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Abstract

:

The mechanism of liquefaction and the factors that cause liquefaction behavior have previously been examined and evaluated, both analytically and experimentally; construction including liquefaction countermeasures is being implemented, based on these findings. This study presents a theoretical visualization of the mechanism of liquefaction generation and evaluates the behavior of particles in the ground. Specifically, an MPSM-DEM coupled CAE system (CAES) is employed to view the events beneath the ground, modeled three-dimensionally when an external acceleration is applied to simulate seismic waves and reveals the behavior below the surface. The numerical simulation of the liquefaction phenomenon, as represented by an MPSM-DEM coupled CAES system, clearly showed the mechanism of liquefaction generation and contributed to the design and accountability of more economical and sustainable liquefaction countermeasures, regardless of the field of specialization.
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1. Introduction


With the 1964 Niigata earthquake and studies on liquefaction being energetically pursued, the conditions under which the ground will easily liquefy were clarified. However, the damage caused by liquefaction due to the 2011 earthquake off the Pacific coast of East Japan extended to the Kanto region, and the metropolitan area also suffered great damage [1,2,3]. Although the mechanism of liquefaction and the factors that cause liquefaction had previously been examined and evaluated, both analytically and experimentally [4,5,6,7,8,9,10,11], and despite the fact that construction countermeasures related to liquefaction had been implemented based on those earlier findings, the liquefaction damage during the 2011 earthquake off the Pacific coast of East Japan was enormous. One of the reasons for the scale of destruction is that there were no cases in which the effects of the liquefaction countermeasures had been visually examined and evaluated. As Japan has a large number of areas with soft ground composed of fine particles such as sand, and it lies in an area where several continental and oceanic plates meet, earthquakes frequently occur. Therefore, in order to prevent further damage caused by liquefaction in these areas, efficient and economical liquefaction measures are indispensable.



Based on the above background, the mechanism of liquefaction generation is visualized theoretically in this study, using a coupled computer-aided engineering system (CAES), the moving particle semi-implicit method (MPSM), and the discrete element method (DEM) [12,13]. CAES is a general term for technology that includes using a computer to simulate and analyze prototypes created using computer-aided design (CAD), considering the site conditions. The CAES in this study is executed using an algorithm in which the MPSM and DEM methods are combined.



In this study, external acceleration, simulating seismic waves, is applied to a ground surface modeled three-dimensionally using the coupled CAES of the MPSM and the DEM, for the purposes of revealing the behavior of the particles in the modeled ground and examining whether liquefaction is likely to occur in it. By visualizing the liquefaction phenomenon, it is expected that the mechanism of liquefaction generation will be clearly shown and that this will contribute to the development and accountability of more efficient and economical liquefaction countermeasures. By utilizing CAES to recreate the phenomenon of liquefaction, it is possible to visualize the generating mechanism of liquefaction, which cannot normally be seen in the natural ground, and solve the complicated problems associated with its manifestation [12,13]. In addition, since design and evaluation can be performed while comparing and examining the models of various ground conditions, it is thought that the design quality can be improved at an early stage and that a more effective construction method can be designed.




2. Background of the Analysis of Liquefaction


Since the 1964 Niigata earthquake and the 1995 Great Hanshin-Awaji earthquake, studies on liquefaction in the region have increased and research has actively been conducted [1,2,14]. Thanks to these studies, understanding, predicting, and establishing countermeasure technologies for liquefaction have almost been achieved. Liquefaction during an earthquake is a phenomenon in which a saturated sandy soil is repeatedly subjected to shear stress; the shear rigidity decreases as the effective stress decreases, and finally, the shear resistance is lost, and the soil behaves like a viscous fluid. Therefore, in order to simulate and analyze the mechanical behavior of soil during liquefaction, the process of the change from solid to fluid must be considered.



