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Abstract

:

In this paper, long-period ground motion is used as the dynamic input to study the performance evolution of curved tunnel lining structure under seismic wave propagation excitation. This paper presents numerical studies on seismic waves, considering propagation effect, and aims to illustrate the response principle and structural failure mechanism of tunnel structures under long-period ground motion. Firstly, based on the dynamic analysis method, the dynamic balance equation of a tunnel under the seismic wave effect was analyzed. Secondly, this equation was applied to the 3D finite element software, the corresponding numerical model and boundary conditions were established, and the parameterized numerical analysis of the tunnel was carried out. Finally, according to the numerical simulation results, the seismic response principle and structural failure mechanism of a tunnel structure under long-period ground motion were discussed. The research results show that the depth and segment thickness of the tunnel significantly affect the seismic performance of the tunnel. The seismic response mechanism of a curved tunnel is complex, which shows that the relative displacements on the left and right symmetrical positions are different. The displacement inside the curve is less than the displacement outside the curve. Compared with other types of ground motion, the near-site motion considering the seismic wave propagation effect can lead to large deformation of the tunnel, which damages the lining structure greatly, and the enhancement effect is prominent for the long shield tunnel.
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1. Introduction


In the era of rapid development in China, subway tunnels are becoming more and more important in the construction of urbanization [1]. Therefore, it is an important research direction to ensure the safety and normal operation of subway tunnels. Song proposed an energy-based identification method to investigate the seismic failure mechanism [2] and obtained natural frequencies by using modal analysis and Fourier spectrum analysis [3].Generally speaking, the damage of large-span infrastructure, such as tunnels in long-period earthquakes, is obviously more serious than ordinary earthquakes. The reason for this phenomenon is that low-frequency components in long-period seismic waves have a greater impact on long-span structures [4]. For instance: (1) the Kobe earthquake in Japan in 1995 was the first large-scale earthquake damage to modern underground tunnel structures [5,6,7]. (2) An earthquake with M = 7.3 occurred in Nantou County, Taiwan Province in 1999.An investigation of a total of 57 tunnels revealed that 49 of them suffered damage of varying degrees. A total of 57 tunnels were investigated and 49 tunnels were found to be damaged in different degrees [8,9]. Among the 44 damaged tunnels within 25 km from the earthquake fault in Central Taiwan Province, there were 11 seriously damaged tunnels, 9 moderately damaged tunnels and 24 slightly damaged tunnels. (3) In the 2008 Wenchuan earthquake, some tunnel structures suffered earthquake damage of different degrees (magnitude 8.0). The statistical results showed that 17.3% of them were severely damaged, 19.2% moderately damaged, 44.2% slightly damaged, and 19.3% had no obvious damage [10,11]. The post-earthquake investigation revealed that there are a lot of long-period earthquakes. Therefore, it is necessary to study the seismic performance of underground tunnel. Maleska used the DIANA program based on the Finite Element Method (FEM) to conduct a Soil–Steel Bridge analysis. Under the action of an earthquake, the influence of expanded polystyrene (EPS) geofoam block on the structure is studied [12]. In addition, Maleska used finite element software to study the type of tunnel steel shell under seismic excitation and the influence, finite element model to study the seismic performance of large-span corrugated steel plate CSP culverts [13,14]. Oskouei studied the influence of longitudinal wave propagation methods on the nonlinear strain of pipelines [15]. Abate studied the importance of soil–tunnel–building fully coupled analysis, and then discussed the influence of input frequency, tunnel depth, and building location on the seismic response of the tunnel ground structure system [16].



It is considered that long-period ground motion can be divided into two categories: near-field long-period ground motion and far-field long-period ground motion. Near-field long-period ground motion is called near-fault pulsed ground motion [17,18,19,20]. The distant field long-period ground motion is called the distant field kind harmonic ground motion [21,22]. In recent years, the influence of near fault pulse ground motion on underground structures has been widely studied by scholars. As a special kind of ground motion, near fault pulse ground motion has the characteristics of long-period and high-amplitude pulse [23]. It contains a lot of energy, which will be input into the structure in a short time, causing damage to the structure [24,25]. Anderson and Bertero [26] have shown that the increase in ground velocity caused by relatively long acceleration pulses can cause huge damage to various structures. Brun et al. [27] studied the damage potential of low-level near-field earthquakes to low-level shear walls. Near fault-like pulse ground motion causes great damage to tunnel structures. The response of surrounding rock and lining increases with the propagation of seismic waves [28]. Sun et al. [29] used nonlinear time history method to study the seismic performance of arch hydraulic tunnel, and found that the deformation of near-fault ground motion is greater than that of other types of seismic motion. Chen and Cui et al. [30,31] studied the damage of tunnels caused by ground motion. The results show that an earthquake with velocity pulse is the main factor affecting tunnel seismic damage.



