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Abstract

:

To study the dynamic response of a saturated sand-underground structure system subjected to earthquakes, a series of shaking table tests with a geometric scale ratio of 1/30 were conducted. Based on the experimental acceleration records of testing soil deposits, the relationship between dynamic shear stress and horizontal soil displacement was analyzed by the 1D shear beam inverse calculation method. Meanwhile, the development law of the equivalent dynamic horizontal subgrade reaction coefficient and the dynamic strain of the sidewall in the underground structure has also been discussed. The testing results indicate that the dynamic shear stress of the soil deposit under the bottom plate of the underground structure is larger than that of the soils surrounding the sidewall and above the roof plate; in addition, the soil displacement tends to decrease with the buried depth. The dynamic shear stress–displacement hysteretic loop of the soil deposits tends to be plump as the input amplitude increases. The spectral characteristics of ground motions obviously influence both the dynamic shear stress–displacement hysteretic curve and the excess pore water pressure ratio of saturated sand soil, especially under medium and strong excitations. The equivalent dynamic horizontal subgrade reaction coefficient decreases with the increase of soil depth, and the difference between the coefficient above and underneath the underground structure model can reach 7.589 MN/m3. On the contrary, the equivalent dynamic horizontal subgrade reaction coefficient decreases with the increase of the input amplitude of ground motions, and the maximum reduction ratios of the coefficient are 74.4%, 66.7%, and 47.3%, corresponding to the El-Centro, Kobe, and Wolong ground motions, respectively. The soil liquefaction has a certain effect on the equivalent dynamic horizontal subgrade reaction coefficient. In general, the dynamic strain at the top of the sidewall in the underground structure is higher than that at the bottom of the sidewall, which illustrates that the deformation of underground structures is in good agreement with the seismic deformation mode of soil deposits.
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1. Introduction


The large-scale construction of the urban rail transport system and rapid urbanization in China has captured worldwide attention. In addition, more and more underground engineering structures have been constructed in alluvial plains, rivers, and even oceans. However, earthquake-induced soil liquefaction can lead to the uneven ground settlement and adverse deformation, which may be detrimental to the underground engineering structures embedded in saturated sand ground. Thus, soil liquefaction is obviously a threat.



Soil liquefaction is usually regarded as one of the crucial causes of fatal damages of underground structures. To investigate the effects of the soil liquefaction on the foundation–subway station interaction, Wang et al. [1] conducted a large-scale shaking table test to investigate the dynamic interaction between the foundation and the subway station. The testing results showed that the liquefaction state of surrounding soil significantly changed the interaction mode between the foundation and the subway station.



How to reveal the seismic behavior of liquefiable soil is important to the anti-seismic safety of underground structures. Scholars have carried out relevant research about this problem. Based on a simplified soil hysteresis model for one-dimensional analysis of site seismic behavior and Biot’s dynamic consolidation theory, Zhao et al. [2] mainly studied the relationship of the pore water pressure and the soil skeleton volumetric deformation, and then improved the soil model. Their research indicated that the nonlinear features of the liquefiable site would be captured by the improved soil model. Considering the data of the shaking table test of liquefiable soil using a huge laminar shear box and the input motion of the 1999 Chi-Chi earthquake record, the variation of soil mechanical behaviors during earthquake events was then investigated by Ko et al. [3]. They also deduced the stress–strain relationship of the testing soil. The research findings are beneficial to calculate adequate soil parameters during the anti-seismic design of underground structures. Accurate calculation of the dynamic parameters of the liquefiable soil, i.e., shear modulus, damping ratios, and effective stress, are the crucial criteria for the estimation of foundation problems and the seismic performance of underground structures. Chattaraj et al. [4] studied the dynamic features of the Kasai River sand by conducting the resonant column tests and undrained cyclic triaxial tests. They also proposed a new correlation of dynamic shear damping and shear modulus. To study the influence mechanisms of earthquake histories on the liquefaction resistance of a liquefied sand site, Ye et al. [5] conducted centrifuge table tests. The testing results indicated that the seismic histories had complex effects on sand liquefaction resistance. Xie et al. [6] assessed sand re-liquefaction resistance by using repeated centrifuge shaking table model tests and a micro-image acquisition system. The testing results also suggested that the effects of the excess pore pressure dissipation on the testing sand deposit must be considered in evaluating sand re-liquefaction resistance. Shooshpasha et al. [7] conducted dynamic investigations based on a fully nonlinear, elastoplastic coupled stress flow method. They proposed that the soil deformation mode as well as the excess pore water pressure should be considered to evaluate liquefaction potential, since the silty sand soil deposit underlying the surcharge may be liquefied, and thus can cause large deformations.