Effective stress analysis is one of the typical methods used for analyzing ground deformation during liquefaction [15,16]. An effective stress analysis incorporates the constitutive law of sand into the equation for the field in which the soil skeleton and the pore water are coupled, which is obtained based on solid dynamics. The effective stress analysis covers the initial state of the ground, the dynamic behavior of the ground during an earthquake, and the occurrence of liquefaction. Thus far, many constitutive equations for sand have been proposed, based on solid-state mechanics, according to the results of laboratory tests on the repeated shear behavior of sand [17,18]. These constitutive equations for sand can reproduce the stress-strain relationships and its dilatancy behavior under various stress conditions. As part of the constitutive equations for sand, a repetitive elastoplastic model, an elastoplastic under-load surface model, a densification model, and so on, have been proposed. Conversely, analysis methods that target only the flow process after liquefaction has occurred have also been proposed; these can be divided into methods based on solid-state mechanics and methods based on fluid mechanics. As a method based on solid-state mechanics, for example, Yasuda et al. [19,20] proposed a residual deformation analysis method that can analyze the flow associated with liquefaction with simplicity and practical accuracy. As a method based on fluid mechanics, for example, Uzuoka et al. [21] proposed a method to analyze liquefied sand as a Bingham fluid, and quantitatively showed the flow force and large deformation after the flow, although under relatively simple boundary conditions.



The above-mentioned analysis methods were proposed, paying attention to either the solid or the fluid property of the liquefied sand; however, they did not consider a fusion of the two properties. In the actual liquefaction phenomenon, the phase change process between solid and fluid is considered to occur non-uniformly, both spatially and temporally. At a certain time, the regions having solid and fluid properties become mixed. In order to deal with such problems, it is necessary to develop a simulation method that can express the regions of transition between solid and fluid states.



In this study, the authors propose a CAES that combines the MPSM, as one of the typical particle-based methods (PBMs), and the DEM in an analysis model that can express the phase change process during liquefaction. This is demonstrated in a combination of sand particles in the target ground that are simulated and analyzed by the DEM, and the pore water, simulated and analyzed by the MPSM. A simulation will be performed using this method to examine the effectiveness of the simulation model.




3. MPSM-DEM Coupled CAES


3.1. Computer-Aided Engineering System (CAES)


A computer-aided engineering system (CAES) is a type of alternative technology for running large-scale experiments, conducted in a room or in situ, using prototypes that have been prepared for a study as part of the development process of “manufacturing”. In other words, CAES is a general term incorporating technology that simulates and analyzes prototypes on a computer created using computer-aided design (CAD), considering the site conditions [22,23,24,25]. At the same time, CAES may refer to computer-aided engineering work or its tools for the prior examination, design, manufacturing, and process design of construction methods and products. In the field of geotechnical engineering, CAES can be used not only to visualize beneath the surface of the ground and the stress loading inside the ground but also to estimate the results of experiments that would otherwise involve huge expense, and/or phenomena that would be difficult to reproduce. In addition, by performing the appropriate post-processing, it is possible to communicate the results to other people in a visually accessible manner.



In this study, external acceleration simulating seismic waves is applied to a ground model, created three-dimensionally via the coupled CAES of the moving particle semi-implicit method (MPSM), one of the typical particle-based methods (PBMs), and the discrete element method (DEM), wherein the particles in the modeled ground are subjected to loading. The purpose is to clarify the behavior.




3.2. Particle-Based Method (PBM) and Moving Particle Semi-Implicit Method (MPSM)


A major feature of particle-based methods (PBMs) is that, unlike the finite element method (FEM) and the finite difference method (FDM), they do not use a lattice, but instead discretize the continuum as particles that move each calculation point with a physical quantity. However, this makes a substantial difference to the governing equation. To describe the behavior of a continuum, the Euler method (with a lattice: FEM, FDM, and so on) and the Lagrange method (the non-grid PBM) are available. In the Lagrange method, the calculation point moves as the object moves and deforms, so the convection term disappears from the governing equation. Equations (1) and (2) show the Navier–Stokes equations using the Euler method and the Lagrange method, respectively [26,27,28,29,30]:


    ∂ u  (  x , t  )    ∂ t   +  (  u  (  x , t  )  · ∇  )  u  (  x , t  )  = −  1 ρ  ∇ P  (  x , t  )  + υ  ∇ 2  u  (  x , t  )  + g  (  x , t  )   



(1)






    D u  (  X , t  )    D t   =  1 ρ  ∇ P  (  x , t  )  + υ  ∇ 2  u  (  X , t  )  + g  (  X , t  )   



(2)




where  u  is the velocity,  P  is the pressure,  g  is the external force,  ρ  is the density, and  υ  is the kinematic viscosity coefficient.



