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Abstract

In this study, the seismic response of shallow foundations resting on a liquefiable soil layer
is modeled using a coupled smoothed particle hydrodynamics (SPH)-discrete element method
(DEM) scheme. In this framework, the soil deposit is represented by an assembly of DEM par-
ticles and the fluid domain is lumped into a set of SPH particles carrying local fluid properties.
The averaged forms of Navier-Stokes equations dictate the motion of the fluid-particle mixture
and the interphase forces are estimated using well-known semi-empirical equations. A satu-
rated soil-foundation system with an average contact pressure of 50 kPa was created using the

coupled scheme. The foundation block was composed of a collection of DEM particles glued
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together by high-stiffness bonds. No-penetration boundary condition was applied to all sides
of the foundation block to allow for fluid-foundation interaction. The model was subjected to
a strong base acceleration and the response was analyzed and compared to the free-field. The
ground settlement in the soil-foundation system mostly originated from co-seismic deviatoric
deformations while volumetric strains were the main contributing factor at the free-field. In
addition, the impact of soil permeability on the seismic response of the soil-foundation sys-
tem was examined by changing the pore fluid viscosity. According to the results, as the soil
permeability decreased, smaller excess pore pressures developed beneath the footing thanks to
the slower migration of pore fluid from the sides and bottom, and a larger magnitude of soil
strength and stiffness was maintained in the expansive zone. As a result, the system with the
lowest permeability experienced the smallest foundation settlement while the foundation accel-
eration amplitude was the highest in this case. The results also showed that the percentage of
post-shaking settlement appreciably increased in the lower-permeability deposits. The results
of this study were compared with the published centrifuge studies that showed good qualitative

consistency.

1 INTRODUCTION

Saturated loose sand can experience significant excess pore pressure buildup and accompanying
stiffness and strength degradation during strong seismic events. Structures founded on such soils
may sustain excessive tilting and settlement due to loss of foundation soil bearing capacity and ac-
cumulation of dynamic deformations. Liquefaction-inflicted building failures were reported during
several major earthquakes, including the 1964 Niigata earthquake [1, 2], the 1990 Luzon earthquake

[3, 4], the 1999 Izmit earthquake [5], the 2010 Chile earthquake [6], the 2011 Tohoku earthquake
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[7], and the 2010-2011 Christchurch earthquake [8]. The mechanism behind the dynamic settle-
ment of shallow foundations supported by a liquefiable stratum is quite complex. However, the cur-
rently accepted engineering practices for assessing liquefaction-induced settlement beneath shal-
low foundations generally follow the same procedures developed for free-field conditions [9, 10].
These methods can lead to highly inaccurate estimations, as in the presence of a superstructure,
the problem can no longer be treated as a one-dimensional case and 3D analysis is needed. The
static surcharge imposed by the structure and the dynamic interaction between the footing and the
underlying soil produce shear stresses and deformations within the foundation soil that could dras-
tically change the pore pressure buildup patterns and the settlement mechanisms. In fact, it has been
shown that in contrast to the free-field settlement, where the key process is the volumetric strains
stemming from reconsolidation of the liquefied layer, in soil-shallow foundation systems, both co-
seismic deviatoric strains and post-seismic volumetric strains contribute to the overall settlement,
with the former being more dominant [11].

To gain a deeper insight into the complicated settlement mechanism of shallow foundations
on liquefiable soils, physical modeling including 1-g shaking table tests and centrifuge studies
(e.g., [2, 11-22]) are being widely utilized alongside the field investigations and the available data
from the case histories. Yoshimi and Tokimatsu [2] conducted a series of shaking table tests to
investigate the influence of different parameters on the dynamic settlement of a model structure
founded on liquefiable soil. The studied parameters were contact pressure, €xcess pore pressure
buildup, soil density and structure width. Liu and Dobry [12] performed centrifuge modeling to
study the effectiveness of sand densification in reducing liquefaction-induced settlement of shallow
foundations. They also used a range of fluid viscosities in their models to reveal the impact of

soil permeability on the response. Adalier et al. [13] studied the seismic response of shallow foun-
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dations resting on non-plastic silty soils through centrifuge tests. In addition, stone columns were
installed in the models as a countermeasure against liquefaction and the results were reported. Cen-
trifuge experiments were performed by Dashti et al. [14] to discover the key factors contributing to
the settlement of shallow foundations on liquefiable ground. Different remediation techniques were
also employed, and their effectiveness was discussed. Zeybek and Madabhushi [23] investigated
the effect of air-injection, as a liquefaction remediation technique, on the settlement mechanism of
shallow foundations.

This subject has also been explored through numerical modeling in numerous studies (e.g.,
[24-40]). Most of these works employ continuum techniques such as the finite element method
(FEM) and the finite difference method (FDM). These macroscale approaches to mimicking com-
plicated soil behavior require intricate constitutive laws that usually involve a large set of calibration
parameters. Popescu and Prevost [24] developed a FEM-based numerical scheme for soil liquefac-
tion. Their multiyield plasticity model required several constitutive soil parameters, namely state
parameters, low-strain elastic parameters, dilation parameters, and yield parameters. Elgamal et al.
[25] used 3D FEM simulations to investigate soil liquefaction and associated settlements under
a superstructure. They also explored different mitigation measures such as soil compaction and
increasing the soil permeability below the foundation. Popescu et al. [26] developed a nonlinear
extension of Biots theory. They implemented the proposed scheme in a FEM framework and ap-
plied it to the study of seismic settlement of structures founded on liquefiable ground. Karamitros
et al. [30] used nonlinear FDM to study the response of a saturated soil-foundation system. The
focus of their work was on excess pore pressure buildup under the foundation, seismic foundation
settlement, degradation of bearing capacity, and soil-structure interaction. Karimi and Dashti [31]

employed centrifuge modeling and nonlinear FEM analysis to study the dynamic soil-foundation
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interaction on liquefiable ground. They investigated foundation acceleration, settlement, tilt, and
maximum drift through numerical simulations.