Since the 1995 Kobe earthquake, the influence of earthquakes on underground structures has drawn the attention of scholars. The stability state of surrounding soils of underground structures is an important factor to the seismic response of underground structures. Seismic damages of underground structures have been frequently discovered in previous earthquakes, especially in saturated sand deposits [8,9,10,11,12]. To study the seismic deformation mode of underground structures in a liquefiable site, Zhuang et al. [13] revised an existing sand model and implanted it into the finite element method software. Then, the seismic performance of a large-scale metro station built in liquefiable ground was investigated by numerical simulation. Their study indicated that the existing metro station influenced the liquefaction of the nearby sand deposits. Based on an overall time history numerical method, Chen et al. [14] analyzed the dynamic interaction of the nearby soils and an underground station built in a slightly sloping liquefiable site. They pointed out that the rotation and the asymmetrical dynamic damage of the station in a slightly sloping liquefiable site need attention. Zhao et al. [15] proposed a fully coupled, nonlinear effective stress analysis framework for better understanding of the seismic features of an immersed tunnel-seabed system. They pointed out that ignoring the seabed liquefaction and environment loads during the structural design process can be misleading. Li et al. [16,17] developed a fully fluid–solid coupling model to investigate the dynamic responses of underground structures in saturated soil deposits and found that the dynamic responses of the tunnel seemed to be underestimated by using the single-phase medium model. The studies mentioned above indicate that a full understanding of the seismic performance of saturated sand is necessary for the seismic estimation of underground structures.



Nowadays, underground structures are becoming an indispensable part of the effective transportation and environmental means of offering underground infrastructure. In consideration of the seismic safety of underground structures, the research method is also an important factor for seismic analysis of underground structures. Yu et al. [18,19] estimated the dynamic responses of a long tunnel structure by conducting a series of multi-point shaking table tests. Their experimental results demonstrated that the acceleration observed from the tunnel structure was larger than that obtained from the surrounding soil. The effects of non-uniform earthquakes should be noticed during the anti-seismic design of super-long underground structures. To investigate the seismic performances of underground structures in coral, Ding et al. [20] carried out a series of shaking table tests. The dynamic test results revealed that the increasing groundwater level influenced the excess pore pressure of the coral sand and the settlement of the tunnel. Kheradi et al. [21] launched numerical simulations and 1 g shaking table tests to estimate the anti-seismic performances of shallow buried box culverts. Based on the testing results and simulation reports, an optimum means for box culverts was proposed. Chen et al. [22] carried out a series of dynamic tests for an irregular cross-section subway constructed in soft soil ground, and the testing results introduced that the low-frequency band concentration and amplification effects can be reflected by the spectral characteristics of the liquefied sand soil deposit. Given that the enclosure structure is a fundamental part of the prefabricated subway station structure (PSSS) system, Tao et al. [23] introduced the dynamic strains, acceleration values, and joint deformations of a PSSS by conducting shaking table tests. Tao revealed that the enclosure structure can efficiently enhance the anti-deformation capacity and joint stiffness of the whole PSSS. To investigate the soil deposit uplift effects on underground tunnels, Koseki [24] conducted a variety of experimental tests. Koseki found that deformations of the soil surrounding the sidewall influenced the seismic deformation of a completely buried box-type structure. Zhu et al. [25] evaluated the effectiveness of four kinds of simplified pseudo-static methods for the dynamic performance analysis of underground structures. The disadvantage of the simplified pseudo-static methods is they neglect the temporal and spatial variability of the sandy soil–tunnel structure interaction. Mahmoud et al. [26] explored the seismic performance of an underground structure constructed in sandy soil deposits by using the finite differences method. It was found that setting gravel drains around the tunnel structure as well as an impermeable layer under the underground structure can efficiently prevent the structural uplift.



As there is an increasing number of underground construction activities in the complex water environment, it is necessary to investigate the dynamic behavior of saturated sand soil as well as its effects on the seismic response of underground structures. However, the seismic behavior, especially the hysteretic performance of saturated sand soil, and its effects on underground structures is deficient. Thus, the claim of a comprehensive awareness of the hysteretic behavior of sandy soils acquires importance. To gain a full understanding of the shear stress time history and horizontal deformation of saturated sand soil and ascertain the effect of the soil foundation on the dynamic strain of underground structures, a series of shaking table tests were conducted. Based on the shaking table tests for saturated sand soil, the excess pore water pressure ratio, the hysteretic behavior of the soil with different buried depths, the equivalent dynamic horizontal subgrade reaction coefficient (based on a calculation method on the basis of shear stress–displacement hysteretic curves of saturated sand), and the peak dynamic strain values of an underground structure embedded in the liquefiable site were comprehensively investigated in this study. The flowchart regarding the whole research process is shown in Figure 1.




