilibrium theory [4]. Three-dimensional discontinuous contact models for curved tunnels based on nonlinear contact theory have also been gradually developed [5].



Experimentation is the most direct method, and the results of full-scale experiments are relatively reliable. In this regard, most of the experiments have been conducted to verify the stability and safety of the designed tunnel structures under specific ground conditions and surrounding soil pressure. For example, Gong [6] used triaxial experiments to simulate the failure process and mechanism of tunnel vaults. Xie [7] conducted resonant column experiments to verify the matching of acceleration similarity ratios of various parts of the structure–soil–tunnel interaction system and realistically recovered the dynamic response of the whole system under earthquake. Wang [8] recovered the actual working conditions on site through large shaking table model experiments and verified the correctness of the analytical solution of strain at the entrance of the mountain tunnel by elastic wave theory.



Analytical methods are frequently used as quick and low-cost approaches for estimating the curved tunnel’s seismic dynamic response; additionally, they contribute to a better understanding of curved tunnel damage. However, analytical methods’ inherent assumptions and simplifications limit their applications and frequently provide limited details. In contrast, experiments are expensive and time-consuming, and some have stringent site, environmental, and equipment requirements. On the other hand, numerical simulation has become a more widely used tool for investigating the impact of earthquakes on the mechanical and deformation performance of curved tunnel structures. This paper presents a representative study of the interaction between a curved tunnel and surrounding rock in numerical models.



Kang [9] used a numerical simulation method based on the finite difference principle of the FLAC number to study the coupled loading between earthquakes and ground fracture site settlement. When considering the seismic dynamic response of the subway tunnel, the analysis is inaccurate because the diffusion characteristics of seismic waves are not considered during the analysis. Zhang [10] analyzed the effect of distance conditions on the stability of the tunnel envelope by numerical simulation. Zhang [11] used the water analysis formula between horizontal seismic dynamic forces and envelope stability in shallow tunnels to derive the relationship between envelope fracture angle and envelope pressure under seismic conditions.



Early studies have improved our understanding of the interaction between curved tunnels and the surrounding rock [12], but the study of the interaction between the surrounding rock and curved tunnels is inadequate [13]. There is an urgent need to establish a complete theory of seismic dynamic response and damage analysis of tunnel envelopes. In this paper, the tensile and compressive damage of curved tunnels is analyzed by laboratory experiments and numerical simulation methods; and the weaknesses of the seismic response of curved tunnels are explored. The effects of the surrounding rock parameters (elastic modulus, friction angle, cohesion, and Poisson’s ratio) on tunnel damage are investigated by numerical simulations, and the quantitative relationship between tunnel damage and displacement is explored. The numerical equations reflecting the damage degree are further proposed to explain the influence of the surrounding rock layer on the seismic performance of the tunnel structure when the surrounding rock parameters are varied. Following that, the correctness of the numerical simulation was verified by laboratory experiments. Finally, a comprehensive set of tunnel damage degree evaluation theory is established, providing a novel approach to resolving the impact of the rock layer on the seismic damage effect of tunnels.




2. Theoretical Introduction


The tunnel structure is generally considered to be a concrete structure, and concrete is a quasi-brittle material with typical unilateral effects. It has embrittlement under tension and a certain plasticity under compression, and the compressive strength is significantly higher than the tensile strength. To describe the nonlinear mechanical behavior of concrete [14], many researchers introduced tension/compressive damage variables [15]. The damage evolution rule can refer to the strain-derived experimental functions of concrete suggested by the national code [16]:


    d ±  =       1 −    ρ ±   n ±     n ±  − 1 +   (  x ±  )  ±    ,    x ±  ≤ 1       1 −    ρ ±     α ±    (  x ±  − 1 )  2  +  x ±    ,    x ±  > 1        ,    x ±  =     ε ¯   e q ±      ε c ±    ,    ρ ±  =    f c ±     E 0   ε c ±    ,    n ±  =  1  1 −  ρ ±      



(1)




where    f c ±    is the tensile/compressive peak strength;    ε c ±    is the tensile/compressive strain corresponding to the peak strength    f c ±   , as shown in Figure 1;    α ±    is the material parameter that controls the shape of the descending part of the stress–strain curve in tension/compression;     ε ¯   e q ±     is the tensile/compressive equivalent strains;    E 0    is the initial elastic modules of concrete;    ρ ±    is the tensile/compressive strength-to-initial strain ratio;    n ±    the tensile/compressive strain capacity factor of concrete; and    x ±    is the tensile/compressive strain-softening ratio.