In view of the discrete element method (DEM) proven capabilities in reproducing nonlin-
ear soil behavior through microscale modeling of individual soil grains and capturing complex
soil-structure interaction by direct tracking of contact forces, many researchers have strived to cou-
ple DEM with various computational fluid dynamics (CFD) techniques to extend its applicability
to simulations involving saturated soil. Two of the most popular coupled schemes that incorpo-
rate DEM are the continuum-discrete methods (e.g., [41-48]) and the pore-scale techniques (e.g.,
[49—64]). Sun et al. [65] coupled DEM with smoothed particle hydrodynamics (SPH) to simulate
particle-fluid mixtures. In this method, the soil is modeled by DEM particles and the fluid domain
is represented in SPH as a set of lumped masses that hold local fluid properties. Averaged forms
of Navier-Stokes equations are discretized using SPH particle summation and numerically solved
to track the fluid motion. Well-established semi-empirical relations describe the interaction forces
between the two phases. Numerous studies have been conducted in different disciplines of science
and engineering using this coupled scheme (e.g., [66—75]). Compared to the fully continuum-based
methods, apart from the inherent benefits of DEM, this coupled scheme is capable of successfully
capturing complicated phenomena related to seismic response of saturated geotechnical systems
such as pore water pressure generation, degradation of soil strength and stiffness, deamplification
of input motion in liquefied layers, simultaneous soil-fluid-structure interaction, and regain in soil
strength due to dilative soil behavior without the need for a sophisticated constitutive model, spe-
cial interface elements, or many simplifying assumptions [73—75]. The familiar trends captured by
the coupled SPH-DEM method are, unlike the continuum-based techniques, direct results of mi-

cromechanical mechanisms such as local volumetric strain due to rearrangement of soil particles,
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changes in the average number of contacts between soil particles, and mutual interactions between
soil grains, structure, and fluid. Compared to the continuum-discrete techniques (in which the fluid
domain is discretized into large fixed cells), it can handle much more complicated model geome-
tries, as the SPH particles can be placed in different configurations to fit the model requirements.
In addition, the presence of shallow foundation requires moving impermeable boundary conditions
that pose a big challenge for the fixed-mesh techniques. Finally, compared to the pore-scale meth-
ods such as LBM-DEM, it is computationally far less demanding while displaying comparable
accuracy [76]. The main drawback of this technique is the fact that the fluid is assumed to be
weakly compressible, which can be compensated for by using a large enough numerical speed of
sound that limits the density fluctuations to very small values.

The authors previously utilized the above-mentioned SPH-DEM method to analyze geotech-
nical problems involving soil liquefaction and large deformations, which showed qualitative con-
sistency with published experimental studies [73—75, 77]. In this paper, the ability of this cou-
pled scheme to model the seismic response of shallow foundations resting on liquefiable soil is
examined. This study aims to assess its potential in analyzing soil-fluid-structure interaction by
qualitatively comparing the results with the observations reported in published centrifuge studies.
The saturated soil layer was created using DEM and SPH particles. The foundation was modeled
by a collection of DEM particles that were glued together by high-stiffness parallel bonds to act
as a single rigid block. A model with average footing contact pressure of 50 kPa was created and
subjected to a strong seismic base excitation. Different aspects of the response such as excess pore
pressure buildup, soil deformation, average particle acceleration, degradation of soil strength and
stiffness, foundation settlement, and dynamic soil-footing interaction were evaluated. Moreover,

the viscosity of the pore fluid was changed to analyze the effect of soil permeability on the seismic
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response of soil-foundation systems.

2 COUPLED SPH-DEM SCHEME

In the proposed coupled scheme, SPH was employed to solve the equations of fluid motion. In
SPH, the fluid domain is replaced by a set of discrete particles holding local fluid properties such
as density and pressure [78]. The average forms of continuity and momentum equations were dis-
cretized through interpolation of various quantities over the influence domain of any given particle.
The equation of state for weakly compressible fluid was utilized to evaluate the fluid pressure based
on the local density. In addition, negligible density fluctuations were ensured by setting the numer-
ical speed of sound to a proper value. Soil particles were modeled by rigid spherical particles in
DEM with rolling friction between them to limit their unrealistic relative rotations. The coupling
forces between the soil and fluid were also quantified using well-established semi-empirical rela-
tions, in which the interactions are calculated based on the local porosity and relative velocities
between the two phases. The DEM cycles were performed using the PFC3D software [79] and the
SPH part of the coupled scheme was implemented using a user-written Cython code and linked
to the PFC3D environment. The fluid and solid phase equations were solved using explicit time
integration schemes. A constant value was selected for the DEM timestep. The SPH timestep
was assumed to be N times the DEM timestep, where N is an integer. This means that N DEM
computation cycles should be performed per one SPH cycle. The first step in a single SPH-DEM
computational loop is to calculate the fluid particle properties such as porosity and pressure. The
interaction forces are next obtained based on the latest positions and velocities of DEM particles,

and the interpolated porosities at their locations. Then the SPH particle densities, velocities and
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positions are updated according to the variation rates of density and velocity computed from their
pressure, superficial density and the coupling forces. Finally, the interaction forces are applied to
the solid particles and N DEM cycles are performed to get the updated particle positions and ve-
locities. The new positions and velocities are then sent as inputs to the SPH algorithm and the next
loop begins. A schematic view of the SPH-DEM model is presented in Fig. 1.

Due to some major issues, it was not possible to conduct a one-to-one comparison with
published centrifuge studies on the response of shallow foundations resting on liquefiable soils.
Some of these difficulties were: 1) The dissipation phase in the centrifuge studies usually takes
several minutes or longer due to relatively low soil permeability. Conducting a similar experiment
using the presented coupled scheme on a desktop computer would lead to impractical simulation
times. 2) The model setup in the centrifuge tests requires the lateral boundaries to be placed far
away from the foundation block in order to represent the free-field conditions. Such large models
would need a huge number of DEM particles to simulate and the computational costs would be
immense. 3) In most centrifuge studies, the dynamic soil properties are not fully described which
makes it very difficult to create a relatively accurate numerical model of the real soil deposit. In
view of these difficulties, a building block approach was adopted by the authors to validate the
proposed coupled SPH-DEM model [73, 74]. The main coupling parameters between the fluid and
particles in this model stem from porosity calculation, averaged solid particle velocities and the
resulting drag force. Therefore, a simulation was performed to examine the ability of the model
to correctly predict the drag force on a few settling particles in a fluid column [73]. Since this
system has a diluted concentration of particles, it presents an extreme in computing porosity and
associated drag forces. It also includes the challenge of large solid particle velocities. Additionally,

another extreme situation in which flow in a dense stagnant arrangement of a porous medium was
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considered to examine the ability of the fluid code to accurately predict fluid velocities in such a
dense packing [74]. More validation cases for the coupled SPH-DEM scheme can be found in Wu
et al. [72], He et al. [80], Wu et al. [81]. A description of the model components are provided in

the following sections.