2. Testing Program


The shaking table test was conducted in the key laboratory of earthquake engineering and engineering vibration, institute of engineering mechanics, China earthquake administration. As for the shaking table, the size is 5 by 5 m, the ultimate load-bearing capacity is 30 tons, and the maximum horizontal and vertical displacements are ±80 and ±50 mm, respectively. Both the ultimate horizontal and vertical acceleration are 1 g. The frequency ranges from 0.5 to 40 Hz.



The testing program mainly includes the design scheme of the similarity ratio, the fabrication of the structural model, the selection of the foundation soil and model box, and the design of loading conditions.



2.1. Similarity Ratio


Considering the bearing capacity of the shaking table and the size of the laminar shear model box independently developed by the research group, a 1/30 geometric similarity ratio was adopted for the test. According to the law of Buckingham and previous studies about dynamic similarity [27,28,29], a geometry length, L, an equivalent density of   ρ e  , and an elastic modulus, E, were characterized as fundamental physical quantities. An elastic modulus of 7880 N/mm2 of a prismoid made of the testing particle–concrete has been exhibited, which also presented a similarity ratio to that of the prototype C35 concrete, where the ratio was 1/4. The main dynamic similarity values between the testing model and the prototype are listed in Table 1. It should be noted that the similitude ratio of the equivalent density is related to the mass of the structure model MM, the similitude ratio SL, the mass of counterweight blocks MA, and the mass of the structure prototype MP. After a comprehensive consideration of the bearing capacity of the shaking table and the space of the testing underground structure model, the similitude ratio of equivalent density was taken as 1.875.




2.2. Laminar Shear Model Box and Preparation of Model Soil


Boundary conditions and behaviors of the model box are important factors affecting the shaking table model test of an underground structure. In this study, a 3D laminar shear model box with adjustable stiffness independently developed by the research group was selected as the testing box. The container is composed of fifteen horizontal layers made of steel tubes, where one layer can move relatively to another in conformity to the deformation mode of soil deposits in the container. As the free movement of horizontal and vertical boundaries, the boundary effects can be eliminated. In addition, the reflection effect of the box walls can be reduced by fixing rubber pads on both sides of the inside walls of the container. The previous experimental results show that the model box can not only meet the dynamic model test conditions of the underground structure but can also eliminate the boundary effect [30]. The soil container used in the test is shown in Figure 2.



The river sand obtained from Harbin city was adopted for the soil model. Figure 3 shows the soil particle size distribution curve. The testing sand site was constructed layer by layer, and the total thickness of the ground soil was 1.2 m. The thickness of the overlying water on the sand soil was 0.2 m. The ground soil was fully saturated by water injection pipes embedded in the sand ground. After saturation, the density of the testing sand was 1.98 g/cm3.




2.3. Manufacture of Structural Model


Based on the particle–concrete mix ratio obtained from the laboratory test (cement 42.5#, water, sand–lime particle–concrete mixing proportion of 1.0:0.5:5.0:0.6), the structural model of the underground tunnel structure was made of particle–concrete. The tunnel model can be seen in Figure 4, with a length of 1800 mm, width of 1260 mm, height of 380 mm, and thickness of 50 mm. Galvanized mesh was used to simulate the embedded steel cage of the underground tunnel structure, and the tunnel model was completed by pouring and vibrating at one time for the purpose of ensuring the stiffness of the whole structure was consistent and uniform. Considering the structural inertial force, an artificial mass model was adopted. Eight lead counterweight blocks (each lead counterweight block weighs 50 kg) were applied to the top plate of the tunnel structure. Simultaneously, twelve lead counterweight blocks (each lead counterweight block weighs 25 kg) were arranged at both the left and right caverns of the bottom plate. The whole model system is shown in Figure 5.