Figure 1 illustrates the stress–strain relationship of the adopted concrete damage model under uniaxial conditions.



Therefore, the damage evolution function Equation (1) for concrete in the reference code defines the damage evolution under complex stress conditions [17]. Figure 2 compares the stress–strain curves recommended by Chinese design codes with the ABAQUS simulation results. The analysis was performed for C40 concrete and used the material parameters given in the national code. The results show that the simulation results are in good agreement with the recommended curves from several tensile and compression specimen tests, indicating that the improved model can capture the nonlinear properties of concrete.




3. Methodology


3.1. Project Overview


The second metro line to open in Changzhou City, Jiangsu Province, China, used lake blue in the logo design for Changzhou Metro Line 2. The Changzhou Metro Line 2’s first phase travels mainly east-west from Changzhou City’s Zhonglou district through the Tianning district and ends at Wuyi Road Station in the Wujin district. The tunnel is 19.79 km long, with a tunnel section of 1.29 km that is above sea level, while a section of 18.4 km is located below sea level.



According to Figure 3, curved tunnels make up the majority of the length. The various surrounding rocks around the tunnel have a considerable impact on the seismic performance of the tunnel since the tunnel structure is constrained by the conditions of the surrounding rocks.




3.2. The Laboratory Experiment Process


3.2.1. Preparation of Materials Similitude, Relations Confirmation, and Derivation


According to the project profile, the goal of this experiment is to create a curved tunnel interval section. The outer diameter and thickness of a curved tunnel with a turning radius of 1500 mm are 620 mm and 35 mm, respectively. The main characteristic parameters of an artificial mass model were geometry, density, and acceleration. The distance between the model boundary and the tunnel centerline should be at least 3 to 5 times the diameter of the bore. The distance was calculated using the model box’s dimensions, which were three times the bore’s diameter. Given the size of the model box and the model preparation process, only a 1/2 tunnel model with a geometric similarity ratio of 1:100 was available. The model box size was determined to be 750 × 550 × 500 mm based on the influence of site conditions and shaking table size, as shown in Figure 4.



According to the Saint-Venant principle, a laboratory experiment was carried out to eliminate the influence of boundary effects on the results. The density and acceleration similarity ratios were both 1:1, and the similarity relationships of other physical quantities were derived using the π theorem [18], as shown in Table 1.




3.2.2. Surrounding Rock and Tunnel Lining Model


A lining model with a thickness of 35 mm and a length of 750 mm was created out of water, cement, and sand with a weight ratio of 1:1.4:7.25 to simulate realistic seismic mechanical behavior and track deformations on the outside surface of the lining structure, as shown in Figure 4. Additionally, the aggregate was medium sand with a 0.2 mm particle diameter, while the sieved cement was regular cement with a 1% fineness. To imitate rebar in the middle of the lining model, a steel wire mesh with a diameter of 1 mm and a spacing of 2 mm was also inserted.



Additionally, based on specific mixing ratios, consolidation, direct shear, and other indoor tests, we determined the formation parameters to create beneficial coherence with the governing similitude relations. A mixture of 27% river sand, 54% fly ash, and 16% engine oil was used as the aggregate, cement, and supplementary materials, respectively, in the synthetic surrounding rock model.



The miscellaneous fill soil after 1 cm was set above the rock layer to realistically simulate the environment around the tunnel, as shown in Figure 4.




3.2.3. Experiment Schemes and Monitoring Instruments


A seismic wave can be described by its amplitude, frequency spectrum, and duration. The section with the greatest seismic wave, El Centro record energy, is intercepted with a length of 40 s. According to the similar relationship shown in Table 1, the time axis was compressed, and the seismic wave was input as a laboratory experiment.



First, 0.05 g of white noise was input to detect the dynamic characteristics of the model. The input direction was horizontal after filtering and baseline correction, and the peak acceleration of the input EI wave was 0.2 g. The seismic waveform and the Fourier diagram are shown in Figure 5.