2.1 Fluid phase

The motion of solid-fluid mixture is governed by the averaged forms of Navier-Stokes equations as

described by Robinson et al. [82]:

d
(';ff)W-(npfu) =0 (1)
a<ngtfu)+v.(npfuu) = —VP%—V.‘lH—npfg—fint (2)

in which p is the fluid density, 7 is the porosity, P is the fluid pressure, T is the viscous stress
tensor, fi" is the fluid particle interaction force, g is the gravitational acceleration vector and u is
the fluid velocity. To avoid confusion, hereafter, the subscripts i and j are used for the SPH particles
and a and b indicate the DEM particles. In this study the Wendland kernel function is chosen as the

smoothing function [83]:

W(le|,h) = ap(1—9)*(1+2g) 0<q<2
3)
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in which g = %' and 0p = 5. Applying SPH particle summation, Egs. 1 and 2 can be rewritten
as:
d niP;
<dl‘p) = ijuij.ViW(‘rij’,h) (4)
J

duy; P; P; W(}I‘ij ,h) 4 fint

— = —) m; + +Rii(———= ) |ViW(|rj|,h) +IL;; + — +g (5)

d Lo * oy R apoy ) 1YW ral )+ T e

with uj; being the relative velocity vector, P; fluid pressure evaluated at the location of particle i,
R;; the tensile instability term to prevent particles from forming small clumps and II;; the viscosity

term. R;; and II;; are defined as [84, 85]:

mj(/.l,' +,uj)rij.V,~W(|rij\ ,h)

m; = L U (6)
7 pip(|ry|s +0.0142)
0-01[%4‘%] P;>0and P; >0
R;j = (nipi) (njp;) o
P Pj .
0'2[ (nip:)2 ;p,)2 ] otherwise

The porosity at the position of a fluid particles can be estimated by particle summation over all

DEM particles present within its kernel radius:

ni=1-=Y W(ral,h)V, 8)

a

in which |ry;| is the distance between fluid particle i and DEM particle a and V,, is the volume of the

DEM particle. The weakly compressible equation of state is used to calculate the fluid pressure.

10
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This equation provides a relationship between the fluid pressure and its density [86]:

2

= "O;s <<%>Y—1> )

P

where pg is the reference density, ¢ is the numerical sound speed, and 7 is usually set to 7. The
numerical speed of sound is usually considered to be 10 times higher than the maximum fluid
velocity to limit the fluctuations of the fluid density to less than 1% of its initial value [86].

In this paper, the solid boundaries for SPH particles are treated in the same manner as
described by Adami et al. [87]. In this approach, the solid boundary is represented by two layers
of dummy particles. These particles compensate for the domain truncation near the boundary and
provide kernel support for the adjacent fluid particles. To ensure no-slip boundary condition the

velocities of the dummy particles are extrapolated from the surrounding fluid particles:

~ Z]ujw(‘rWJ‘ 7h)
L (an
" ZjW(‘rwj‘ 7h>

in which uy is the prescribed wall velocity. In addition, in order for the dummy particles to produce
correct pressure gradient near the boundary, the pressure and density of wall particles should also

be calculated from the neighboring fluid particles:

L PiW ([rws| 1) + (8 —aw)- £ pjrwiW (| rws| . 1)

P, = (12)
Z]W(|rWJ’7h)
P, 1
Pw = po(§+1)Y (13)
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Periodic boundaries represent a condition where the domain is extended infinitely on the
sides. The implementation of this type of boundary condition is rather straightforward in SPH.
In this case, the two sides of the model are considered adjacent to each other and, therefore, the
truncated support domain of a particle close to one side is completed by contributing particles on
the opposite side. In addition, if a particle crosses a periodic boundary it will re-enter the domain

from the other side with the same velocity.

2.2 Particulate phase

In the linear contact model, the interaction of DEM particles is described by a set of normal and
shear springs and dashpots. The relative particle movements produce normal and shear elastic
forces in the springs, and the viscous behavior is provided by the dashpots. In granular systems, the
energy dissipates through various micro-mechanical processes, such as contact adhesion, surface
roughness and particle non-sphericity [79]. When the soil grains are idealized as spherical DEM
particles, the effects of particle shape on the energy loss during relative rotation of particles, can
be compensated for by addition of rolling friction between particles [88—91]. In this study, the
rolling resistance contact model is utilized which is similar to the linear contact model, but with
the difference that the relative rotation of particles generates a moment that resists their motion and
acts as an energy dissipation mechanism [79]. It should be noted that, in general, energy dissipa-
tion in DEM stems mainly from inter-particle sliding-induced friction as particles slide, which is
accounted for in the simulations [92]. In this sense, material damping is inherently accounted for

in the simulations and its actual magnitude depends on the level of sliding between contacts.

12
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2.3 Fluid-particle interaction

The force applied by the fluid on the DEM particle a can be resolved into the drag force (FY) and
pressure gradient force (FF) [93]:

Fi't =Fp +F} (14)

The semi-empirical relation proposed by Ergun [94] is used to estimate the fluid drag force based

on the local porosity and the relative velocity between the two phases:

(Up —uy) (15)

where u, is the average local fluid velocity, u, is the solid particle velocity, V, is the solid particle
volume, P is the interphase momentum exchange coefficient and n, is the average local porosity. B

can be obtained from two separate relations based on the local porosity [94]:

Ng

= (16)

0.75C, L") p [, — wy| ;267 ng > 0.8

1502l 2 4 1.75(1 — 1) & B —wa| 0 < 0.8

in which yu is the dynamic viscosity of the fluid, d,, is the solid particle diameter and Cy is the drag

coefficient given by:

- (140.15ReY%7)  Re, <1000
Cq= (17)

0.44 Re, > 1000

13
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Re, is the particle Reynolds number that can be calculated from [95]:

(18)

The fluid particle i will also receive reaction forces from all DEM particles within its support

domain:
;nt — _@ ‘n/‘:i(|r3i| 7h) F;nt (19)
Pi T L) 5t W ([raj 1)