2.4. Sensor Arrangement


The physical quantities include soil acceleration, strain of the model structure, and excess pore water pressure. To better obtain the experimental data, the main observation surface was set along the longitudinal center of the tunnel structure. In this paper, the accelerometer (measurement accuracy: ±0.15%, ranges from −2 to 2 g), strain gauge (measurement accuracy: ±0.1%, ranges from −20,000 to 20,000 με), and pore pressure transducer (measurement accuracy: ±0.1%, ranges from −100 to 100 kPa) were adopted during the supervision process, and for convenience, their abbreviations were labeled A, S, and P, respectively. The sensors’ arrangement is introduced in Figure 6.




2.5. Input Earthquake Ground Motions


The El-Centro, Kobe, and Wolong earthquake acceleration records were selected as prototype excitations, of which the peak ground acceleration (PGA) values and time histories of the seismic motions were compressed and adopted as the testing earthquake inputs. According to the similarity relations listed in Table 1, the duration of the seismic excitations was 1/4 of the original seismic records. The three earthquake acceleration records and corresponding Fourier spectra are shown in Figure 7. The PGA values were adjusted to 0.1, 0.2, and 0.4 g for the small, moderate, and strong earthquake excitations, respectively. The earthquake input is in the longitudinal (X) direction. The input sequence of ground motions is El-Centro PGA 0.1 g, Kobe PGA 0.1 g, Wolong PGA 0.1 g, El-Centro PGA 0.2 g, Kobe PGA 0.2 g, Wolong PGA 0.2 g, El-Centro PGA 0.4 g, Kobe PGA 0.4 g, and Wolong PGA 0.4 g.





3. Testing Results and Analysis


The devolvement mechanism of excess pore water pressure, hysteretic characteristics of soil deposits, and peak strain of the underground structure model are the indispensable contents during the soil structure analysis program.



3.1. Excess Pore Water Pressure Ratio


The excess pore water pressure in the soil layer often rises rapidly under the action of obvious ground motion. For the investigation of the seismic behavior of the saturated sand in the underwater environment, evaluation of the excess pore water pressure ratio is necessary. The excess pore water pressure ratio, namely the ratio of excess pore water pressure to soil effective stress, can be used to identify the development trend of excess pore water pressure and effective stress. To facilitate the analysis, the excess pore water pressure ratios of water pore pressure sensors P2 and P4, which were embedded in the soil deposits underneath and upon the underground tunnel model, when subjected to 0.4 g Kobe and Wolong earthquake motions were selected to analyze. It should be noted that in these cases, the next loading condition should not be conducted until the soil reaches a stable state with a decline of the excess pore water pressure. Thus, the duration of the excess pore water pressure ratio record is longer than that of the input ground motion, as shown in Figure 8.



	(1)

	
With respect to the time history curve of the excess pore water pressure ratio, a trend that the excess pore water pressure ratio decreases with the increase of the buried depth has been found. This is mainly due to the subsidiary stress caused by the dead weight of the underground tunnel model. Due to the effects of the existing subsidiary stress, the soil underneath the bottom plate is more compact than the soil above the tunnel structure.




	(2)

	
Under the same input ground motion, the excess pore water pressure of the overburden soil layer above the tunnel structure dissipates faster than that of the soil layer underneath the tunnel structure, indicating that the existence of the underground structure can change the dissipation rate of the excess pore water pressure of soil.




	(3)

	
From the point of view of the peak excess pore water pressure ratio value, the peak value under the Kobe excitation is larger than that under the Wolong excitation. Considering the Wolong ground motion, the proportion of high-frequency components is obvious. On the contrary, as for the Kobe ground motion, the low-frequency components are more abundant. It can be seen that the spectral characteristics of ground motion have a noticeable effect on the development of excess pore water pressure in saturated sand soil, which verifies the opinion introduced in [3].
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Figure 8. Excess pore water pressure ratio: (a) Kobe soil deposit with buried depth of 0.88 m, (b) Kobe soil deposit with buried depth of 0.2 m, (c) Wolong soil deposit with buried depth of 0.88 m, and (d) Wolong soil deposit with buried depth of 0.2 m. 






