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Abstract

:

Few studies have been published on the dynamic centrifuge model test of cohesive soil under earthquake action. The seismic response of cohesive soil foundation and tunnel was studied by the centrifuge experiment and numerical modelling. Through a comparison of the acceleration results of tunnel and cohesive soil foundation and the pore pressure and displacement of cohesive soil foundation, the influence of tunnel on cohesive soil foundation is discussed. The weak position of the tunnel under earthquake is predicted by effective numerical modelling. The results show that: (1) Under the Parkfield seismic wave, the natural frequency of the cohesive soil foundation with the tunnel is about 0.3 Hz, which is the most clear for the amplification of the low frequency component and the amplification of the seismic acceleration from bottom to top; (2) The acceleration response of the tunnel itself is small, and the effect of seismic wave on the surrounding soil is weakened due to the existence of tunnels; (3) The maximum bending moment and shear force appear at the corner of the rectangular tunnel, and the maximum axial force appears at the top of the rectangular tunnel; (4) The lateral displacement of the surface soil is the largest, and the pore pressure reduction in the middle soil is the largest compared with other soil layers. The existence of tunnels weakens the liquefaction potential of the surrounding soil.
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1. Introduction


Before the year 1995, scholars from all over the world generally believed that underground buildings were buried in the soil, restricted by the surrounding soil, and were safe under earthquake and difficult to destroy. However, with the continuous development and utilization of underground space, large-section and shallow-buried underground structures were increasing. In reality, seismic disasters also show that these structures were vulnerable to seismic damage, such as the 1995 Kobe earthquake, 1999 Chi–Chi earthquake, and 1999 Kocaeli earthquake [1,2,3,4]. Scholars in various countries began to pay attention to the seismic research of underground structures. Currently, research methods for seismic problems of underground structures are mainly analytical methods [5,6,7,8,9], numerical modelling [10,11,12,13,14], and model tests [15,16,17,18,19].



Due to the complexity of dynamic interaction between soil and structure, the theoretical analysis method [20,21,22] inevitably has certain limitations. Therefore, it is necessary to carry out the research on model tests and numerical modelling. In general, seismic response model tests include the shaking table test and centrifuge shaking table test. Commonly, the ordinary shaking table test equipment is used in 1 g of gravity acceleration environment simulation experiments [23,24,25]. Compared with the shaking table test, the centrifuge shaking table test can accurately simulate the stress field of the prototype to achieve the same stress field of the model and prototype, which is a more accurate method. Ling et al. [26] studied the anti-floating stability of large diameter pipelines buried in shallow saturated soil under earthquake by the centrifuge test. Dan et al. [27] conducted a centrifuge test on the soil liquefaction of George Massey immersed tunnel in Canada and the resulting floating problem of tunnel structure. Nakajima et al. [28,29] extended the unit rockfall test and slope model rockfall test to the prototype scale through the dynamic centrifuge model test results, thus rationalizing the design of the protective wall. Enomoto et al. [30,31] studied the effect of reinforcement on the seismic performance of embankment on sand and rigid foundation slopes through a series of dynamic centrifuge model tests. Park et al. [32] conducted a 1:15 model test on the star tower, studied the seismic response characteristics of this ancient building, and explored the reasons for its strong seismic capacity. Yang et al. [33] carried out a series of shaking table tests using geotechnical centrifuge to study the influence of pile spacing on the seismic response of pile raft in the soft soil foundation. Xu et al. [34] analyzed the seismic response and failure mechanism of underground frame structure through a series of dynamic centrifuge model tests. In recent years, with the rapid development of computers, there are continually increasing cases of numerical modelling research [35,36].



The influence of underground structure on earthquake soil liquefaction has also been studied. Ouyang et al. [37] studied the dynamic response of the tunnel in the liquefiable foundation soil layer. The results show that the existence of the tunnel will hinder the liquefaction of the soil, and the influence will change with the stiffness of the tunnel. Chen et al. [38] explored the liquefaction characteristics of saturated sand by combining the numerical simulation and shaking table test. In the study by Bao et al. [39], the pore water pressure near the structure was significantly lower than the free field at the same depth. These results suggest that soil–structure interactions may have an impact. Therefore, in this series of studies, the existence of underground structures, such as tunnels, weakens the liquefaction potential of the surrounding soil. Notably, it is very valuable to use the dynamic centrifuge model test to study the corresponding influence law.