3 Computational Models

A soil-foundation system with an average footing pressure of 50 kPa was created utilizing the
described coupled SPH-DEM scheme and used in the numerical simulations. The same saturated
deposit without the foundation was used to simulate the free-field conditions. The soil-foundation
model was meant to represent an isolated square footing along with its supporting soil in a group
of footings. Figure 2 shows the assumed arrangement of the square footings in a liquefaction-
prone site. The foundation blocks were 0.8 m thick, 3 mx3 m in lateral dimensions, and equally
spaced at center-to-center distances of 7 m. The soil deposit was assumed to be a 4.25-m saturated
sand layer underlain by a bedrock. Since a repeated pattern can be detected in this setup (Fig. 2),
only a small area enclosing a single footing (shown with dashed lines) was selected and periodic
boundary conditions were applied to its lateral sides. These boundaries simulate a condition where
the model is periodically repeated on its sides, as can be seen in this case. A rigid wall was placed
at the bottom of the domain to represent the bedrock. Similar to centrifuge experiments, a high

gravitational field of 50g was employed in the numerical simulations to downscale the prototype to

14
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a practical size. This way, the number of DEM particles can be drastically reduced, as the centrifuge
scaling laws dictate that the model dimensions must be scaled down by a factor of 50 under this
strong gravitational acceleration. This means that the footing and soil deposit dimensions were
reduced to 6 cmx6 cmx 1.6 cm and 14 cmx 14 cmx8.5 cm, respectively. The values presented
in this study are exclusively in prototype units unless otherwise specified. Note that the employed
high gravitational field and associated high stresses do not cause particle crushing and therefore the
grains remain essentially spherical. Further, since the objective of this study is liquefaction, only
dynamic time scaling is observed and not consolidation time scaling as typically done in centrifuge
testing.

DEM particles with sizes ranging from 1.5 mm to 2.5 mm (similar to grain sizes of coarse
sand) were selected for the conducted simulations. Note that, due to computational limitations, the
ratio of foundation width to the average grain size in the deposit was about 30 which is slightly
less than the limit of 35 recommended in centrifuge testing of shallow foundation to minimize
the effect of the number of particles at the interface between soil and foundation on the response
of the system [96]. To create the soil deposit, first, the approximate number of particles were
calculated based on the average particle size, the model volume, and the desired porosity. Then
they were generated in a relatively large space and released to settle under the gravitational force.
The average porosity and the saturated unit weight of the final deposit were determined to be
approximately 0.43 and 19 kN/m?, respectively. SPH particles with spacing and smoothing length
(h) of, respectively, 4 mm and 6 mm were introduced into the domain to fully saturate the deposit.
Periodic boundary conditions were also enforced at the lateral sides of the fluid domain. A no-
slip no-penetration boundary layer was created at the bottom of the model, where the bedrock

was located. Due to the high gravitational field of 50g and the relatively large particle sizes used
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in this study, a fluid with a much higher viscosity compared to water was employed so that the
permeability of the assembly of particles would fall within the acceptable range for sands. The
prototype fluid viscosity was initially set to 0.02 Pa.s (1.0 Pa.s in model units). According to
the Kozeny-Carmen equation and based on the model properties, the initial soil permeability was
estimated to be around 3 mm/s (same order of coarse sand) [97]. The shallow foundation consisted
of DEM particles that were glued together by very high-stiffness parallel bonds [79] to simulate a
rigid block. Clumped particles could more accurately represent a rigid body, however, due to some
implementation difficulties associated with tracking of individual pebbles constituting a clump,
parallel bonds were used instead in this study. The density of foundation particles was adjusted
so that the footing would impose the target pressure of 50 kPa. In order to make all sides of the
foundation block impermeable to fluid, SPH particles were placed at the position of DEM particles
constituting the blocks surface. Each pair of these co-located SPH and DEM particles acts as a
single hybrid particle that receives hydrodynamic forces from the surrounding SPH particles and
interacts with the DEM particles at the contact points. This method is commonly used in fluid-
structure interaction problems using SPH [72]. The footing was placed on the soil layer surface and
the model was allowed to reach equilibrium. A 3D view of the modeled soil-shallow foundation
system and a summary of the parameters used in the DEM simulations are provided in Fig. 3 and
Table 1, respectively.

Prior to performing the main simulations, it was necessary to obtain the soil mechanical and
dynamic properties. Therefore, a numerical drained triaxial test was first performed on a sample
with the same microscale properties and packing density as the main deposit, and the soil friction
angle was found to be around 30 degrees. According to the general bearing capacity equation

[98], the ultimate static bearing capacity of the shallow foundation neglecting neighboring footings
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effects was approximately 185 kPa, which yields a static safety factor of 3.7. The saturated deposit
was then excited with a small acceleration amplitude of 1073g and the cyclic shear stress-strain
loops were plotted to obtain the low strain shear modulus, which was approximately 25.2 MPa.
The level of strains induced by this weak excitation was very low and, therefore, the soil stress-
strain behavior was almost perfectly linear. The shear wave velocity and the fundamental frequency
of the deposit were calculated based on the low strain shear modulus and determined to be around

114 m/s and 6.7 Hz, respectively.

4 Computational Simulations

A seismic signal with a maximum amplitude of 0.25g and a frequency of 3 Hz was introduced
into the models through the bedrock. The input acceleration followed a sinusoidal pattern in which
the amplitude linearly increases to reach its maximum during the first 3 seconds. It then remains
constant for the next 4 seconds (from 3 s to 7 s) and finally, it linearly decreases to zero in the last
second (from 7 s to 8 s). Different quantities were recorded throughout the simulations, such as
excess pore pressure, average particle acceleration, coordination number, stress and strain tensors,
forces exerted on the foundation by the soil and fluid, and foundation acceleration and settlement.
The data was collected within measurement volumes distributed over a plane parallel to the shaking
direction and crossing the models center. The location of the measurement volumes are illustrated
in Fig. 4. In this section, first, the seismic response of the saturated deposit overlain by the founda-
tion is examined and compared to the free-field. Then different aspects of the foundation response
are investigated. Finally, the effect of soil permeability on the behavior of the soil-foundation

system is analyzed.
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4.1 Response of saturated deposits