Figure 8. Excess pore water pressure ratio: (a) Kobe soil deposit with buried depth of 0.88 m, (b) Kobe soil deposit with buried depth of 0.2 m, (c) Wolong soil deposit with buried depth of 0.88 m, and (d) Wolong soil deposit with buried depth of 0.2 m.
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3.2. Dynamic Shear Stress–Displacement Hysteretic Curves of Soil Deposits


Given that the shear horizontal earthquake wave propagates vertically in horizontal-stratified soil, the 1D shear beam method should always be adopted to the simplified model of the sand soil profile. According to the method introduced in [3], the shear stress history records as well as displacement can be calculated from the obtained seismic acceleration, and thus the dynamic shear stress–displacement hysteretic curves of soil can be acquired (the calculation diagram is introduced in Figure 9). The shear stress of the soil deposit at a buried depth, h, can then be denoted via the soil density,  ρ , and the acceleration,    a z   , at a buried depth, z, as   T ( h , z ) =    ∫ 0 h  ρ    a z   d z   . Then, if the acceleration responses of different soil nodes (numbered in Figure 9) are obtained, the shear stress at any buried depths can be calculated. The calculation formula of dynamic shear stress for the inversion process is as follows:


  T (  z i  , t ) = T (  z   i − 1    , t ) + ρ   a (  z  i − 1   , t ) + a (  z i  , t )  2  Δ  z  i − 1    



(1)




where    z i    denotes the soil body at a certain depth, t denotes time,   Δ  z i    denotes the elevation difference of adjacent soil layers,  ρ  denotes the soil density,   a (  z i  , t )   denotes the acceleration of the    z i    soil layer at time t, and   a (  z  i − 1   , t )   denotes the acceleration of the    z  i − 1     soil layer at time t.



Based on the measured acceleration time history records of the soil at different buried depths, the development law of shear stress of the sand soil can then be retrieved by means of integral iteration. The development of soil’s shear stress of the top and bottom of the underground structure can be deduced from the testing accelerations, i.e., A5, A4, A3, and A2. The shear stress–displacement hysteretic curves of soil with buried depths of 0.2, 0.58, and 0.88 m are exhibited in Figure 10. Overall, the shear stress–displacement hysteretic curve is symmetrical, and the shear stress oscillates following the displacement direction of the soil.



	(1)

	
From the perspective of the development trend of shear stress from soil layers with different buried depths, the shear stress of shallow buried soil is generally smaller than that of deep buried soil. The displacement of soil decreases with the increase of the buried depth, and the displacement of shallow buried soil is the largest. This is owing to the fact that the greater the buried depth, the larger the additional stress of soil. In addition, due to the existence of the underground tunnel model, the soil surrounding and below the tunnel structure is well-constrained.




	(2)

	
Considering the loading case of 0.1 g of ground motion, since the input seismic energy of the ground is small, the soil deposits basically remain in an elastic state. A trend whereby different earthquake waves have little influence on the shear stress value of the soil deposits has been found. Otherwise, input the same PGA, and different ground motions imposed to the testing model system obviously significantly affect the shear stress of the soil deposits. Given the case of a loading level with PGA 0.4 g, the peak shear stress values of the soil deposits are −2.3, −1.8, and −0.9 kPa, respectively, corresponding to the excitations of El-Centro, Kobe, and Wolong ground motions. Particularly worth mentioning is that the spectrum characteristics of ground motions have a significant effect on the development law of shear stress under moderate and strong earthquakes.




	(3)

	
Ground motions have significant influence on the displacement of soil deposits. Taking the displacement of the soil deposit with a buried depth of 0.2 m for instance, under different seismic excitations with the same PGA, El-Centro ground motion induces the largest displacement, followed by the Kobe ground motion, and finally the Wolong ground motion, and the difference is more obvious when the input PGA is larger. This is mainly due to effects of ground motions on the dynamic responses of the saturated sandy soil site, i.e., the excess pore water pressure increases rapidly, which has the characteristic of filtering the high-frequency component of seismic waves, and thus the low-frequency portion plays a more obvious role.




	(4)

	
With respect to the shear stress–displacement hysteretic curve, the hysteretic loop of each soil layer shows a good regularity in general under the loading cases of 0.1 g ground motions. The hysteretic loops become steeper with the increase of soil displacement. When the input PGA increases to 0.2 and 0.4 g, the hysteretic loop gradually slows down with the increase of soil displacement, and the area formed by the hysteretic loop expands. There is accumulating plastic deformation of soil deposits showing a softening trend and indicating that the nonlinear characteristics of the soil deposits are pretty obvious. Furthermore, there is an apparent attenuation law observed from the shear stiffness (namely the diagonal slope of a hysteretic loop) of the soil deposit with a buried depth of 0.2 m, followed by the soil deposit with a buried depth of 0.58 m. This phenomenon is not obvious in the soil deposit with a buried depth of 0.58 m. The development law of soil deposits’ shear stiffness can be explained in two aspects. On the one hand, the stiffness of the underground structure is large, which better restricts the deformation of the bottom soil. On the other hand, the excess pore water pressure of saturated sand at a shallow depth increases faster than that at a deep depth, and the effective stress of soil decreases more obviously; thus, the soil is more likely to produce and accumulate plastic deformation during the earthquake process.