Based on the aforementioned studies, it can be hypothesized that the previous centrifuge test studies mostly focused on the dynamic characteristics of soil, and few studies are published on the seismic deformation of the structure, especially the seismic deformation of the rectangular tunnel. Moreover, many studies are carried out on the dynamic response of non-cohesive soil, and few studies are published on the dynamic centrifuge model test of cohesive soil under earthquake action. In fact, it is also very important to study the dynamic centrifuge test of cohesive soil foundation under earthquake action.



In this paper, the process of developing a cohesive soil foundation model box in the centrifuge test is described in detail. The seismic response of cohesive soil foundation and tunnel was studied by the centrifuge experiment and numerical modelling. In addition, the weak parts of the tunnel and the influence of tunnel existence on the seismic response of foundation are studied, which provide reference for the construction and design of specific projects.




2. Centrifuge Test


2.1. Tunnel Model


A large number of investigations have hypothesized that the destructive effect of earthquakes decays rapidly from the surface to the underground. Therefore, earthquakes generally have little effect on deep tunnels. However, they have a serious impact on shallow tunnels, especially in soft strata [40]. As a result, the model selected in this study is based on the rectangular tunnel with a shallow integral lining structure as the prototype.



For the tunnel structure, the bending capacity and bending strain play a controlling role in safety. Therefore, the model similarity should be based on the bending stiffness. The tunnel is regarded as an elastic rectangular shell structure, and the similarity ratio is derived by the control equation of thin plate bending. The thickness and stress similarity are shown in Equations (1) and (2) by derivation.
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In the formula,    h m    is the thickness of model lining,    h p    is the thickness of prototype lining,    σ p    is the bending stress of prototype,    σ m    is the bending stress of model lining, the subscripts m and p represent the model and prototype, respectively.



According to the aforementioned equation, the model size can be determined when the centrifuge acceleration is n = 50 g. The external size of the model structure can be as follows: Lm = Lp/n = 5000/20 = 100 mm; Hm = Hp/n = 5150/50 = 103 mm. The elastic modulus and Poisson’s ratio of the reinforced concrete structure of the tunnel prototype are as follows:    E p   = 35   GPa   ,       μ   m   = 0   . 17   . The elastic modulus and Poisson’s ratio of aluminum alloy for the tunnel model are as follows:    E p   = 70   GPa   ,       μ   m   = 0   . 33   . According to Equation (1), the thickness of the model is    h m   = 4   . 63   mm   . The structure and size of the prototype and model of the tunnel are shown in Figure 1.




2.2. Preparation of Cohesive Soil Samples


The soil samples used in the test were taken from a site near Beijing Sanyuan Bridge. The maximum dry density of soil    ρ  d m a x     = 1.65 g/cm3, the optimum moisture content wop = 21%, the plasticity index Ip = 16.3, and the specific gravity of soil particle Gs = 2.72 were determined according to the Standard for Soil Test Method of China (GB/T 50123-2019, 2019). Following the repeated comparison of several tests, the mud with 50% water content was finally used for sample preparation. Several tests were carried out to compare the fluidity and viscosity of soil samples at various water contents. The fluidity ensures that the soil sample has a higher saturation, and the viscosity allows for the sensors in the soil to be better positioned during shaking. During the preparation, it will be difficult to remove air from soils with lower water content. In addition, air will have a great impact on the data measurement of the test and the saturation of the soil. Soils with high moisture content can result in a difficult tunnel and sensor fixation. Moreover, it is easy to cause the sensor and tunnel to sink during the vibration process, resulting in the failure of the test.



The procedure of the preparation of soil samples for centrifuge testing follows these steps: The first is measuring the water content. The clay soil to be prepared is placed in the indoor crushing and dried. Then, the water content is measured when it remains basically unchanged. The second step is soaking. The soil sample is left to soak by immersion in a mud mixer, according to the specified water content of soil sample preparation. The third step is suction mixing. Here, the soil is first left to soak for 2 days. Then, it is placed in a clay vacuum mixer for suction mixing. When the vacuum reaches the required degree, the soil with uniform mixing is the required clay sample.