Figure 5 shows the time histories of excess pore pressure ratio (EPPR), which was defined as the
ratio of excess pore pressure to the initial vertical effective stress, during the simulations at different
locations. In the free-field model, the evolution of EPPR seems to be almost identical at locations
with the same depth. It developed faster near the surface layers and the value of one, which is
indicative of liquefaction, was reached in almost the entire deposit. The observed trends were
different for the deposit overlain by the foundation. It can be noticed that EPPR was generally
much lower than the free-field model, especially below the foundation center (locations 9-12). In
addition, contrary to the free-field case, EPPR decreases moving toward the surface at locations
5-8 and 9-12, suggesting that the foundation had a favorable effect in reducing the liquefaction
susceptibility in their adjacent regions. The trend is reversed at locations 1-4, where similar to the
free-field, the maximum EPPR increases moving upward and values close to one were reached at
the top layer (depth of 1 m). The response at locations 1-4 between the footings, however, is not
quite the same as the free-field. This outcome was expected as a lateral distance of 2B (B is the
footing width which in this case is 3 m) from the footing center is generally required so that free-
field conditions can be assumed [11, 99]. Locations 1-4 have a horizontal distance of 3 m from the
centerline and, therefore, their responses were still affected by the foundations. Smaller or even
negative EPPR underneath the footings was reported in many centrifuge studies (e.g., [12, 13, 18]).
The profiles of excess pore pressure in the free-field and the soil-foundation system are presented
in Fig. 6. According to this figure, the top 2.5 m of the free-field model liquefied during the seismic
loading (Fig. 6a). Liquefaction first took place near the surface and then it propagated toward

the model base. However, dissipation of excess pore pressure started from the base and then it
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happened in the upper layers. In the soil-foundation system, only the surface layers (top 1.5 m)
near the model lateral boundary liquefied (Fig. 6b) and at locations close to the footing (Fig. 6¢ and
d), the excess pore pressure was significantly smaller than the initial effective stress.

The foundation reduces the liquefaction potential of the supporting soil in two major ways:
(1) by increasing the initial effective stresses, and (2) by inducing dilative response in the underlying
soil. Figure 7 shows the accumulation of volumetric strain at different locations throughout the
deposits. According to this figure, negative volumetric strains or, in other words, contraction of pore
spaces occurred in the entire free-field sand layer that resulted in large excess pore pressure buildup
and full liquefaction of the deposit. In the soil-foundation system, however, development of positive
volumetric strains under the footing is evident, signifying soil dilative behavior. This expansion of
pore spaces is partly responsible for the considerably lower EPPR beneath the footing compared
to the free-field. Moving horizontally or vertically away from the footing, the dilative response
becomes less pronounced. The contours of maximum EPPR reached during the entire course of
each simulation and the total volumetric strain are provided in Fig. 8. The two sets of contours are
consistent in that EPPR was much lower inside the expansive zone below the foundation compared
to the sides where the volumetric strain was mostly negative. As discussed earlier, no signs of
dilation can be detected within the free-field model and the entire deposit liquefied.

The dilative response of the foundation soil arises from soil shearing due to footing-induced
static shear stresses and lateral outflow of soil grains [12, 13]. Figure 9 shows the contours of
maximum static shear stress at the start of the soil-foundation simulation. In order to obtain these
contours, the stress tensors were recorded inside a large number of measurement spheres throughout
the deposit. Then the principal stresses were calculated using eigenvalue analysis at each location

and the maximum shear stresses were subsequently obtained. A circular area of high intensity can
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be detected below the footing. Going down from the surface, the magnitude of maximum shear
stress decreases while the influence domain almost linearly expands.

Figure 10 shows the contours of shear strain at different time instants during the seismic
loading. According to these contours, no significant shear strain developed during the first 3 sec-
onds of shaking. Around the 5 s mark, shear strain started to accumulate mostly below the foun-
dation edges and its magnitude gradually increased until the end of shaking (8 s). It is also evident
from this figure that the accumulated shear strains at the two sides of the model had similar magni-
tudes but opposite signs. These contours are consistent with the shear strain contours presented by
Adamidis and Madabhushi [19], and Macedo and Bray [34]. The contours of horizontal, vertical
and total displacements at the end of simulations are presented in Fig. 11. In the free-field model,
the particle displacements were mostly vertical and the horizontal component was negligible. This
means that most of the deformation was volumetric and the deviatoric part was insignificant. In
addition, larger deformations took place in the shallow layers that reduced to almost zero at the
model base. The contours look very different for the soil-foundation system. The horizontal dis-
placement contours show large deformations below the footings edges (Fig. 11b). The particles
motion on the left and right sides seems symmetrical and away from the centerline. The maxi-
mum vertical displacement was located directly below the footing with a maximum value of more
than 40 cm (Fig. 11a). A ground upheaval of higher than 10 cm can also be noticed at both sides
of the model. It can be deduced from the results that the deviatoric deformation was the govern-
ing mechanism behind ground settlement in the case of soil-foundation system as the volumetric
strains below the foundation were mostly positive (Fig. 8b). These contours are consistent with
the patterns presented in the published studies by Zeybek and Madabhushi [17], and Adamidis and

Madabhushi [19]. The deformation mechanism in the soil-foundation model can be better seen in
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Fig. 12. Three zones were detected based on the deformation patterns at various locations. In a
triangular-shaped area directly below the foundation, generally larger deformations occurred which
were almost completely vertical toward the base. The displacement patterns were, however, quite
different in the regions on the two sides of the foundation, in which the soil particles moved to
the sides and upward toward the surface. These patterns can be explained by the fact that as the
foundation soil settled, it pushed the weaker surrounding soil away (the confining pressure was
lower in these areas due to pore pressure buildup) and caused the ground surface to heave on both
sides. This mechanism is similar to the one proposed by Adamidis and Madabhushi [19] for a
foundation resting on a shallow soil layer. The difference between the two mechanisms, especially
near the lateral boundaries, is due to the fact that the model analyzed by Adamidis and Madabhushi
[19] consisted of an isolated foundation, but in this study, the response of a single foundation in a
group of foundations was investigated and, therefore, free-field conditions cannot be assumed for
the lateral sides of the model. Figure 13 demonstrates side views of the initial and final deformed
shapes of the models. Particles were colored in black and white to form horizontal and vertical
lines in order to better visualize the deformation mechanisms at various locations. In the case of
soil-foundation model, the concentration of shear strain under the footing edges is evident from
the distortion and rotation of the small square elements. For the free-field model, contrary to the
soil-foundation system, the overall shape of the square elements seems to have been maintained.
The time histories of ground settlement at the models center and near the left boundary of
the models are presented in Fig. 14. In the deposit with the foundation, the settlement started to
accumulate almost linearly after the first few seconds and continued until the end of loading. The
results show that the amount of ground settlement below the foundation was slightly higher than