The input ground motion of the tunnel dynamic response includes consistent and non-uniform conditions. At present, scholars have carried out systematic research on the deformation and structural force characteristics of the surrounding rock of the tunnel under the consistent ground motion input conditions and have obtained rich research results [32,33,34,35]. As a large flexible structure, the tunnel passing through the site soil is more complex. The spatial variation of ground motion may cause complex spatial vibration of the structure, so that it will cause more serious damage to the structure. At this time, the spatial variation of ground motion has a significant influence on the seismic response of underground structures. Chen et al. [36] used time history analysis method to study the influence of seismic ground motion on long buried immersed tunnel. The results show that SVEGM can significantly expand the seismic response of buried tunnel. Yan and Yu et al. [37,38] used the shaking table to study the response of the simulated tunnel under the non-uniform seismic load. The results show that the response of the tunnel under non-uniform seismic excitation is higher than that under uniform seismic excitation. Han et al. [39] studied the response of pipeline to non-uniform seismic excitation, and found that tunnel sliding is more likely to occur under non-uniform seismic excitation.



However, in the current research, the seismic response characteristics of curved tunnel under near-field earthquake action have not been fully understood. There is a lack of research on the effect of seismic wave propagation effect on subway tunnel. For example, S. V. Kuznetsov [40] studied the ideas for these barriers which are based on one Chadwick’s result concerning non-propagation conditions for Rayleigh waves in a clamped halfspace, and Love’s theorem that describes condition of nonexistence for Love waves. In order to study the influence of seismic performance of a tunnel on the response characteristics of subway tunnel, the evolution law of performance of curved tunnel lining structure under seismic wave propagation excitation was studied with long-period ground motion as the dynamic input. Based on numerical simulation analysis, the most unfavorable section and position of curved tunnels under long-period earthquakes are found out, and the corresponding deformation law and failure mechanism of lining are pointed out. The research results further improve the theory of seismic design of tunnels, which can not only directly guide the seismic design and shock absorption measures of new tunnels, but also provide important theoretical support and data support for geological forecast, safe operation, and management of existing tunnels.




2. Dynamic Equation of a Tunnel under Seismic Wave Propagation Effect


The propagation speed of seismic wave is a finite value, and because the distance between the source and the ground is different, the received seismic wave must have a time lag; that is, phase difference. Therefore, the non-uniform vibration of the ground exists objectively. At present, the seismic wave propagation method is used to study the non-uniform input seismic response of tunnels. The seismic wave propagation method has the following assumptions: the ground conditions are the same, the velocity of the seismic wave along the ground is certain, the waveform at each support is the same, and only amplitude attenuation and time lag exist. The assumptions of seismic wave propagation method have some limitations, but they can reflect the characteristics of seismic wave propagation to a certain extent. The soil tunnel system is regarded as composed of tunnel structure and soil, and the seismic dynamic equation is as follows:


         M  s s        M  s b          M  b s        M  b b                  U ¨    s s            U ¨    b b         +        C  s s        C  s b          C  b s        C  b b                 U ˙   s s           U ˙   b b         +        C  s s        C  s b          C  b s        C  b b                U  s s          U  b b         =        R  s s        0       



(1)




where      M  s s      ,      C  s s      ,      K  s s       are the mass matrix, damping matrix and stiffness matrix of the tunnel;      M  b b      ,      C  b b      ,      K  b b       are the mass matrix, damping matrix and stiffness matrix of soil around the tunnel;      M  s b      ,      M  b s      ,      C  s b      ,      C  b s      ,      K  s b      ,      K  b s       are the coupling mass matrix, coupling damping matrix and coupling stiffness matrix between tunnel and surrounding soil;      U ¨    s s    ,     U ˙   s s    ,    U  s s     are the acceleration, velocity and displacement of tunnel;      U ¨    b b    ,     U ˙   b b    ,    U  b b     are the acceleration, velocity and displacement at each node of the support;    R  s s     is the external force vector acting on the tunnel; and    R  b b     is the external force vector acting on each node of soil.