The saturated clay sample preparation is presented using the self-developed “saturated clay vacuum mixer” stirring uniform. The procedure of the preparation of soil samples is as follows: (1) Measuring the water content. The clay soil to be prepared is placed in the indoor crushing, dried, and when the water content is basically unchanged, it is measured, (2) Wetting soil. Soil samples are prepared according to the water content of w = 50%, and the prepared soil samples are immersed in a slurry mixer. The quality of added water in soil is calculated according to Equation (3), (3) Stirring for exhaust. The soil is left to soak for 2 days and then placed in the developed clay vacuum mixer for suction stirring. When the vacuum degree reaches the requirement, the soil with uniform stirring is the required clay sample.


     m T  ×    w T       1 + w   T       + m   w     m T   × ( 1  −    w T       1 + w   T    )    = 50 %   



(3)




where mT represents the quality of soil, wT represents the water content in soil, and mw represents the quality of water to be added.




2.3. Model Device


The test adopts a laminated model box (500 mm × 200 mm × 300 mm). Before loading the soil samples into the model box, a saturated coarse sand layer with a thickness of 8 mm and a particle size of 3–5 mm was placed at the bottom of the model box, and a fine geotextile layer with a thickness of 2 mm was placed on the coarse sand layer. To ensure that the coarse sand layer achieves the purpose of drainage, a hard plastic pipe with an outer diameter of 4.5 mm and an inner diameter of 3 mm was placed in the coarse sand. A small hole with a diameter of 2 mm was punched every 3 cm on the plastic pipe section buried in the coarse sand. The other end of the plastic pipe was extended from the corner of the model box to the upper surface of the soil sample model. To date, the drainage layer under the cohesive soil foundation model is completely established, and the thickness of the drainage layer is about 10 mm. Two accelerometers and one pore pressure sensor were placed in parallel on the upper surface of the drainage layer, and then the uniformly stirred saturated clay sample was placed in the model box. Two rows of accelerometers and two pore pressure sensors were placed in parallel in the middle of the ground model, and two accelerometers were placed on the upper surface of the model. Three displacement sensors were placed on the outside of the model box according to the upper, middle, and lower positions. A layer of 2 mm thick geotextile was placed on the top of the model for use as a drainage layer. At the top and bottom of the tunnel model, a top-out one-way acceleration sensor was placed, and at one side of the model, a side-out one-way acceleration sensor was also placed (see Figure 2 for the sensors and tunnel model layout in model box).



The main acceleration sensors are arranged as follows. NACC refers to the accelerometers on the left, WACC refers to the accelerometers on the right, ACC51364 is the accelerometer at the tunnel top, ACC50656 is the accelerometer at the tunnel side, ACC51365 is the accelerometer at the bottom of the tunnel, and ACC51362 is the accelerometer near the bottom of the tunnel. In addition, LVDT refers to the linear variable differential transducer arranged on the side of the model box and PPT refers to the pore pressure transducer.



Following the completion of the assembly of model sample, the sample was consolidated. First, under the condition of 1 g, the model is pre-consolidated with 2 kPa. After the ground model has a certain strength, the air extraction consolidation can be carried out. The air extraction consolidation can ensure that not only the pore gas, which is generated in the sample preparation process of the ground model, discharges well. More importantly, the air extraction consolidation can ensure that the consolidation conditions of the ground model reach the same level as the prototype ground when the centrifuge acceleration is n = 50 g. The moisture content after the air extraction consolidation is 24%, which is measured by the sampling drying method. This is close to the soil moisture content near Sanyuan Bridge in Beijing.



The following calculation method is used to calculate the negative pressure of pumping. According to the physical parameters of soil samples, the gravity is  γ ’= 7.3 kN/m3. Under the condition of 50 g centrifuge acceleration, the gravity of the cohesive soil foundation model is    γ ″  = n ×  γ ′    = 365 kN/m3, and the stress at the bottom of the ground model is σ’ = γ”⋅h = 98.6 kPa. When the air extraction consolidation is conducted, it is assumed that the required pressure is M when the stress condition in the ground model reaches 50 g, the corresponding water head height is x, and the seepage force acting on the soil is   j = i ×  γ w  =  γ w  x / h  . Then, the seepage consolidation stress of negative pressure, which is formed by the air extraction consolidation in soil, is    σ ′  = j × h =  γ w  × x  . Therefore, x = 9.86 m can be obtained. As a result, corresponding to the water head x = 9.86 m, the pressure M = 98.6 kPa and the negative pressure is the vacuum degree required for air extraction consolidation. The entire consolidation process lasts for 5 days.