40 cm. This value is significantly larger than what is accepted in the design of shallow foundations
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that limits the maximum settlement to 25 mm [98]. This indicates that while the foundation soil
did not reach full liquefaction marked by an EPPR of 1.0, there was enough stiffness degradation
that led to large deformations. The ground heave (around 10 cm) can also be seen at the boundary
location away from the footing. In the free-field model, the settlement histories look similar at the
two locations. The total surface settlement in this case is significantly lower than the other deposit
at approximately 5 cm. It is also worth mentioning that a relatively large magnitude (31%) of
free-field settlement happened post-shaking due to soil reconsolidation. This is contrary to the soil-
foundation system in which almost the entire settlement occurred during seismic loading. These
observations are in agreement with the results of reported centrifuge studies (e.g., [13]).

Figure 15 demonstrates the time histories of average particle acceleration at different lo-
cations inside the free-field model and the soil-light foundation system. A significant decay of
acceleration after the first 3 seconds of loading (around the onset of liquefaction) is visible at all
depths of the free-field model. This attenuation of input motion was much more pronounced in the
shallow layers where it almost completely vanished (Fig. 15a). Figure 15b shows a different trend
for the deposit with the foundation. The reduction in the acceleration amplitude was far less signif-
icant compared to the free-field, especially under the footing center (locations 9-12). At location 5,
which is located below the footing edge, the acceleration time history was asymmetrical and nega-
tive spikes can be observed. Similar patterns were reported in the published centrifuge studies [13]
and were attributed to the large lateral deformations below the foundation corners (Fig. 11). The
acceleration histories were, however, fairly symmetrical in other locations thanks to development
of smaller shear strains.

The pore pressure-induced deamplification of input motion is due to separation of soil par-

ticles from each other that prevents the full transmission of propagating waves to the upper layers.
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The contours of initial coordination number (average number of contacts per particle) and the min-
imum coordination number reached during the entire course of each simulation are provided in
Fig. 16. It can be seen that before the application of base excitation, the coordination number in
the models was generally higher than the threshold value of 4 required for a stable packing of par-
ticles [13]. In the free-field model, the coordination number dropped far below 4.0 during shaking
everywhere within the deposit. It seems reasonable since, as shown in Fig. 8, the entire deposit
liquefied in this case. This also explains the considerable drop in the acceleration amplitude in the
free-field. In the soil-foundation system, the coordination number fell below 4 in most parts of the
deposit but the reduction was not as significant as in the free-field and, therefore, the acceleration
amplitudes were maintained at higher levels compared to the free-field. In the dilative region below
the foundation, the minimum coordination number was evidently higher than the two sides due to
lower EPPR in this area.

The cyclic shear stress-cyclic shear strain loops for the free-field model and the soil-light
foundation system are presented in Fig. 17. The soil strength and stiffness deteriorated quickly after
few loading cycles at all locations within the free-field deposit. The loops became almost perfectly
horizontal by the end of simulation except for the bottom layer where the soil maintained some of
its stiffness. For the soil-foundation system, the degradation of soil strength and stiffness was much
less apparent, especially in the middle area below the footing (locations 9-12). According to this
figure, the cyclic loops formed asymmetrical shapes at locations 5-8 and 13-16, which were located
below the footing edges. These shapes were due to soil dilative behavior caused by the lateral
spreading of particles in these regions and a temporary gain in soil strength and stiffness. The static
shear stresses had different signs at locations 5-8 and 13-16. Therefore, the dilative behavior and

orientation of the loops were in the opposite directions. Figure 18 shows the plots of cyclic shear
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stress versus shear strain (non-cyclic) for the soil-foundation system. The net horizontal shear strain
was almost zero in the area under the footing centerline (locations 9-12) which is reasonable due to
the model symmetry. However, development of large shear strains (around 30%) at locations below
the footing edges can be seen (locations 5-8 and 13-16). According to the results, the accumulation
of shear strain mainly occurred during periods of negative cyclic shear stress at locations 5-8.
This is because of the fact that the total negative shear stress momentarily surpassed the soil shear
strength due to the combined effect of the footing-induced negative static shear stresses and the
negative cyclic shear stresses caused by the seismic loading. A similar argument can be made for
locations 13-16 to explain why positive cyclic shear stresses result in large shear deformations.
The effective stress paths for the free-field deposit and the soil-foundation model are pre-
sented in Fig. 19. In the free-field, the confining effective stress and cyclic shear stress gradually
reduced and almost disappeared everywhere in the deposit. This continuous reduction of confining
effective stress during loading cycles, especially in the shallow layers, is indicative of soil contrac-
tive response in the free-field. Zero effective stress, however, was not reached at any location in
the soil-foundation model and its reduction was noticeably less significant under the footing center
(points 9-12). At locations 5 and 6, the inclination of the loops was to the left while it was in the
opposite direction at points 13 and 14. The soil exhibited dilative behavior and temporarily re-
gained some of its strength when the cyclic shear stress was negative at points 5 and 6. Therefore,
considerably larger effective confining pressures were produced at negative cyclic shear stresses
and the loops became inclined to the left. Conversely, at points 13 and 14, positive cyclic shear

stresses led to dilative behavior and higher effective stresses.

24



481

482

483

484

486

487

488

489

490

491

492

494

495

496

497

498

499

500

501

502

4.2 Response of foundation block

Figure 20 shows the time histories of vertical forces (normalized by the footing weights) exerted
on the foundation block by the fluid and the underlying soil as well as the total resultant force. The
normalized fluid force reached the maximum value of approximately 0.25 during the simulation.
As the excess pore pressure increased, a gradual reduction in the average force applied by the
underlying soil occurred. It can be seen that the total normalized vertical force oscillated around
the value of 1. According to this figure, the ground reaction was responsible for most of these
fluctuations. After the end of loading, the pore pressure-induced force started to slowly decrease to
the buoyancy force and the soil reaction force simultaneously increased.