Based on the relative motion method used in finite element software, the dynamic equation of the discrete model of curved tunnel under seismic wave propagation effect is derived. The total displacement in Equation (1) is decomposed into the sum of pseudo static displacement and dynamic displacement, and the dynamic response term at each node is zero, then:


         U  s s          U  b b         =        U  s s  s         U  b b         +        U  s s  d       0       



(2)




where    U  s s  s    is the pseudo static displacement response of the structure and    U  s s  d    is the tunnel displacement response caused by the input ground motion.



In quasi-static, the dynamic term    U  s s  d  = 0  , then:


     U  s s  s    = −      K  s s       − 1      K  s b        U  b b      



(3)







Let    R  = −      K  s s       − 1      K  s b      , which is called the influence matrix, and represent the relationship between the bottom movement items of soil and the quasi-static items of structure. Therefore, by substituting Equations (2) and (3) into Equation (1), the tunnel dynamic balance equation based on relative motion method can be obtained:


     M  s s          U ¨    s s  d    +    C  s s         U ˙   s s  d    +    K  s s        U  s s  d    = −    M  s s      R       U ¨    b b      



(4)







In this paper, the longitudinal horizontal seismic input is considered in the curved tunnel, and the seismic wave propagation effect of ground motion is simulated by phase difference, which is to say, U with different time delays      U ¨    b b     input ground motion. Based on the finite element software, the relative motion can be used to solve the tunnel seismic response. Considering the influence of seismic wave propagation effect on the structure, the acceleration on the right side of Equation (4) is determined by the ground motion acceleration vector at each support according to the same seismic wave acceleration record with a certain time difference.




3. Numerical Models


A series of numerical models are constructed by using three-dimensional finite element software to simulate the propagation of seismic waves in infinite or semi-infinite media. The model size is set to 400 m (length) × 200 m (width) × 70 m (height), and the tunnel radius is set to 3.2 m. The elastic–plastic constitutive model without dilatancy Mohr–Coulomb shear failure criterion is used to study the influence of soil nonlinearity [41]. The tunnel lining is made of C50 concrete with a thickness of 0.4 m and a reinforcement ratio of 0.6%. The plastic damage model is used to simulate the concrete [42]. The properties of soil and tunnel lining are shown in Table 1. The material damping of soil is assumed to be 5% [43]. In the existing boundary conditions, the non-reflecting boundaries are applied along the lateral boundaries to properly absorb the outward waves. The upper part is the free surface, the surroundings are set as the free field boundary, and the bottom of the model is the rigid base condition. In addition, in order to simulate the entrance and exit of the tunnel more realistically, a hinged bracket was set at the entrance and exit to simulate the reinforced concrete front wall [44]. The schematic diagram of the 3D model and the boundary conditions are shown in Figure 1, where D is the buried depth and B is the tunnel diameter. It is worth mentioning that this work is first academic research. Nevertheless, the soil parameter set used for the research is taken from the literature and corresponds to the real soil parameter value [45,46].



In the seismic response analysis of curved tunnel structure, the following basic assumptions are considered:




	(1)

	
The pipe segments bolted in the actual project are assumed to be homogeneous rings;




	(2)

	
The soil and tunnel structure materials are assumed to be homogeneous, isotropic.









The factors affecting the seismic response of the tunnel are: (a) buried depth; (b) tunnel radius; (c) lining thickness; and (d) earthquake. In order to understand the characteristics of curved tunnels under seismic loads, this paper uses the three-dimensional finite element software, using nonlinear time history analysis, to study the effects of the above-mentioned parameters of near-field long-period ground motions on curved tunnels. The EI Centro (EI record) data from the 1940 California earthquake and the near-field seismic wave (TCU003 record) data with obvious pulse effect from the 1999 Chi Chi earthquake in Taiwan are used as dynamic input motions. The ground motion input is shown in Figure 2, and the direction of seismic wave application is consistent with the direction of the tunnel. In order to compare the influence of near-field long-period seismic wave and ordinary seismic wave on curved tunnel under the same seismic intensity, the peak values of the two seismic waves are adjusted to be the same. In order to make the results comparable, it should be scaled down or enlarged to 1 m/s2. Table 2 summarizes the parameter combinations in different cases. Figure 3a represents the acceleration time histories of the ground motions of the EI and TCU003 records, while Figure 3b represent the corresponding Fourier amplitude spectra of them. It is found that the EI record band is mainly distributed between 1–5 Hz, and the frequency band of TCU003 record is mainly distributed between 0–2 Hz. Compared with ordinary seismic wave EI, the low-frequency components of near-field long-period seismic waves are more abundant, and the predominant components of Fourier spectrum are more obvious.