Previous studies have generally focused on the shear stress–shear strain of the soil body, which cannot directly reflect the accumulated plastic deformation behavior. The shear stress–displacement hysteretic curve in this section can better express the accumulated plastic deformation capacity of the soil.
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Figure 9. 1D shear beam method. 
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Figure 10. Shear stress–displacement hysteretic curves: (a) El-Centro 0.1 g, (b) Kobe 0.1 g, (c) Wolong 0.1 g, (d) El-Centro 0.2 g, (e) Kobe 0.2 g, (f) Wolong 0.2 g, (g) El-Centro 0.4 g, (h) Kobe 0.4 g, and (i) Wolong 0.4 g. 






Figure 10. Shear stress–displacement hysteretic curves: (a) El-Centro 0.1 g, (b) Kobe 0.1 g, (c) Wolong 0.1 g, (d) El-Centro 0.2 g, (e) Kobe 0.2 g, (f) Wolong 0.2 g, (g) El-Centro 0.4 g, (h) Kobe 0.4 g, and (i) Wolong 0.4 g.
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3.3. Equivalent Dynamic Horizontal Subgrade Reaction Coefficient


The dynamic response of underground structures is largely determined by the soil deformation during earthquake events. The subgrade reaction coefficient directly affects the distribution rule of the subsoil reaction field, which is also one of the decisive factors affecting the spring stiffness of ground soil during the analysis process of the seismic response of underground structures by using the response displacement method. In addition, the subgrade reaction coefficient can reflect the effect of the soil–structure interaction to a certain extent. In the past studies, the subgrade reaction coefficient was obtained only by static tests, and the results tended to be single; in that way, an obvious shortage often occurs during the analysis progress of the seismic response of underground structures. Based on the Winkler theory [31,32] and the idea of an equivalent subgrade reaction coefficient proposed in [33], the equivalent dynamic subgrade reaction coefficient can be obtained by estimating the slope of a typical hysteresis loop.



According to the shear stress–displacement hysteretic curves of soil deposits under different loading conditions in Section 3.2, a single loop at the time that the maximum and minimum displacements occur can be selected to measure the scope of the equivalent dynamic horizontal subgrade reaction coefficient. The shortcomings of the method introduced in [33] (which regards the slope of a typical hysteresis loop as the equivalent dynamic horizontal subgrade reaction coefficient) can then be covered. The maximum horizontal equivalent dynamic subgrade reaction coefficients are listed in Table 2, which indicates that:




	(1)

	
The equivalent dynamic horizontal subgrade reaction coefficient increases with the increase of the buried depth. The difference between the equivalent dynamic horizontal subgrade reaction coefficient above and underneath the underground structure model is the largest. Considering the loading case of the 0.1 g El-Centro ground motion, the difference reaches 7.589 MN/m3.




	(2)

	
The equivalent dynamic horizontal subgrade reaction coefficient decreases with the increase of the input PGA, especially under the action of moderate and strong earthquakes. The maximum reduction ratios of the equivalent dynamic horizontal subgrade reaction coefficient are 74.4%, 66.7%, and 47.3%, corresponding to the El-Centro, Kobe, and Wolong ground motions, respectively.




	(3)

	
Comparing the maximum equivalent dynamic horizontal subgrade reaction coefficients of soil deposits under three ground motions, there are certain differences among the coefficients of the soil deposit with the same buried depth when subjected to the same input PGA. Under the loading conditions with 0.1 g PGA, the coefficient values of the loading case of El-Centro waves are generally larger than those of the other two seismic excitations. Owing to the order of input ground motions (El-Centro ground motion first, then Kobe ground motion, and finally Wolong ground motion), the soil remains in the initial state before the input of the El-Centro ground motion. When PGA increases to 0.2 and 0.4 g, the coefficient values of the loading case of the El-Centro wave are generally smaller than those of the other two seismic excitations. This may be because the low-frequency components of the El-Centro record are more abundant than the other two ground motions. Under the action of moderate and strong earthquakes, the liquefaction degree of saturated sand soil is increased, in which the influence of the low-frequency components of ground motion must be amplified. It also supports the opinion that the degree of liquefaction can affect the dynamic response of site soil [20].
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Table 2. The maximum equivalent dynamic horizontal subgrade reaction coefficients (unit: MN/m3): B.D. denotes the buried depth of soil deposits.
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PGA