Figure 21 demonstrates the plots of foundation settlement versus horizontal displacement,
rotation and time. The net foundation sliding was to the left with an amount of approximately
5 mm. The cyclic horizontal displacements of the foundation were markedly larger during the
first loading cycles and then they decreased as pore pressure continued to build up. According to
the results, the net rotation of the foundation was approximately 0.005 rad. The final foundation
settlement was higher than 40 cm, which indicates unacceptable levels of ground deformation by
most design codes that cap the allowable settlement to 25 mm (e.g., [98]).

The plots of cyclic horizontal force-horizontal displacement and cyclic moment-rotation
at the base center point of the foundation are presented in Fig. 22. The horizontal force and the
moment acting on the foundation were obtained by directly monitoring the contact forces between
the foundation block and the underlying soil, as well as the forces exerted by the fluid. The force-
displacement loops cover relatively small areas, meaning that fairly small amount of energy was

dissipated through the foundation sliding. The degradation of horizontal stiffness was negligible
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according to the results. However, a significant decrease in the amplitude of cyclic horizontal
forces on the foundation during seismic loading can be seen. This can be explained by the de-
cay of ground acceleration below the foundation due to partial loss of soil stiffness. The cyclic
moment-rotation loops encompass much larger areas, signifying a higher level of rotational damp-
ing and energy dissipation during rocking motion. This plot exhibits highly non-linear behavior
after the first few loading cycles. In addition, the rotational stiffness progressively reduced as the
pore pressure buildup continued, and was recovered by the end of loading as the cyclic rotational
movements diminished. According to this figure, the moment capacity gradually reduced as the
shaking progressed. This, again, can be attributed to pore pressure-induced degradation of ground

acceleration.

4.3 Effect of soil permeability

As mentioned earlier, the fluid viscosity in the models was initially set to 0.02 Pa.s (1.0 Pa.s in
model units) which led to a soil permeability of approximately 3 mm/s. In this section, the same
soil-foundation model is saturated with fluids with higher viscosities of 0.1 Pa.s and 0.2 Pa.s (5.0
Pa.s and 10.0 Pa.s in model units) to decrease the soil permeability to 0.6 mm/s and 0.3 mm/s,
respectively, and the responses are discussed. The trends observed in this section are qualitatively
compared to a similar centrifuge study conducted by Liu and Dobry [12].

Figure 23 shows the time histories of EPPR within the models with different values of the
coefficient of permeability. According to this figure, away from the footing at locations 1-4, EPPR
increased by decreasing the soil permeability. It can also be seen that the pore pressure dissipated
at much lower rates in the deposits with the lower permeability. This trend was reversed near the
footing and EPPR was generally smaller in the lower-permeability deposits, especially at locations
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9-12. The temporary formation of negative EPPR was also observed at locations 5-6 and 9-10 in
the deposits with coefficients of permeability of 0.6 mm/s and 0.3 mm/s. These observations are
consistent with the results presented by Liu and Dobry [12].

This trend can be explained by the fact that the total excess pore pressure generated at each
location is the sum of the local pore pressure buildup due to soil volumetric strain and the pore
pressure induced by the migration of pore fluid within the deposit [12]. As the soil permeability
decreases, the contribution of the second parameter reduces because the movement of pore fluid
becomes more difficult and, as a result, the response gets closer to the undrained condition. The
contours of the excess pore pressure at different time instants are provided in Fig. 24. As shown
in Fig. 7, the net volumetric strain was positive below the footing due to the static shear stresses
in this area while the side locations were less affected by the presence of footing and exhibited
negative volumetric strain. Therefore, in the high-permeability deposit (Fig. 24a), larger excess
pore pressures developed at the sides compared to the middle early in the simulation (t=2.5 s).
This trend continued at t=5 s, however, despite the expansion of pore spaces below the footing,
the excess pore pressure had positive values throughout the deposit. By the end of loading (t=8
s), the excess pore pressure equalized in the shallow layers and even higher pressures developed
immediately below the foundation. Liu and Dobry [12] also reported larger maximum excess pore
pressures below the footing compared to the sides in a highly pervious deposit, which was attributed
to the fluid migration during loading and the higher capacity for pore pressure buildup due to larger
confining pressures in this area. It can also be seen that the excess pore pressure almost completely
dissipated in the model with the permeability of 3 mm/s by the end of simulation (t=20 s). In the
deposits with lower permeability (Fig. 24b and c), relatively large negative excess pore pressures

developed under the footing while the values were positive at the sides. These negative pressures
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existed until the end of loading (t=8 s) in the case of deposit with the lowest permeability (k=0.3
mm/s). In addition, it took much longer for the excess pore pressure to equalize at different depths
in the lower-permeability deposits (k=0.6 mm/s and 0.3 mm/s). It is also worth noting that, except
for the highest-permeability deposit (k=3 mm/s), the excess pore pressure did not fully dissipate by
the end of simulations.

Figure 25 shows the vectors of fluid velocity relative to soil skeleton at different time in-
stants on a plane perpendicular to the shaking direction and passing through the center of the footing
inside the deposits with the permeability of 3 mm/s and 0.6 mm/s. The results for the deposit with
the permeability of 0.3 mm/s are not shown due to very small fluid velocities that made the results
difficult to interpret. It is evident from Fig. 25a that a strong fluid flow formed after a few seconds
of shaking (t=2.5 s) from the sides toward the center in the model with the permeability of 3 mm/s,
and its intensity increased as the dynamic loading progressed (t=5 s). This pore fluid migration
quickly shrank the gap between the excess pore pressure at the sides and below the footing and, as
shown in Fig. 24a, the excess pore pressure equalized even before the end of loading. During the
dissipation phase (t=10 s), since the excess pore pressure reached higher values below the footing
compared to the sides, the migration of pore fluid was mostly outward and away from the footing.
According to Fig. 25b, the fluid velocity vectors during shaking were also mostly toward the center
but with much lower magnitudes in the deposit with the lower permeability of 0.6 mm/s. This weak
fluid flow postponed the equalization of excess pore pressure and, as demonstrated in Fig. 24b, the
pressure gap remained large by the end of loading (t=8 s). Since the excess pore pressure was not
evened out during shaking, the migration of pore fluid to the expansive zone below the footing
continued even post-shaking (t=10 s).