4. Results and Discussion


In order to reveal the mechanism of interaction between tunnel and soil, the dynamic response of tunnel to near-field long-period ground motion is analyzed by detecting the displacement and acceleration of different positions under different conditions. The corresponding monitoring points are shown in Figure 4, where R is the turning radius.



4.1. Study on Tunnel Parameterization


4.1.1. Influence of Lining Thickness and Tunnel Depth


The vault displacement of each monitoring point of the tunnel under different buried depth and lining thickness is shown in Figure 5. According to Figure 5a, when D = 12 m, R = 800 m, with the increase in lining thickness, the peak displacement of measuring points of lining structure decreases. However, the trend of reduction gradually decreases, that is, the effect of concrete thickness changes on the displacement of lining structure gradually decreases. The results show that the appropriate increase in lining thickness is beneficial to reduce the displacement response of curved tunnel under seismic action. With other conditions unchanged, it can be seen from Figure 5b that the peak value of relative displacement is different with the buried depth changes. With the increase in tunnel depth, the amplitude of vault displacement is gradually reduced. The closer the tunnel is to the surface free field, the smaller the constraint of soil and the larger the relative displacement. The data analysis shows that the buried depth of the tunnel has a significant impact on the tunnel structure displacement under earthquake. On the whole, they are in inverse proportion.



Keeping the other parameters constant, the dynamic response of the tunnel is calculated when the lining thickness is 0.4 m and the buried depth is 12 m. The displacement of cross section of tunnel is shown in Figure 6, and C1–C8 is the section measuring point of curved tunnel structure. It can be seen from Figure 6 that at the bottom of the tunnel the displacement is the smallest, and the left and right sides gradually increase upwards. At the top of the tunnel, the displacement is the largest. The maximum displacement occurs at the tunnel vault. With the downward displacement of the measuring points, the displacement becomes smaller and smaller. The displacement reaches the minimum at the bottom of the tunnel. This is because the closer the tunnel is to the surface, the more obvious the displacement magnification effect is. The top of the tunnel is closer to the ground surface, and its displacement increases accordingly. It can be seen that the response of the model under different conditions of the structure shows certain regularity when comparing the results of the tunnel at each measuring point. For the tunnel structure with the same cross-section, the maximum value of dynamic response generally occurs at the tunnel vault, and the minimum value occurs at the bottom of the tunnel. To a certain extent, it reveals that the tunnel vault is the weak link of earthquake resistance.




4.1.2. Influence of Turning Radius


Keeping the other parameters constant, the dynamic response of the tunnel is calculated when the turning radius is 200 m, 400 m, and 800 m, respectively. Figure 7a shows peak displacement curve of longitudinal measuring points in a tunnel extension. Figure 7b–d shows the relative displacement curves of the left and right symmetrical positions under different turning radius.



Under EI seismic load, the peak value of relative displacement is different with different turning radius. With the increase in turning radius of tunnel curve, the displacement amplitude of vault decreases gradually. However, with the change of measuring points, the relative displacement also increases gradually. It reaches the maximum at the outlet. It shows that the tunnel entrance is the weak link of earthquake resistance. The smaller the turning radius is, the greater the displacement of the tunnel will be.



As shown in Figure 7b–d, the relative displacements of the tunnel at the left and right symmetrical positions of the cross section of the straight section are basically equal. The cross section is still flat. However, the relative displacements of the left and right symmetrical positions are not equal in curved tunnels, and the cross section of the tunnel lining is twisted into a curved surface. The displacement inside the curve is smaller than that of outside the curve, and the relative displacement increases gradually with the backward movement of the measuring point. When the turning radius is 200 m, the difference reaches about 5 mm at the opening; this is the maximum of these models.





4.2. The Effect of Seismic Wave Propagation on a Tunnel


In the seismic analysis of underground structures, it is generally assumed that the bedrock has rigid body motion under the action of earthquake. Every point on the bedrock receives the same ground motion at the same time and ignores the spatial variation of ground motion. However, in the actual project, the movement of each point on the bedrock is not synchronous because the wave propagation needs a certain time. Due to the large span of tunnel structure, the time required for the transmission of ground motion to different parts of the structure is different. The influence of seismic wave propagation effect on structural deformation should be considered, and the influence of seismic wave propagation effect on tunnels should be simulated by non-uniform excitation.