An earthquake seismic waveform was applied at the inner bottom boundary of finite elements along the horizontal direction to generate the seismic shear wave excitation as the laboratory experiment model was tested.



Three measurement points were set up to obtain the input seismic acceleration of the laboratory model experiment. As shown in Figure 6, two measurement points were set at the top and bottom of the curved tunnel entrance to measure the seismic acceleration of the tunnel, respectively, and measurement point 3 was located at the bottom of the shaking table.





3.3. Numerical Simulation Method


3.3.1. Elaborated Evaluation on the Seismic Performance of a Curved Tunnel


The following series of numerical simulations are based on the above theoretical analysis, which adopted the nonlinear mechanical properties of concrete material and focused on assessing the influence of surrounding rock strata on a curved tunnel by establishing the valuation expression.



The curved tunnel-surrounding rock system has remarkable nonlinear properties that can be described in three parallel dimensions. The nonlinear dynamic properties of lining structures and surrounding rock are the first. The second is nonlinear geometry issues in the interaction of the lining structure and surrounding rock. The last one is the nonlinear dynamic contact relationship.



ABAQUS is a set of powerful finite element software. It is widely used in industry and research in various countries due to its powerful analysis functions and the reliability of simulating complex systems. In his development of the domain reduction technique (DRM), Bielak [19] demonstrated the site effect of irregular terrain in the near field as well as the path that seismic waves take during their propagation in the far field. By precisely transforming mistaken seismic forces in the far field, the DRM could build synthetic boundaries for irregular topography posts, which should be capable of significantly decreasing the computer load in traditional seismic response analysis [20].




3.3.2. Input of Seismic Waves


There are currently two basic approaches to structural dynamic analysis. To handle the random response and dynamic reliability issues of nonlinear multi-degree-of-freedom (MDOF) systems under coupled excitation, one is the direct probability integration method (DPIM) [21]. The generalized probability density evolution method (GPDEM), which can also be used to address the problem of random seismic response, unknown parameter response, and random ground motion, is the alternative. Thus, by using GPDEM, it is possible to determine the statistical value and probability information of the structural random response in a dynamic system [22].



It is vital to choose a group of EDP [23] that can accurately represent the cumulative damage effect of earthquakes on tunnels in order to examine the influence of earthquakes on tunnel lining damage. EDP selects from three parameters: horizontal deformation (X deformation), vertical deformation (Y deformation), and damage factor D.



The same seismic input motion at the same time and intensity was utilized for model tests to ensure the accuracy of the numerical simulation of the curved tunnel. Consequently, the seismic wave input is consistent with the seismic wave calculated using numerical simulation.




3.3.3. Modeling and Parameter Assignment


According to the tunnel project of Changzhou Metro Line 2, a three-dimensional finite element analysis model of the circular tunnel was established using ABAQUS, and a self-developed Python program was used to implement the three-dimensional input method of seismic and shear waves. The computational model uses a viscoelastic artificial boundary (VSAB) as the peripheral absorption boundary and bottom absorption boundary of the finite element. The top is the free-field boundary, which accurately represents the specific deformation mode of the system in the theoretical analysis.



As shown in Figure 7, the rock layer around the tunnel should be 5–8 times the tunnel radius, according to the specification. The surrounding rock layer exceeding three times the tunnel’s diameter has little effect on the seismic loading of the tunnel. The length, width, and height of the model are 200 m, 200 m, and 50 m, respectively. The curved tunnel has a turning radius of 150 m and a turning angle of 90 degrees.



The model analyzes the extent of tunnel losses under seismic loading and the influence of the surrounding rock conditions on the seismic performance of the tunnel. The analysis model mainly considers stress redistribution, the concrete damage plasticity model is used for the tunnel, and the Mohr-Coulomb model is used for the surrounding rock. The tunnel’s outer diameter is 6.2 m, and the inner diameter is 5.5 m. The tunnel and the stratigraphic grid are 8-node linear brick elements C3D8R, and the interaction between the surrounding rock and the tunnel is determined by combining the contact correlation [24]. Since the measured element size is less than one-tenth of the wavelength, the grid can be moved independently of the material, ensuring high-quality results for large deformation analyses. In this case, the maximum element size of the computational model is 5.0 m, which is consistent with the computational accuracy. The specific division size is shown in Figure 7.