	
El-Centro Ground Motion

	
Kobe Ground Motion

	
Wolong Ground Motion




	
B.D. 0.2 m

	
B.D. 0.58 m

	
B.D. 0.88 m

	
B.D. 0.2 m

	
B.D. 0.58 m

	
B.D. 0.88 m

	
B.D. 0.2 m

	
B.D. 0.58 m

	
B.D. 0.88 m






	
0.1 g

	
0.617

	
7.716

	
8.206

	
0.744

	
3.667

	
5.772

	
0.764

	
3.348

	
5.799




	
0.2 g

	
0.442

	
2.110

	
4.721

	
0.413

	
3.496

	
5.092

	
0.855

	
2.947

	
4.966




	
0.4 g

	
0.353

	
1.983

	
3.552

	
0.248

	
2.570

	
3.986

	
0.503

	
2.625

	
3.051










3.4. Dynamic Strain of the Underground Structure Model


The dynamic strain variation law of the underground structure model can reflect the stress variation characteristics of the underground structure model to a certain extent. According to the recorded data of strain gauges S1 and S2 at both ends of the left wall, the corresponding dynamic strain can be obtained by zeroing and baseline correction. As Figure 11 shows:




	(1)

	
Under all loading conditions, the strain on the sidewall of the underground structure presents the characteristics of approximate symmetry in tension and compression directions. In general, the peak dynamic strain value at the top of the sidewall is higher than that at the bottom of the sidewall (i.e., under the loading condition of El-Centro PGA 0.1 g, the peak dynamic strains of the top and bottom of the sidewall are 22.5 and −18.1 με, respectively), and this is similar to the distribution law of shear displacement in the soil deposits, which also coincides with the law that the seismic response of underground structures is controlled by the soil deformation.




	(2)

	
The peak dynamic strain of the underground structure increases with the increase of the seismic excitation amplitude. The increase of the dynamic strain value of the top of the sidewall is obviously higher than that of the bottom of the sidewall when input PGA ranges from 0.1 to 0.2 g. Given that PGA of El-Centro ranges from 0.1 to 0.2 g, the compression (negative value in Figure 9) and tension (positive value in Figure 9) strain values of the top of the sidewall increase by 17.2 and 8.5 με, while those of the bottom of the sidewall increase by 3.2 and 8.4 με. The same rule has also been found under the other two seismic excitations. While, in the case of the same PGA, the peak dynamic strains are different due to different ground motions, i.e., the peak dynamic strain values of the top of the sidewall under the loading conditions of El-Centro PGA 0.2 g, Kobe PGA 0.2 g, and Wolong PGA 0.2 g are −38.7, −33.7, and 30.7 με, respectively. With the increase of PGA, the displacement of the soil deposit above the underground structure is significantly greater than that of the soil deposit surrounding and underneath the underground structure, and the equivalent dynamic horizontal subgrade reaction coefficient of the soil deposits also begins to decline. Thus, the elastic resistance of the soil to the underground structure decreases. Consequently, the structure needs to resist more seismic energy. It is also verified that the buried depth of underground structures and the development of internal forces of soil deposits can directly affect the level of soil–underground structure interaction.
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Figure 11. Peak dynamic strain of the sidewall in the underground structure: (a) El-Centro 0.1 g, (b) El-Centro 0.2 g, (c) Kobe 0.1 g, (d) Kobe 0.2 g, (e) Wolong 0.1 g, and (f) Wolong 0.2 g. 
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4. Conclusions and Discussions


4.1. Discussion


The estimation of the seismic performance of liquefiable sand sites and underground structures is meaningful. The findings of this study can provide novel insight to analyze the dynamic behavior of saturated sand deposits. The evaluation method of the equivalent dynamic horizontal subgrade reaction coefficient proposed by this study can reflect the actual relationship between the subgrade restraint and the soil buried depth, which may cover the shortcomings of the previous method. Furthermore, the application of the equivalent dynamic horizontal subgrade reaction coefficient method can better improve the calculation accuracy of the spring stiffness value during the anti-seismic design of underground structures by using the response displacement method.



The following aspects are recommended for further research:




	(1)

	
More case studies about actual underground tunnels embedded in soft soil sites under seismic motions are required.




	(2)

	
Numerical models investigating the saturated soil–underground structure interaction under diverse earthquake loadings are necessary.