The moving particle semi-implicit method (MPSM), one of the typical PBMs, is an incompressible flow analysis method that discretizes a continuum with particles. The basic governing equations are the continuity equation, shown as Equation (3), and the Navier–Stokes equation, shown as Equation (4):


    D ρ   D t   = 0  



(3)






    D  u →    D t   = −   ∇ P  ρ  + ν  ∇ 2   u →  +  g →   



(4)




where   D / D t   represents the Lagrange derivative,  ρ  is the density,   u →   is the velocity,  P  is the pressure,  ν  is the coefficient of kinematic viscosity, and   g →   is the gravity. In PBMs, the Navier–Stokes equation is divided into two steps; the pressure term is calculated explicitly from Equation (5) and the pressure gradient term is calculated implicitly from Equations (6) and (7):


       u *   →  −    u k   →    ∆ t   = ν  ∇ 2     u k   →  +  g →   



(5)






   ∇ 2   P  k + 1   =  ρ  ∆  t 2       n *  −  n 0     n 0     



(6)






       u  k + 1    →  −    u *   →    ∆ t   = −   ∇  P  k + 1    ρ   



(7)




where  n  is the particle number density (a dimensionless quantity representing the density of the particle arrangement),    n 0    is the standard particle number density, and  k  is the time step. Here, * indicates a physical quantity at the stage when the explicit calculation has been completed. Figure 1 shows the calculation algorithm of the MPSM.




3.3. Discrete Element Method (DEM)


The discrete element method (DEM) is an analysis method proposed by Cundall [31,32]. It considers the analysis target as a collection of minute particles and analyzes the motion of each particle, in order to determine the behavior and reaction force of the entire aggregate [31,32]. The DEM is based on a discontinuum model, unlike the FEM and the PBM, which are based on continuum mechanics. The elements used in the calculation are represented as rigid bodies that do not deform and have a finite size. In addition, a contact force acts when the elements come into contact with each other, and the behavior of an aggregate of discontinuums can be expressed by solving the motion of each element, based on the contact force. Polygonal elements were used in Cundall [31,32], but as they were applied in various fields, spherical elements became popular because of their simple contact algorithm. The individual element method models the object of the analysis as a set of polygons, circles (2D), and spheres (3D) that can move freely, and does the same for each individual element in the set of elements, separated by discontinuities. The behavior of the elements is tracked by establishing an independent second-order ordinary differential equation, approximating the difference, placing it in the time domain, and solving it step by step. Solving the dynamic behavior of each element results in a solution reflecting the aggregates for each element. The DEM then evaluates the dynamic behavior and deformation of the aggregates of each element.



The discrete element method (DEM) is a method of analyzing the behavior of powder by following individual particles, according to the equations of motion. The equations of motion for translational motion and rotational motion are shown in Equations (8) and (9), respectively:


  m  d  d t    v →  =  F →   



(8)






  I  d  d t    ω →  =  M →   



(9)




where  m  is the mass,   v →   is the velocity,   F →   is the force,  I  is the moment of inertia,   ω →   is the angular velocity, and   M →   is the rotational moment. In the case of spherical particles, the moment of inertia is expressed by Equation (10):


  I =  2 5  m  r 2   



(10)




where  r  is the radius of the spherical particles. In the DEM, the particles are treated as rigid particles that do not deform, and overlapping between particles is allowed. The contact force of the particles (repulsive force, energy damping, and slip due to friction) is expressed by the spring model, viscous damping model, and slider model, as shown in Figure 2, respectively, and the magnitude of the contact force is expressed by Equations (11) and (12):


     F n   →  = −  k n     δ n   →  −  η n   (     v i n   →  −    v j n   →   )   



(11)






     F t   →  = −  k t     δ t   →  −  η t   (   (     v i n   →  −    v j n   →   )  +  (     r i   →  ×    ω i   →   )  +  (     r j   →  ×    ω j   →   )   )   



(12)




where  k  is the spring constant,   δ →   is the amount of overlap,  η  is the damping coefficient,   v →   is the velocity,   r →   is the distance from the particle’s center of gravity to the contact point, and   ω →   is the angular velocity. Superscript  n  represents the normal component,  t  represents the tangential component, and subscripts  i  and  j  represent each particle. Moreover, when the ratio of the tangential and normal components of the contact force exceeds the friction coefficient,  μ , the particles undergo slippage, as modeled by the slider model. The contact force in the tangential direction at that time is replaced by Equation (13).