The tunnel structure was simulated using the concrete damage plasticity (CDP) model from the ABAQUS material library to better understand the interaction between the surrounding rock parameters and the tunnel structure. The CDP model can explain the nonlinear dynamic behavior of the concrete tunnel [25].



Since the seismic motion of the surrounding rock immediately affected the lining structure, it was equally important to record its nonlinear seismic reactions. Additionally, the area of infinite elements uses the nonlinear elastic model. Table 2 contains the physical and mechanical properties of the lining structure and surrounding rock that were used in the calculations.




3.3.4. Calculation Condition and Monitoring Schemes


According to the selected fundamental geometric and material parameters, four combinational variables are designated to evaluate the seismic performance of a curved tunnel (i.e.,  E ,  υ ,  n ,  Φ ). These constants can help assess the seismic performance of curved tunnels concerning some particular variations or even help obtain an evaluation expression to analyze the damage sensibilities in terms of these particular variations.



To explore the effect of tunnel seismic performance under different surrounding rock parameters, the elastic modulus, internal friction angle, Poisson’s ratio, and bond of the surrounding rock are classified into five categories, and 27 sets of experiments were established using a homogeneous design approach. Based on a large number of actual projects and research background, the elastic modulus, Poisson’s ratio, internal friction angle, and cohesion were determined to be 5 GPa~35 GPa, 0.1~0.4, 5°~35°, and 0.5 MPa~3.5 MPa, respectively, considering the applicable range of the site surrounding rocks, as shown in Table 3.



During the numerical calculation, the ABAQUS code recorded the maximum deformations on the outer surface of the lining structure with different rock strata. Before nonlinear seismic calculation, it was necessary to calculate the equilibrium state of the initial stress field, which can accurately simulate the after-tunneling mechanical states of the surrounding rock around the tunnel structure.





3.4. Validating Results Analysis and Comparisons


The accelerations at measurement points 1 and 2 are shown in Figure 8. By comparing the acceleration of the vault with the acceleration of the model experiment point, the error of the experimental results is less than 5%, and the simulation results can accurately reflect the experimental phenomenon. The experimental data are consistent with the numerical simulation results, indicating that the numerical simulation results are correct.



In comparison to the seismic wave, both measurement points 1 and 2 have higher peak accelerations, with measurement point 2′s peak acceleration being higher than that of point 1. This is because the tunnel has a certain amplification impact on seismic waves, and that effect will be amplified as the surrounding rock strength increases.



The purpose of setting measurement point 3 on the vibration table is to collect data about the seismic wave exerted on the structure by the vibration table. By setting the measuring point 3 on the shaking table, the seismic wave of the shaking table experiment is consistent with the input seismic wave, and these data are used to evaluate the structural integrity of the experiment.





4. Analysis


4.1. The Difference between Deformations of the Curved Tunnels and the Straight Tunnels


A series of [26,27,28] studies have been carried out to investigate the seismic behavior of linear tunnels. These studies have revealed the damage mechanism of linear tunnels under seismic loading. The additional stresses and deformations due to the curvature of curved tunnels pose additional challenges to curved tunnel safety and construction design.



Due to the curvature of curved tunnels, they experience radial deformation and tangential deformation, which can lead to additional stresses and strains in the tunnel lining. By contrast, straight tunnels do not experience this deformation. Deformation in curved tunnels is typically uneven due to the uneven curvature along the length of the tunnel. This can lead to uneven settlement and cracking of the tunnel lining. Due to their geometry, curved tunnels exhibit resonant effects during earthquakes, which can amplify ground motions and increase stresses and strains on the tunnel lining. By contrast, straight tunnels are less susceptible to resonance effects.



Compared to the structural damage characteristics of straight tunnels, curved tunnels are also susceptible to damage at the arch waist. The main reason for this is that the geometry of the tunnel, the characteristics of the seismic ground motion, and the nature of the surrounding ground increase the stresses and strains at the arch waist of curved tunnels.




4.2. Lining Damage Analysis


Both the compressive damage variable and the tensile damage region showed significant variations. The waist, the top, and the bottom were the three main sites of the injury. Comparatively speaking, the compressive damage on the left side was less severe than on the right. Figure 9 illustrates compressive damage that mostly affected the arch of the waist and was fairly symmetrical on the left and right sides.