	(3)

	
High-precision sensors as well as mathematic methods estimating the seismic performance of soil foundations and underground structures need further development.










4.2. Conclusions


The present study introduced detailed information about the shaking table test of a saturated sand-underground structure system. Based on the testing results, the development law of the excess pore water pressure ratio, the variation mechanism of shear stress–displacement hysteretic curves, the equivalent dynamic horizontal subgrade reaction coefficient, and the peak dynamic strain values of the underground structure were analyzed and discussed, and the main conclusions were drawn as follows:




	(1)

	
In consideration of the shaking process, the shear stress of the soil deposit above the underground structure and the soil deposits on both sides of the underground structure was smaller than that of the sand deposit underneath the underground structure, while the distribution law of the soil displacement showed the opposite trend (the shear stress–displacement hysteretic curves of the testing soil deposits exhibited that the shear stress of the soil deposits with a buried depth of 0.88 m was the largest, while the horizontal displacement was the smallest). The underground tunnel structure improved the additional effective stress of the ground soil to a certain extent.




	(2)

	
The spectral characteristics of ground motion had obvious effects on the soil deformation of saturated sandy soil, especially when exposed to moderate and strong earthquakes. Inputting the ground motion with rich low-frequency components, the shear stress–displacement hysteretic loop of soil was plump, and the accumulated plastic deformation of soil deposits was obvious.




	(3)

	
A certain degree of softening phenomenon of soil can be reflected by the shear stress–displacement hysteretic curves, which can be properly related to the horizontal displacement of the soil deposits and generation of the excess pore water pressure.




	(4)

	
Based on the shear stress–displacement hysteretic curves of soil deposits, the equivalent dynamic horizontal subgrade reaction coefficient can be obtained by calculating the ratio of shear stress to displacement at any time in the earthquake time histories. The horizontal equivalent dynamic subgrade reaction coefficient increased with the increase of the soil buried depth and decreased with the increase of the input PGA value.




	(5)

	
In the case of small earthquakes, the order of the input ground motions can affect the value of the equivalent dynamic horizontal subgrade reaction coefficient. While in the case of moderate and strong earthquakes, soil liquefaction can influence the equivalent dynamic horizontal subgrade reaction coefficient.




	(6)

	
The peak dynamic strain value of the top of the sidewall was higher than that of the bottom of the sidewall when subjected to earthquakes. Overall, the development law of structural dynamic strain was in good agreement with the displacement distribution pattern of the soil deposits. Special attention should be paid to observing the foundation deformation underneath underground structures, as well as estimation of the shear stress state of the soil deposits on both sides and above underground structures. In extreme cases, corresponding measures should be taken to reduce the stress of underground structures buried in saturated sand sites.




	(7)

	
This paper is a part of the results of the soil-underground structure shaking table model test. It is also worth analyzing the effects of soil materials and underground structure types on the seismic responses of underground structures. In addition, further improvements on the understanding of the seismic capacity of underground structures and related references for the earthquake prevention and disaster reduction of underground structures are also worth exploring.
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Figure 1. Research roadmap. 
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Figure 2. Laminar shear model box. 
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Figure 3. Particle size distribution curve. 
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Figure 4. Design and fabrication of the underground structure model: (a) template and steel wire, (b) whole template, and (c) tunnel model. 
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Figure 5. Assembly of model system: (a) counterweight set on the bottom plate, (b) counterweight set on the top plate, (c) water injection, and (d) final model system. 






Figure 5. Assembly of model system: (a) counterweight set on the bottom plate, (b) counterweight set on the top plate, (c) water injection, and (d) final model system.



[image: Buildings 12 01751 g005]







[image: Buildings 12 01751 g006 550] 





Figure 6. Sensor arrangement: (a) layout of the acceleration and water pore pressure sensors, and (b) layout of the structural strain gauges. 
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Figure 7. The acceleration time history curves and Fourier spectra of seismic excitation: (a) El-Centro, (b) Kobe, and (c) Wolong. 
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Table 1. Similitude relations of the model structure.
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	Physical Quantities
	Similitude Relations
	Model Structure





	Length
	    S L    
	1/30



	Displacement
	    S δ  =  S L    
	1/30



	Equivalent density
	    S  ρ e   = (  M M  +  M A  )  S L  − 3   /  M P    
	1.875



	Duration
	    S T  =  S L     S  ρ e   /  S E      
	1/4



	Elastic modulus
	    S E    
	1/4



	Acceleration
	    S a  =  S E  / (  S L   S  ρ e   )   
	7.57
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