     F t   →  = μ    |     F n   →   |     |     F t   →   |       F t   →   



(13)







The calculation algorithm for the DEM is shown in Figure 3.




3.4. MPSM-DEM Coupled CAES


In the MPSM-DEM coupled system, the equations expressing the motion of the fluid and the powder are given as Equations (14) and (15), respectively. For the sake of simplicity, it is assumed here that there is no external force:


  ρ   D ε    v l   →    D t   = − ∇  ε P  + ν  ∇ 2  ε    v l   →  −  ε   l 0 3       F D   →   



(14)






  m   D    v s   →    D t   =    F  D E M    →  +    F D   →  +    F  ∇ P    →   



(15)




where  ρ  is the density of the fluid,  ε  is the body integration factor of the fluid,      v l   →    is the velocity of the fluid,  P  is the pressure of the fluid,  ν  is the kinematic viscosity coefficient of the fluid,  m  is the mass of the powder,      v s   →    is the velocity of the powder,      F  D E M    →    is the contact force by the DEM,      F D   →    is the fluid resistance, and      F  ∇ P    →    is the buoyancy. The fluid resistance and buoyancy are expressed by Equations (16) and (17), respectively:


     F D   →  =  π 2   C d  ρ  r 2   ε  2 − χ    |     v l   →  −    v s   →   |   (     v l   →  −    v s   →   )   



(16)






     F  ∇ P    →  = −  V s  ∇ P  



(17)




where    C d    is the fluid resistance coefficient (defined as a function of the Reynolds number    R e   ),  r  is the particle radius of the powder, and    v s    is the particle volume of the powder. Here,  χ  is expressed by Equation (18):


  χ = 3.7 − 0.65 exp  (    −    (  1.5 − l o g  R e   )   2   2   )   



(18)






   R e  =   2 r ε  |     v l   →  −    v s   →   |   ν   



(19)




where  ν  is the coefficient of kinematic viscosity for the fluid.





4. Simulation Model and Conditions


4.1. Simulation Model


The analytical model is shown in Figure 4. The sand particles and water particles are arranged according to the void ratio on a 3000 mm-square cube. The sand particles are displayed in yellow, and the water particles are displayed in blue, to visually express the ground surface. In addition, a ground model simulating the liquefaction countermeasures is reproduced. This is used as the pile model and is shown in Figure 5. The piles are 400 mm in diameter and 3000 mm in length, and six piles are arranged on each of the four sides. The piles are placed on the ground model, as shown in Figure 5, and the simulation is performed as shown in Figure 4 and Figure 5.




4.2. Setting of External Acceleration


In this study, liquefaction is brought about by applying an external acceleration to the ground model that simulates seismic waves. Figure 6 shows the assumed parameters of the external acceleration, using data published by The Building Center of Japan [33]. Acceleration is given in the X-axis direction every 0.01 s for a total of 59.99 s. Figure 7 shows the relationship between acceleration and seismic intensity [34]. The maximum value of acceleration is adopted as a parameter representing seismic intensity. The maximum value of the external acceleration parameter is 207.33 (cm/s2), which corresponds to an earthquake with a seismic intensity of 5 or higher, as shown in Figure 7. The reason for setting this seismic intensity is that the liquefaction phenomenon often occurs from an earthquake that has a seismic intensity of 5 or higher.





[image: Sustainability 14 07517 g004 550] 





Figure 4. Cross-section of Cases 1 and 2, targeted for analysis (without liquefaction measures). 






Figure 4. Cross-section of Cases 1 and 2, targeted for analysis (without liquefaction measures).
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Figure 5. Cross-section of Case 3, targeted for analysis (characteristic display of a liquefaction countermeasure part by grid-shaped piles). 