Under the same seismic wave, curved tunnels with different surrounding rock characteristics have different tensile/compressive damage degrees, but the overall trend of structural damage process is consistent. The impact of increasing degradation in curving tunnels subject to seismic loads was examined using Project 1. When t = 0.83 s, tensile damage begins to manifest near the top of the tunnel lining arch. It then spreads out to the sides. Compressive damage initially manifests in the tunnel lining’s left arch at 0.26 s. At t = 0.29 s, the right arch of the tunnel experienced compressive damage. Compressive damage happened in the tunnel’s left and right arches practically simultaneously. Tensile damage is the principal form of injury. The damage variation proceeds in a circular fashion.



According to the numerical simulation results of Project 1, the maximum compression damage factor of the tunnel lining is 0.7292, and the maximum tensile damage factor is 9.113. The ratio of the area with a tensile damage factor > 0.4 on the outer surface of the curved tunnel to the tunnel surface area is 0.1667, indicating the extent of tensile damage. The maximum compression damage factor obtained by the tunnel structure is 0.7292, indicating the degree of tunnel compression damage.




4.3. Displacement Analysis


There is some research value in determining the tunnel’s structural deterioration mechanism and its connection to structural deformation. Chen [29] developed the Sidiroff energy equivalence principle and the Najar damage theory to derive the plastic damage factor of concrete CDPM with higher applicability. By establishing relationships with the lining displacement parameters, structural damage is detected [30], acting as a safety indicator [31]. According to the existing structural state classification criteria for different degrees of damage, when the damage factor D > 0.1, maintenance and reinforcement are required.



Because steel bars are used in conjunction with concrete, whose compressive strength is far greater than its tensile strength, each material will play to its fullest potential. As a result, the examination of concrete damage focuses primarily on compressive damage. According to Figure 10, the compressive damage and displacement response patterns of the curved tunnel are consistent.



There is a correlation between displacement and the tunnel damage coefficient that is positive, according to 27 project investigations. The tunnel damage coefficient increases with displacement. The tunnel damage coefficient is more than 0.1 when the displacement is greater than 76 mm. The tunnel structure needs to be inspected and repaired when the tunnel damage coefficient is more than 0.1. As a result, the lining’s displacement parameters enable real-time monitoring of the tunnel’s deformation. The maintenance will be done when the displacement of the tunnel liner is larger than 76 mm. At the same time, displacement monitoring can be used to determine the extent of tunnel structure damage.





5. Discussion


To obtain the evaluation expressions for the tensile/compressive damage characteristics of these four variables, the first step is to study the tensile/compressive damage variation law for every variable separately. The maximum compressive damage value and the maximum tensile damage area must then be analyzed for each variable’s sensitivity to form a fitting function. Finally, excluding insensitive variables, a multivariate regression analysis method is established to evaluate the entire explicit expression of the tensile/compressive damage of the tunnel for all variables [32].



5.1. Evaluation Coefficient of Curved Tunnel Damage


   k  b     is the evaluation coefficient representing the damage to the tunnel under different surrounding rock properties, used to deal with the tensile and compressive damage of the tunnel structure.    k b +    is the ratio of the larger area (>0.4) of tensile damage    d  m a x  +    on the outer surface of the tunnel to the surface area of the tunnel, indicating the degree of tensile damage.    k b −    is the max-achieved compressive damage    d  m a x  −    by the tunnel structure, indicating the degree of tunnel compressive damage.



Table 4 lists the relationship between each variable (modulus of elasticity    x 1   , Poisson’s ratio    x 2   , friction angle    x 3   , cohesion    x 4   ) and    k b ±   . Changes in several variables leads    k b ±    to change, which means that    k b ±    is different from these variables in the sensitivities, which requires more in-depth research.



When calculating    k b ±    for different values of E, the variables  υ ,  n , and  Φ  values’ are 0.1, 0.5 MPa, and 5°, respectively. When calculating    k b ±    for different values of  υ , the variables E,  n , and  Φ  values’ are 5 GPa, 0.5 MPa, and 5°, respectively. When calculating    k b ±    for different values of  Φ , the variables E,  n , and  υ  values’ are 5 GPa, 0.5 MPa, and 0.1, respectively. When calculating    k b ±    for different values of  n , the variables E,  Φ , and  υ  values’ are 5 GPa, 5°, and 0.1, respectively.