The cross section of tunnel will be distorted under the action of earthquake, and the cross section is no longer a plane. In order to analyze the response difference under different seismic waves, it can be characterized by the displacement of each detection point of the lining relative to a certain point of the lining. The deformation displacement of the tunnel is defined as:


  Δ  =   Δ   C 1    −  Δ   C 5     



(5)




where    Δ   C 1      is the displacement of tunnel vault and    Δ   C 5      is the displacement of tunnel bottom.



It can be seen from Figure 8 that under long-term excitation, the response of the structure with different turning radius models shows a certain degree of regularity. Meanwhile, under the same conditions but different turning radius shows some differences from the deformation of structures. Under the excitation of a long-period wave, the smaller the radius is, the larger the dynamic response and the increased relative displacement is. Compared with EI seismic excitation, the model of TCU003 has larger displacement and deformation. When the radius is 200 m, the maximum relative displacement in TCU003 model is 27.3 mm.



Considering the seismic wave propagation effect, the variation of lining horizontal displacement along the axial direction under the action of short-period earthquakes and long-period earthquakes is shown in Figure 9, respectively. The displacement and deformation of the tunnel from the first measuring point to the third measuring point is decreasing. After the third measuring point, the trend of displacement and deformation is increasing. Compared with the ordinary seismic wave, the long-period seismic wave magnifies the deformation trend, and the deformation displacement reaches the maximum value at the position of tunnel exit. The results show that the horizontal displacement of lining has a large mutation under the action of a long-period earthquake.



From Figure 8 and Figure 9, it can be concluded that the relative deformation of tunnel structure considering seismic wave propagation effect is greater than that of uniform excitation. In addition, it can also be seen that the entrance of the curved tunnel, the intersection of the straight line and the curve, and the maximum arc of the curve have greater displacement and deformation. Comparing the response of different seismic waves, the non-uniform effect of the structure is significant under the near-field long-term ground motion, and the relative deformation of the tunnel structure is greater. The main reason is that the internal force distribution of a tunnel structure is very complex due to the non-uniform effect of seismic waves, and the deformation direction in different parts has certain uncertainty, as shown in the opposite deformation trend in the figure above. These conditions will have adverse effects on a tunnel structure, such as deformation, cracking and spalling of lining. In addition, the long shield tunnel is also more vulnerable to damage under the near-field long-period earthquake. Therefore, the spatial variation of ground motion and the influence of long-period earthquakes on the tunnel cannot be ignored for long and curved tunnels.



When seismic wave propagation effects are not considered, the acceleration time history and Fourier spectrograms of different seismic waves at different tunnel locations are shown in Figure 10. It can be seen from Figure 10 that the two acceleration time history curves show good consistency at different positions of the tunnel. The acceleration time history under long-period earthquake is far greater than that of control group. In addition, it can be seen from the spectrum diagram that the two seismic waves have multiple peaks in the range of 0–5 Hz. Among them, El record has several obvious main frequencies, which are between 1–2 HZ, and the main peak value is significantly greater than other peaks. TCU003 has one peak, but its main frequency is between 0–0.5 Hz. Compared with the long-period seismic excitation, the spectrum amplitude of the short-period seismic wave is smaller, and the phenomenon of multi peak appears. The frequency band distribution is wider, and the spectrum composition is more abundant.



Figure 11 is the acceleration time history curve and Fourier spectrum when the turning radius is 800 m with and without seismic wave propagation. It can be seen from Figure 11 that, compared with uniform excitation, the acceleration delay phenomenon is more obvious with the increase in time, and the acceleration peak value of the tunnel shows a decreasing trend. In addition, it can be seen from the spectrum diagram that the peak value of spectrum is reduced, and the spectrum amplitude is small. The frequency band distribution is wider, and the spectrum composition is more abundant.





5. Conclusions


Based on the dynamic analysis method, the dynamic balance equation of the tunnel under the seismic wave effect is deduced. Secondly, this equation is applied to the 3D finite element software, and this paper studies the seismic performance of the tunnel under near-field long-period earthquakes. The longitudinal seismic response of long shield tunnel structure under near-field long-period ground motion is discussed. The following conclusions are obtained:



(1) In the study of tunnel parameterization, as the lining thickness and buried depth increase, the peak displacement of the tunnel structure decreases. In addition, increasing the turning radius of the tunnel can also reduce the tunnel displacement. Therefore, choosing the appropriate buried depth, lining thickness and turning radius can improve the seismic performance of the tunnel. In actual projects, in order to reduce the impact of earthquakes, reasonable burial depth, construction technology and design optimization schemes should be considered.