2.4. Application of Seismic Loading


The test was carried out in the 50 g centrifuge acceleration environment created by the centrifuge, and the composition and working principle of the centrifuge shaking table system are shown in Figure 3. Seismic excitation uses the peaking Parkfield seismic wave curve. The acceleration time history curve of the earthquake that occurred in California on 27 June 1966 is shown in Figure 4.





3. Numerical Modelling


3.1. Numerical Model


The data source for model establishment is the prototype corresponding to the model box. The size and thickness of the tunnel are the same as the prototype tunnel. To better compare the centrifuge model test, the tunnel shape is the same as the centrifuge test [41]. Considering the influence of boundary conditions on tunnel modelling, the soil size around the tunnel should be 3–5 times the tunnel diameter. The size of the overlying soil layer on the tunnel model is 12.5 m, the transverse width of the model is 30 m, the vertical bottom of the tunnel is 12.5 m, and the longitudinal length of the tunnel is 30 m, according to the proportion of model tests. The size of the soil outside the tunnel is 25 m, which is 5 times the length of the side of the tunnel. This size is sufficient. The length of the prototype tunnel is 30 m, the height and width are 5 m, and the thickness is 0.3 m. Mesh convergence analysis was performed and the mesh size has little influence on the numerical simulation results. The tunnel was modelled using beam elements, while the soil was meshed by solid elements. The cohesive soil was taken from Sanyuanqiao in Beijing and the related parameters were obtained through laboratory tests. In numerical simulation, cohesive soil is defined by the Mohr–Coulomb constitutive model, and the tunnel is defined by the plastic damage constitutive model. Table 1 shows the material parameters of ground and tunnel.




3.2. Boundary Conditions


In previous studies, shell elements were used to simulate the boundary conditions of soil containers [42,43]. As a more suitable boundary condition, the free field boundary has been widely used in simulation [44]. The free field boundary is used to simulate the infiniteness of soil, which is equivalent to fixing the soil from an infinite distance. In addition, it can absorb all of the incident and reflected waves, which is suitable for seismic dynamic response analysis. Baziar et al. [45] summarized different lateral boundary conditions in numerical modelling to simulate the lateral boundaries of a soil container. In this study, the setting of model boundary conditions is as follows: The base boundary of the model was constrained in both the x-direction and y-direction, the surrounding is set as a free field boundary, and the upper is a free surface. The seismic load is applied from the bottom of the model. Before the time history analysis of the numerical model, the eigenvalue analysis is required to understand the natural vibration characteristics of the structure. Then, the Parkfield seismic wave is applied to the model, and the direct integration method is used to analyze the time history of the numerical model. Figure 5 shows the numerical tunnel model.





4. Results and Analysis


4.1. Acceleration Response


4.1.1. Acceleration Response of Cohesive Soil Foundation


Figure 6 shows the acceleration response spectrum curve. The NACC in Figure 6 refers to the sensor on the left side of the model box. The sensors are arranged from top to bottom, according to the size of the number. NACC1 is the sensor on the foundation surface, and NACC4 is the sensor on the bottom of the foundation. In Figure 6a, the maximum value of NACC1 is 0.78 g and the maximum value of NACC4 is 0.55 g. It can be seen that the maximum peak acceleration on the surface is significantly higher than the soil bottom. The maximum peak acceleration gradually decreases with the increase in soil depth. The same rule can be found by comparing four acceleration response spectrum curves of numerical modelling, as shown in Figure 6b. With the increase in soil layer thickness, the maximum peak acceleration of seismic wave has a trend of amplification from bottom to top in the viscous soil ground.



The test results and simulation results in Figure 6 both show that the soil has high acceleration response in the low frequency region, which is less than 5 Hz. In particular, this is noticeable in the low frequency region before the peak acceleration is reached. The reason for the greater destructive effect of low frequency seismic waves is revealed.



Figure 7 illustrates the amplification coefficient of acceleration response spectra of the NACC4 and NACC1. The amplification factor corresponding to 0.3 Hz frequency is the largest. It indicates that the natural frequency of the cohesive soil layer in the test under the Parkfield seismic wave is 0.3 Hz. The cohesive soil foundation has an amplification effect on the low frequency components, especially for the frequency components less than 1.0 Hz, and little amplification effect on the frequency components greater than 10.0 Hz.