5.2. Sensitivity Analysis of Variables


The subplots in Figure 11 and Figure 12 are plotted from the data in Table 3 and fitted by the following functions as follows:


   k  b 1  +  = − 0.34  e  −    x 1    8.14     + 0.35  



(2)






   k  b 2  +  = 0.01  x 2  − 1.31    



(3)






   k  b 3  +  = 0.18  x 3  − 0.04    



(4)






   k  b 4  +  = 0.02 +   0.16   1 +  e     x 3  − 0.88   0.12        



(5)







The interdependence coefficients    R  c o d  2    in Equations (2)–(5) are 0.9905, 0.9952, 0.9972, and 0.9998, respectively, and satisfactory fitting results were obtained.


   k  b 1  −  =    x 1  + 1.76   0.006  x 1 2  + 1.08  x 1  + 3.69    



(6)






   k  b 2  −  = 0.73 + 0.001  e     x 2    0.09      



(7)






   k  b 3  −  = 0.72    x 3   0.01   



(8)






   k  b 4  −  = 0.76 − 127.46  e  −    x 4    0.07      



(9)







The interdependence coefficients    R  c o d  2    in Equations (6)–(9) are 0.9991, 0.9959, 0.9956, and 1, respectively, and satisfactory fitting results were obtained.



Equations (2)–(9) show that tensile damage increases with elastic modulus, with a maximum difference of 0.173 and a change rate of 104%. The tensile damage increases with the decrease of the friction angle and Poisson’s ratio, with a maximum difference of 0.141 and 0.011 and a change rate of 84.5% and 6.8%, respectively. The tensile damage decreases with the increase of adhesive force and tends to a fixed value, with a maximum difference of 0.011 and a change rate of 6.8%.



For compressive damage, the tensile damage increases and then decreases with the increase in elastic modulus, with a maximum difference of 0.056 and a change rate of 7.7%. The compressive damage increases with the decrease of the friction angle and Poisson’s ratio, with a maximum difference of 0.097 and 0.012 and a change rate of 13.3% and 1.6%, respectively. The compressive damage decreases with the increase of adhesive force and tends to a fixed value, with a maximum difference of 0.011 and a change rate of 6.8%.



When  n  ≥ 1 MPa, the maximum compression damage no longer increases with the increase of cohesion. When the modulus of elasticity reaches 15 GPa, the ultimate tensile damage in the tunnel reaches 0.7850. With the increase of Poisson’s ratio and friction angle, the compression damage increases. Still, with the increase in Poisson’s ratio, the rate of change of the compression damage also increases, and with the increase in friction angle, the rate of change of the compression damage decreases.




5.3. Multivariate Regression


According to    k b ±    the fitting function of the formula, the evaluation expression of tunnel tensile/compression damage should be constructed as


   k b +  = k +  k 1   k  b 1  +  +  k 2   k  b 2  +  +  k 3   k  b 3  +  +  k 4   k  b 4  +   



(10)






   k b −  = k +  k 1   k  b 1  −  +  k 2   k  b 2  −  +  k 3   k  b 3  −  +  k 4   k  b 4  −   



(11)







Owing to a relationship with    x 1   ,    x 2   ,    x 3   , and    x 4   . Among them,    k  b 1  +  =  e  −    x 1    8.14      ,    k  b 2  +  =  e     x 2    0.09      ,    k  b 3  +  =   x 3   0.01    ,    k  b 4  +  =  e  −    x 4    0.067      ,    k  b 1  −  =    x 1  + 1.76   0.006  x 1 2  + 1.08  x 1  + 3.69    ,    k  b 2  −  =  e     x 2    0.09      ,    k  b 3  −  =   x 3   0.01    ,    k  b 4  −  =  e  −    x 4    0.07      ,  k ,    k 1   ,    k 2   ,    k 3   , and    k 4    are constant terms. Therefore, the above coefficients can be obtained through multiple regression analysis. Then, the evaluation expression of tunnel tensile/compressive damage can be expressed as:


   k b +  = − 0.11 − 0.33  e  −    x 1    8.14     + 0.008  x 2  − 1.31   + 0.15  x 3  − 0.037   +   0.155   1 +  e     x 4  − 0.88   0.12        



(12)






   k b −  = − 0.55 +   0.97  x 1  + 1.71   0.006  x 1 2  + 1.08  x 1  + 3.69   +    x 2     e  0.09       10   − 3   + 0.63  x 3  0.009   − 126.52  e  −    x 4    0.07      



(13)







Equations (12) and (13) can be used for the siting and design of curved tunnels under the action of EI seismic waves. The surrounding rock layer needs to have a high modulus of elasticity.