Figure 5. Cross-section of Case 3, targeted for analysis (characteristic display of a liquefaction countermeasure part by grid-shaped piles).
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4.3. MPSM-DEM Coupled CAES Settings


In this study, water was set as a fluid by the MPSM, and the sand was set as powder particles by the DEM. Table 1 shows the physical characteristics of the water particles modeled by the MPSM, while Table 2 shows the physical characteristics of the sand particles modeled by the DEM. The MPSM parameters of water can be established by referring to the physical characteristics of water at a temperature of 20 °C [35], and the DEM parameters of the sand particles can be found by referring to the parameters used in previous studies [12,13,24,28,30,36,37]. Considering the time required for the calculation, the distance between the particles in the MPSM was set at 20 mm, and the particle size in the DEM was set at 20 mm. Attention should be paid to the DEM parameters for the sand particles shown in Table 2, particularly when setting the sand particle’s diameter and density. The typical sand particle diameter and density are 0.2 mm and 2.634 g/cm3, respectively. In this study, the diameter and density of the sand particles modeled by the DEM were set so that the particle sedimentation velocity of the Stokes fluid [38,39] was equal to that of typical sand particles and the sand particles modeled by the DEM. In this paper, the authors focus on the void ratio and express the sandy ground via the void ratio, using the maximum and minimum void ratios of a typical sandy ground. The void ratios for three case studies are shown in Table 3. The void ratio for Case 1 is 1.19, that for Case 2 is 0.71, and that for Case 3, with the piles, is 1.19.
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Figure 6. Time history of the external acceleration applied in the analysis. 
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Figure 7. Relationship between period, acceleration, and seismic intensity (theoretical value). 
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5. Results and Discussion


Figure 8, Figure 9 and Figure 10 show the simulation results for Cases 1, 2, and 3, respectively. These figures show the occurrence of liquefaction every 10 s from 0 s to 59.99 s. As the ground in Case 3 is surrounded by piles, Figure 10 shows the simulation results in a cross-sectional view. In all case studies, it is confirmed that the sand particles are deposited at the bottom of the analysis model over time and that the water particles are floating. In other words, this simulation was able to roughly recreate the liquefaction of the ground when an external acceleration, simulating seismic waves, was applied.



The mechanism of the liquefaction phenomenon is that when a sandy soil that is saturated with water experiences heavy shaking, the skeletal structure of the sand particles that make up the ground collapses, and the sand particles begin to filter down into the void spaces. As a result, excessive pore water pressure is generated and accumulates inside the ground. Furthermore, when the excess pore water pressure becomes equal to the effective loading pressure of the ground before it experiences heavy shaking, the effective stress loading between the soil particles becomes zero and, as a result of the above events, the liquefaction phenomenon occurs. The simulation results presented in Figure 8, Figure 9 and Figure 10 also show the same phenomenon as the above-mentioned liquefaction generation mechanism. In addition, when comparing the central part and the four corners of the analysis model in all cases, it is confirmed that the amount of sedimentation from the water particles in the four corners is smaller than that in the central part. This is because a rearrangement of the water particles and the sand particles occurs due to the external force, and the sand particles begin to settle and are deposited at the bottom of the model. While the sand particles settle and precipitate, the water particles rise to the top of the model. As a result, the sand particles are sedimented in the four corners at the bottom of the model and then flow out to the center of the model, resulting in a rearrangement of the particles.



When comparing Case 1 and Case 2 with different void ratios, it can be seen that the water particles in Case 1 are floating in the upper part of the model. It can be considered that this is the mechanism of the liquefaction phenomenon, that the loosely deposited sandy ground and the higher groundwater level are more likely to cause liquefaction. Comparing Case 1 and Case 3, with respect to the presence or absence of liquefaction countermeasures, the sand particles are stopped in the model at the inner part of the piles in Case 3. From this, it is thought that the liquefaction measures, wherein the ground is surrounded by piles, have been effective. The physical principle of the liquefaction countermeasure by piles is to keep the shear deformation caused by seismic motion small, block the propagation of pore water pressure from the surrounding soil, and prevent the outflow of pore water and sand into the supporting layers [40,41]. This simulation was able to reproduce the same phenomenon as in the physical principle of the liquefaction countermeasure that uses piles.



In this study, the MPSM-DEM coupled CAES was performed by the MPSM for pore water in the ground and the DEM for sand particles in the ground, and in a simulation of saturated sandy ground affected by seismic waves. The characteristics of this model were examined for elucidation of the liquefaction phenomenon. As a result of this simulation, the influence of the gap ratio on the liquefaction phenomenon and the influence of the presence or absence of liquefaction countermeasures were shown; it was confirmed that the purpose of the model construction was realized, at least qualitatively. Therefore, it was shown that the MPSM-DEM coupled CAES used in this study may be a method that can visualize various phenomena under the ground surface.