(2) Under seismic excitation, the maximum displacement of the tunnel occurs at the top of the tunnel section, and the shallower the buried depth of the tunnel, the greater the displacement of the top of the tunnel. In addition, compared to a straight tunnel, the displacement on the left and right sides of a curved tunnel is not equal, and the tunnel deforms more.



(3) Under the action of long-period earthquakes in the near field, the entrance of the curved tunnel, the intersection of the straight line and the curve, and the maximum arc of the curve, have large displacements and deformations. These areas are the weak links in the tunnel’s earthquake resistance, and effective reinforcement measures are necessary. The research results have certain reference significance for the seismic reinforcement design of curved subways.



(4) Generally speaking, when studying the seismic performance of tunnels, the effects of near-field long-period ground motion and seismic wave propagation are generally not considered. However, this study found that for long tunnels, the effects of near-field long-period ground motion and seismic wave propagation cannot be ignored. The deformation of the tunnel caused by the long-period earthquake is more obvious, and the sudden change is larger. In addition, when the seismic wave propagation effect is considered, the seismic response is more severe than the uniform seismic excitation, and the seismic acceleration presents a certain time lag.



This paper only analyzes the dynamic response of the structure and conducts damage analysis to the structure. When conducting regional seismic damage simulation and seismic analysis of long and large underground structures, the spatial effects of ground motions should be properly considered, and more reasonable ground motion input methods should be adopted. The next step is to establish the limit state function of the tunnel through the artificial neural network method and solve the reliability and failure probability of the tunnel, so as to quantitatively analyze the damage degree of the tunnel under earthquake.
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Figure 1. (a) Tunnel model condition; (b) boundary condition. 
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Figure 2. (a) Schematic diagram of tunnel; (b) schematic diagram of multi-point seismic wave input. 
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Figure 3. Acceleration time histories of input ground motions and Fourier amplitude spectra of the input motions. (a) EI record and (b) TCU003 record. 
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Figure 4. Layout of tunnel measuring points. 
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Figure 5. Tunnel vault displacement curve: (a) different lining thickness and (b) different buried depth. 
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Figure 6. Cross section displacement peak curve (a) lining thickness H = 0.4 m and (b) buried depth D = 12 m. 
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Figure 7. Peak displacement of vault and relative displacement of tunnel: (a) peak displacement of tunnel along different radius; (b) radius 200 m; (c) radius 400 m; and (d) radius 800 m. 
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Figure 8. Tunnel deformation: (a) EI record and (b) TCU003 record. 
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Figure 9. Tunnel deformation considering seismic wave propagation effect: (a) EI record and (b) TCU003 record. 
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Figure 10. Acceleration responses of the liner top at 80 m under different waves: (a) EI record and (b) TCU003 record. 
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Figure 11. Acceleration responses of liner top at 800 m under different waves. 
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Table 1. Lining and soil properties.






Table 1. Lining and soil properties.





	Material
	Unit Weight

(kN /m3)
	Elastic Modulus

(MPa)
	Poisson’s Ratio
	Cohesion

(MPa)
	Dilation Angle (°)





	Silty clay
	21
	16
	0.22
	1.8
	50



	Very silty clay
	20
	6
	0.28
	1.2
	40



	Clay
	20
	3
	0.32
	0.8
	28



	Silty clay silty sand
	21
	13
	0.30
	1.9
	43



	Tunnel lining
	25
	32,500
	0.3
	—
	—
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Table 2. Calculation cases.
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	Parameters
	Lining Thickness
	Depth/m
	Turning Radius/m
	Seismic Wave





	1
	0.3
	12
	800
	EI



	2
	0.4
	12
	800
	EI



	3
	0.5
	12
	800
	EI



	4
	0.4
	12
	200
	EI



	5
	0.4
	12
	400
	EI



	6
	0.4
	12
	800
	EI



	7
	0.4
	12
	800
	EI



	8
	0.4
	12
	200
	TCU003



	9
	0.4
	12
	400
	TCU003



	10
	0.4
	12
	800
	TCU003



	11
	0.4
	8
	200
	EI (Seismic wave propagation)



	12
	0.4
	16
	400
	EI (Seismic wave propagation)



	13
	0.4
	8
	800
	EI (Seismic wave propagation)



	14
	0.4
	16
	200
	TCU003 (Seismic wave propagation)



	15
	0.4
	12
	400
	TCU003 (Seismic wave propagation)



	16
	0.4
	12
	800
	TCU003 (Seismic wave propagation)
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