Since the initial stress directly effects the damage to the tunnel structure, there is a strong relationship between the tunnel damage and the surrounding rock parameters. By fitting the function curves, the optimum value of the surrounding rock parameters can be determined so that the tunnel achieves the strongest seismic resistance.





6. Conclusions


The following are its primary conclusions:




	(1)

	
Compared with straight tunnels, the curvature of curved tunnels caused the curved tunnels to experience radial deformation and tangential deformation and susceptibility to damage at the arch waist.




	(2)

	
Curved tunnels under different surrounding rock strata have the same special deformation pattern during excitation, i.e., the damage changes in a cyclic manner, and the damage does not co-occur, due to a certain hysteresis of seismic waves in the tunnel.




	(3)

	
The displacement of the curved tunnel is related to its compressive damage. The lining displacement parameter can be used to quantify the extent of damage to the tunnel structure. The extent of tunnel damage can be assessed by continuously monitoring the deformation of the tunnel. The curved tunnel must be strengthened when the displacement is greater than 76 mm.




	(4)

	
Different parameters determine the seismic properties and the degree of damage of the bent body, and they have different effects on tensile and compressive damage. The modulus of elasticity has the greatest effect on tensile damage, while Poisson’s ratio and cohesion have the least effect on tensile damage. Friction angle has the greatest effect on compressive damage, and Poisson’s ratio has a smaller effect on compressive damage.




	(5)

	
The multi-factor assessment formula that was produced directs the surrounding rock reinforcement following the geological circumstances and contributes to the appropriate support for a curved tunnel. The method is generic, although its application conditions have some restrictions.
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Figure 1. Stress–strain relationship of concrete under uniaxial tension and compression. 
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Figure 2. Comparison between the test data and simulation. (a) Tension; (b) compression. 
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Figure 3. Changzhou Metro Line 2. 






Figure 3. Changzhou Metro Line 2.
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Figure 4. Laboratory indoor experiment. (a) Material and scale model; (b) tunnel model experiment; (c) model experiment method and process. 
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Figure 5. Time history curve and Fourier diagram of seismic wave. (a) Acceleration time-history curve; (b) Fourier diagram. 
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Figure 6. Layout of monitoring points. 
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Figure 7. Curved tunnel-surrounding rock finite element model. (a) Curved tunnel-surrounding rock model grid diagram; (b) local mesh diagram of tunnel model. 
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Figure 8. Tunnel acceleration. (a) Acceleration of measurement point 1; (b) acceleration of measurement point 2. 
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Figure 9. Damage diagram of curved tunnel. (a) Compressive damage; (b) tensile damage. 
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Figure 10. The exit of the curved tunnel. (a) Displacement; (b) compressive damage. 
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Figure 11. Influence of surrounding rock parameters on tensile damage. (a) Influence of elastic modulus on tensile damage; (b) effect of Poisson’s ratio on tensile damage; (c) influence of friction angle on tensile damage; (d) influence of cohesion on tensile damage. 
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Figure 12. Influence of surrounding rock parameters on compression damage. (a) Influence of elastic modulus on compression damage; (b) influence of Poisson’s ratio on compression damage; (c) influence of friction angle on compression damage; (d) influence of cohesion on compression damage. 
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Table 1. Similarity relationship and similarity ratio.
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Physical Quantity