6. Conclusions


Based on the behavior of water particles and sand particles inside a model of the ground, in which the external acceleration simulating seismic waves affecting the ground was evaluated using an MPSM-DEM coupled CAES, an attempt was made to visualize the liquefaction phenomenon.



The results and findings obtained in this study are shown below.



	(1)

	
Through the use of the MPSM-DEM coupled CAES, the liquefaction phenomenon was successfully visualized by applying an external acceleration that simulated seismic waves in the ground, modeled three-dimensionally.




	(2)

	
The effect of the soil conditions, such as the void ratio, on the behavior of the particles in the soil during an earthquake was clarified. It was shown that, by employing the MPSM-DEM coupled CAES, it is possible to evaluate the behavior of the particles below the surface during an earthquake and to examine whether liquefaction is likely to occur.




	(3)

	
The liquefaction phenomenon of a ground model with piles, simulating liquefaction countermeasures, was visualized. This visualization of the liquefaction phenomenon can be expected to contribute to the design and accountability of efficient and economical liquefaction countermeasures.




	(4)

	
A MPSM-DEM coupled CAES model was constructed, in which the MPSM was used for the pore water below the surface and the DEM was used for the sand particles in the ground. In order to examine the validity of the constructed model, the authors conducted a numerical simulation with a model for the liquefaction phenomenon in a saturated sandy soil on which seismic waves acted, demonstrating the effectiveness of this model. From this, it was shown that an MPSM-DEM coupled CAES may be a method that can visualize various phenomena below the surface.







By utilizing the CAES for issues related to ground improvement, it is possible to visualize the earth below a construction site, which cannot otherwise be seen, and to solve complicated problems associated with construction. In addition, since the design and evaluation can be performed while comparing and examining various ground condition patterns, it is considered that the design quality can be improved at an early stage and a more effective construction method can be designed.



The subject of this study was to verify the validity of the simulation results and the model. It may be said that comparative verification is required to carry out laboratory experiments under the same conditions as the simulation conditions. In addition, the sand particles were set to have a single particle size of 20 mm in this study. However, because actual sandy soil contains particles of various sizes, it is unlikely that the reproducibility will be high. In addition, although the ground for which the liquefaction countermeasure work was simulated contained six piles placed on each of the four sides, there are other construction methods available, such as the arranging of double piles as part of actual liquefaction countermeasures construction. In order to visually evaluate the necessity of liquefaction countermeasures construction, the simulation and analysis of more case studies representing actual liquefaction countermeasures construction are required. Therefore, three issues remain to be solved: verification of the validity of the results, improvement of the reproducibility of actual sandy soil, and an evaluation/examination using a ground model that simulates more liquefaction countermeasures.
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Figure 1. Calculation algorithm of the moving particle semi-implicit method. 
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Figure 2. Modeled contact forces between particles in DEM. 
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Figure 3. Calculation algorithm of DEM. 
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Figure 8. Liquefaction occurrence from 0 to 60 s in Case 1, when external acceleration is applied (void ratio: 1.19). 
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Figure 9. Liquefaction occurrence from 0 to 60 s in Case 2, when external acceleration is applied (void ratio: 0.71). 
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Figure 10. Liquefaction occurrence from 0 to 60 s in Case 3, when external acceleration is applied (void ratio: 1.19). 
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Table 1. The MPSM parameters adopted for the pore water.
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Density  ρ  (kg/m3)

	
Coefficient of Kinematic Viscosity  υ  (m2/s)






	
Pore water

	
998

	
0.000001
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Table 2. The DEM parameters adopted for the sand particles.
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	Sand Particles





	Particle density  ρ  (kg/m3)
	2634



	Normal spring constant    k n    (N/m)
	1.0 × 108



	Tangent spring constant    k t    (N/m)
	2.5 × 107



	Normal attenuation constant    η n   
	0.7



	Tangent attenuation constant    η t   
	0.7



	Frictional coefficient  μ 
	0.5
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Table 3. The simulation conditions for Cases 1 to 3.
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	Void Ratio
	Liquefaction Countermeasure





	Case 1
	1.19
	Without countermeasure



	Case 2
	0.71
	Without countermeasure



	Case 3
	1.19
	With countermeasure
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