4.1.2. Acceleration Response of the Tunnel


Figure 8 shows the acceleration response spectra of the tunnel. In general, the maximum peak acceleration of the acceleration response spectrum curves at the top of the tunnel is the same as the bottom. The maximum peak acceleration of the tunnel sidewall is also the same. This indicates that the vibration amplitude of the tunnel structure itself from bottom to top is the same. The seismic response acceleration on the tunnel is small. The seismic response acceleration on the tunnel is small compared with the cohesive soil foundation.



Figure 9 shows the amplification coefficient of acceleration response spectra of the tunnel, which is from the value of ACC51365 and ACC51364. The amplification coefficients are about 1.0, which indicate that the seismic wave response on the whole tunnel has changed only a little.




4.1.3. Influence of Tunnel on Cohesive Soil Foundation


Figure 10 shows three acceleration response spectrum curves, according to the distance from the tunnel. NACC3 refers to the acceleration response spectrum of soil far from the tunnel. ACC51362 is an acceleration sensor at the same height as NACC3, and is closer to the tunnel. Its acceleration amplitude is between NACC3 and tunnel. This also indicates that the acceleration amplitude of the earthquake is between the vibration amplitude of the tunnel structure and the vibration amplitude of the free field.



Compared with the cohesive soil foundation, the seismic response acceleration on the tunnel is small. Therefore, Figure 11 only compares the values of NACC3 and ACC51362. It can be hypothesized that the amplification coefficient of acceleration response spectrum is up to 5–6 times. This shows that the soil near the tunnel is affected by the tunnel structure, and the existence of tunnel weakens the effect of seismic wave on the surrounding soil.





4.2. Internal Force Prediction of the Tunnel


The comparison between the acceleration response spectrum of centrifuge test and numerical modelling are shown in Figure 12. The centrifuge test and numerical simulation, as two means of exploring earthquake action, can not only verify each other, but also complement each other. The errors between the numerical simulation and the experimental results are mostly between 0.8 and 1.2 [46], and it can be seen that the simulation effect is better. In particular, the data in section 0.1–0.3 g are relatively dense, indicating that the numerical simulation and centrifuge test results in the corresponding section are highly consistent. Some of the values exceed the ratio of 0.8, indicating that at the same frequency, the acceleration response value of the centrifuge test is greater than the numerical simulation response value, and there may be certain errors in the test process. This shows that the numerical simulation has good predictive performance, and the possible damage to the tunnel can be judged by numerical simulation.



Figure 13 shows the maximum internal force diagram of the tunnel during the application of y-direction seismic wave, including the bending moment diagram, shear force diagram, and axial force diagram. It can be seen from the shear diagram and bending moment diagram that the maximum shear force and bending moment are located at the corners of the rectangular tunnel. It can also be known from Liu’s dynamic centrifuge test that the weak parts of the earthquake are located at four corners of the tunnel section, whether shallow or deep buried tunnels. Therefore, the armpit treatment of rectangular tunnel corners can be considered to improve the seismic capacity of rectangular tunnels. It can be seen from the axial force diagram that the maximum axial force appears at the top and bottom center of the rectangular tunnel. The axial force at both ends is smaller than the center, which is due to the bearing force of the vertical structure of the rectangular tunnel. Therefore, in the design of rectangular tunnel structure, further reinforcement can be carried out for the weak position in the earthquake.




4.3. Displacement and Pore Pressure


Figure 14 shows the measurement results of three linear variable differential transducers. LVDT1, LVDT2, and LVDT3 are the lateral displacement of the upper, middle, and lower parts of cohesive soil foundation, respectively. Evidently, the displacement of the upper soil is significantly greater than the other soil layers. The maximum displacement occurs at around 30 s, and is clearly lagging behind the time of peak acceleration of earthquake. Moreover, this illustrates the principle that the earthquake has a great destructive effect on the surface of buildings.