	
Similarity

	
Similarity Ratio






	
Geometric properties

	
length

	
    C L    

	
1:100




	
Material properties

	
density

	
Surrounding rock layer

	
    C ρ    

	
1:1




	
Curved tunnel




	
elastic modulus

	
Surrounding rock layer

	
    C E    

	
1:100




	
Curved tunnel




	
Poisson’s ratio

	
    C μ    

	
1:1




	
friction angle

	
    C φ    

	
1:1




	
strain

	
    C ε    

	
1:1




	
stress

	
Surrounding rock layer

	
    C σ  =  C E  ·  C ε    

	
1:100




	
Curved tunnel




	
Dynamic characteristics

	
frequency

	
    C f  =  1   C t      

	
100




	
time

	
    C t  =      C L     C a        

	
1:100




	
speed

	
    C v  =      C L     C a        

	
10




	
acceleration

	
    C a    

	
1
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Table 2. Similarity of the mechanical parameters.
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	Physical Quantity
	Elastic Modulus

E (GPa)
	Poisson’s Ratio

   υ   
	Density

ρ (kg·m3)
	Friction Angle

Φ (°)
	Cohesion

n (MPa)





	Surrounding rock
	5–35
	0.1–0.4
	2100
	5–35
	0.5–3.5



	Lining
	45
	0.2
	2500
	-
	-
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Table 3. Different surrounding rock parameters for numerical simulations.
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	Project
	Elastic Modulus    E   

GPa
	Poisson’s Ratio    υ   
	Friction Angle    Φ   

°
	Cohesion    n   

MPa





	1
	5
	0.1
	5
	0.5



	2
	10
	0.1
	5
	0.5



	3
	15
	0.1
	5
	0.5



	4
	20
	0.1
	5
	0.5



	5
	25
	0.1
	5
	0.5



	6
	30
	0.1
	5
	0.5



	7
	35
	0.1
	5
	0.5



	8
	5
	0.1
	5
	0.5



	9
	5
	0.15
	5
	0.5



	10
	5
	0.2
	5
	0.5



	11
	5
	0.25
	5
	0.5



	12
	5
	0.3
	5
	0.5



	13
	5
	0.35
	5
	0.5



	14
	5
	0.4
	5
	0.5



	15
	5
	0.1
	5
	0.5



	16
	5
	0.1
	10
	0.5



	17
	5
	0.1
	15
	0.5



	18
	5
	0.1
	20
	0.5



	19
	5
	0.1
	25
	0.5



	20
	5
	0.1
	30
	0.5



	21
	5
	0.1
	35
	0.5



	22
	5
	0.1
	5
	0.5



	23
	5
	0.1
	5
	1



	24
	5
	0.1
	5
	1.5



	25
	5
	0.1
	5
	2



	26
	5
	0.1
	5
	2.5



	27
	5
	0.1
	5
	3
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Table 4. Relationship between rock layer parameters and    k b   .
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Parameter Variables and the Value of     k b    






	
 E  (GPa)

	
5

	
10

	
15

	
20

	
25

	
30

	
35




	
    k b +    

	
0.1667

	
0.2381

	
0.3036

	
0.3155

	
0.3353

	
0.3373

	
0.3393




	
    k b −    

	
0.7292

	
0.7763

	
0.7850

	
0.7832

	
0.7733

	
0.7610

	
0.7495




	
  υ  

	
0.1

	
0.15

	
0.2

	
0.25

	
0.3

	
0.35

	
0.4




	
    k b +    

	
0.1667

	
0.095

	
0.0691

	
0.0551

	
0.0341

	
0.0319

	
0.0258




	
    k b −    

	
0.7292

	
0.7323

	
0.7383

	
0.7482

	
0.7614

	
0.7795

	
0.8259




	
 Φ  (°)

	
5

	
10

	
15

	
20

	
25

	
30

	
35




	
    k b +    

	
0.1667

	
0.1627

	
0.1605

	
0.1582

	
0.1571

	
0.1599

	
0.1554




	
    k b −    

	
0.7292

	
0.7331

	
0.736

	
0.7381

	
0.7395

	
0.7404

	
0.7409




	
 n  (MPa)

	
0.5

	
1

	
1.5

	
2.0

	
2.5

	
3.0

	
3.5




	
    k b +    

	
0.1667

	
0.0598

	
0.0179

	
0.0179

	
0.0179

	
0.0179

	
0.0179




	
    k b −    

	
0.7292

	
0.8025

	
0.8025

	
0.8025

	
0.8025

	
0.8025

	
0.8025
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