Figure 15 shows the variation in pore pressure. It can be seen that the pore pressure change in the middle soil layer is the largest, and the pore pressure changes in the upper soil layer and the bottom of the soil layer are small. However, the changes in the three pore pressures are the largest at 10 s, and they are all lagging behind the maximum peak acceleration of seismic waves. At the same time, the initial value of pore pressure also increases from top to bottom. When the total stress does not change, the increase in pore pressure will lead to the decrease in effective stress. The change in pore water pressure of the middle layer is larger than the other two layers of soil at around 6 s, and a large reduction value can be identified. Therefore, the effective stress increases and the liquefaction potential of the soil is weakened, which demonstrates that the existence of tunnels weakens the liquefaction potential of the surrounding soil.





5. Conclusions


This paper describes the process of developing a cohesive soil foundation model box in the centrifuge test in detail. The seismic performance of the tunnel and cohesive soil foundation are investigated using dynamic centrifuge tests and numerical modelling. Through the acceleration response, the weakening effect of the tunnel on the surrounding soil is analyzed. The variation of pore pressure and displacement of clay soil foundation is analyzed, and the possible damage of the tunnel is predicted. The conclusions are summarized as follows:




	(1)

	
The cohesive soil foundation has an amplification effect on low frequency components, especially for the frequency components less than 1.0 Hz. In addition, there is almost no amplification effect on the frequency components greater than 10.0 Hz. Under the Parkfield seismic wave, the natural frequency of viscous soil ground is about 0.3 Hz, which can amplify the seismic acceleration from bottom to top.




	(2)

	
The acceleration response of the tunnel is small, but the acceleration amplitude of the soil near the tunnel is between the vibration amplitude of the tunnel structure and the vibration amplitude of the free field due to the influence of the tunnel structure. The effect of seismic waves on the surrounding soil is weakened, which can be attributed to the existence of tunnels.




	(3)

	
The shear force, bending moment, and axial force diagrams of the rectangular tunnel are obtained by numerical modelling. The maximum bending moment and axial force appear at the corner of the rectangular tunnel, and the axial force appears at the top of the rectangular tunnel. Therefore, in the design of seismic structure, it can be considered to add armpits in the four corners of rectangular tunnel, and strengthen the construction design of the weak positions, which can effectively improve the seismic effect.




	(4)

	
Regarding the studied cohesive soil foundation with tunnel, a large lateral displacement occurred in the surface soil and a little lateral displacement occurred in the soil below the surface soil during the earthquake. Moreover, the initial pore pressure increases from top to bottom. The pore pressure reduction in the middle soil is the largest compared with the other soil layers. The existence of tunnels weakens the liquefaction potential of the surrounding soil.
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Figure 1. Dimensions of the tunnel: (a) Prototype (unit: mm); (b) Model (unit: mm). 
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Figure 2. Clay ground model with a tunnel and layout of sensors (unit: mm). 
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Figure 3. Schematic diagram of vibration table system composition and working principle. 
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Figure 4. Parkfield seismic wave. 
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Figure 5. Established numerical tunnel model. 
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Figure 6. Acceleration response spectra of the cohesive soil foundation: (a) Centrifuge test; (b) Numerical modelling. 
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Figure 7. Amplification coefficient of acceleration response spectra (NACC1/NACC4). 
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Figure 8. Acceleration response spectra of the tunnel: (a) Centrifuge test; (b) Numerical modelling. 
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Figure 9. Amplification coefficient of acceleration response spectra (ACC51365/ACC51364). 
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Figure 10. Acceleration response spectra of the soil: (a) Centrifuge test; (b) Numerical modelling. 
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Figure 11. Amplification coefficient of acceleration response spectra (NACC3/ACC51362). 
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Figure 12. Comparison of acceleration response spectrum from the centrifuge test and numerical modelling. 
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Figure 13. Internal force nephogram of the tunnel: (a) Axial force diagram; (b) Bending moment diagram; (c) Shear force diagram. 
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Figure 14. Curves of displacement change. 
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Figure 15. Curve of pore pressure change. 
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Table 1. Model parameters.
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	Model Parameters
	Cohesive Soil
	Concrete





	Poisson’s ratio
	0.33
	0.17



	Friction angle (°)
	19.2
	



	Cohesion (kPa)
	31
	



	Elastic modulus (kPa)
	1 × 105
	3.5 × 107



	Density (kg/m3)
	0.73
	



	Poriness
	0.4
	



	Permeability quotient (cm/s)
	1 × 10−7
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