Figure 26 shows the time histories of ground settlement below the footing and away from it
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near the left boundary of the soil-light foundation models with different soil permeability. Accord-
ing to this figure, decreasing the soil permeability resulted in lower footing settlement and ground
upheaval. The total footing settlement was around 41.5 cm, 27.1 cm and 22.1 cm for the deposits
with permeability of 3 mm/s, 0.6 m/s and 0.3 mm/s, respectively. The smaller ground deformation
in the deposits with lower permeability was due the fact that smaller excess pore pressures devel-
oped below the footing in these cases and the soil maintained a larger magnitude of its strength
and stiffness. While the total ground settlement decreased in the lower-permeability deposits, they
experienced larger post-seismic settlements. The contribution of post-seismic settlement in the de-
posits with permeability of 3 mm/s, 0.6 mm/s and 0.3 mm/s was, respectively, 1.6%, 5.5% and
7.9% by the end of simulations. The final values could be higher (especially in the case of lower
permeability) as the pore pressure did not completely dissipate by the end of simulations. These
results are in agreement with the observations reported by [12]. In Fig. 27, the foundation settle-
ment versus foundation width (both normalized by the thickness of the liquefiable soil layer) are
shown along with the empirical boundary curves presented by Liu and Dobry [12] and the results
of different centrifuge studies. It can be seen that the normalized foundation settlements recorded
in this study fell within the predicted range. The time histories of footing acceleration are presented
in Fig. 28. According to this figure, the footing experienced larger accelerations when the perme-
ability of the underlying deposit was lower. This can be attributed to the milder degradation of soil

stiffness in the lower-permeability deposits.
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5 Conclusions

A fully coupled particle-based scheme was utilized in this paper to model the seismic response
of shallow foundations resting on liquefiable soil. The soil was modeled as an assembly of rigid
spherical particles using DEM and the fluid domain was discretized into a set of lumped fluid par-
ticles in SPH. The motion of the multiphase mixture was described by averaged forms of Navier-
Stokes equations, and the interaction forces between the two phases were quantified utilizing well-
established semi-empirical relations. The foundation was created using a collection of DEM par-
ticles glued together by high-stiffness parallel bonds to move as a single rigid block. The density
of particles constituting the foundation block were adjusted to achieve the desired contact pres-
sure. In addition, hybrid particles were placed at the block surface that interact with DEM particles
and simulate impermeable boundaries for the SPH particles. In this study, each simulation took
approximately 8 days (on average) to finish using a 52-core CPU.

A saturated soil-foundation system with an average contact pressure of 50 kPa was created
using the described technique. Then it was subjected to a strong seismic base excitation and the re-
sponse was analyzed and compared to the free-field. The results showed good consistency with the
observations reported in the centrifuge studies. While the free-field model fully liquefied, EPPR
was substantially lower in the soil-foundation system, especially in the zone below the footing.
The lower liquefaction potential in this region was due to higher initial confining pressures and the
static shear stresses produced by the footing that led to soil dilative behavior. The ground settle-
ment was significantly larger under the footing compared to the free-field and exceeded acceptable
design limits. This indicates that while the foundation soil did not reach full liquefaction marked

by an EPPR of 1.0, there was enough stiffness degradation that led to large deformations. The large
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deformation occurred mainly near the foundation edges due to the relative ease of the soil to move
laterally away from the footing and up to the ground surface as a result of the low confining pressure
in those areas. The results showed that the ground deformation in the soil-foundation system was
mainly due to deviatoric deformation and lateral outflow of particles below the footing that accumu-
lated almost entirely during shaking. However, the deformation vectors in the free-field model were
mostly vertical, indicating volumetric deformation. In addition, unlike the soil-foundation system,
a large part of the free-field settlement occurred post-shaking. The results also suggest appreciably
less degradation of soil strength and stiffness below the foundation due to lower EPPR developed
in the expansive area. Much higher energy was dissipated during cyclic rotational movements of
the foundation block than its horizontal movements. The degradation of rotational stiffness was
also more significant compared to the horizontal stiffness.

Additional simulations were performed to analyze the effect of soil permeability on the
seismic response of the soil-foundation model. The results revealed that as the soil permeability
decreased, EPPR reduced below the footing while it increased at the sides of the model. This
observation can be explained by the fact that the response in the lower-permeability deposits was
closer to the undrained condition due to slower fluid flow. Furthermore, the total foundation set-
tlement decreased by reducing soil permeability while the post-seismic settlement increased. The
foundation acceleration was higher for the models with lower permeability because the soil main-
tained a larger magnitude of its stiffness. Results of performed simulations show that the proposed

SPH-DEM framework can seamlessly model systems that involve soil-fluid-structure interaction.
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Table 1: Simulations details in model units

Soil deposit

Particle size 1.5 mm to 2.5 mm
Normal stiffness 5.0x10° N/m
Shear stiffness 5.0x10° N/m

Normal critical damping ratio 0.1
Shear critical damping ratio 0.0

Friction coefficient 0.5
Rolling friction coefficient 0.2
Density 2650 kg/m?

Approx. number of particles 215000

Viscous Fluid

Initial spacing 4 mm

Kernel radius 6 mm

Dynamic viscosity 1.0-10.0 Pa.s

Density 1000 kg/m>
Computation parameters

g-level 50

Time step for DEM 5x1077 s

Time step for SPH 2x107%s
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Figure 1: A schematic view of the SPH-DEM model
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Simulated area

Figure 2: Schematic configuration of the shallow foundations along with the selected simulation
zone
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Figure 5: Time histories of excess pore pressure ratio at different measurement locations
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Figure 7: Time histories of volumetric strain at different measurement locations
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Figure 9: Contour of maximum initial shear stress inside the deposit overlain by the foundation

56



(%) urens reays

t=35s

(9,) urens 1eays

— o "

t=3s

(%) urens reays

t=8s

(9%,) urens 1eays

= o

t=7s

Figure 10: Contours of shear strain at different time instants inside the soil-foundation system

57



(a) Free-field Soil-Foundation

-5

Vertical displacement (cm)

o
Vertical displacement (cm)

(b) Free-field Soil-Foundation

Horizontal displacement (cm)
Horizontal displacement (cm)

(C) Free-field Soil-Foundation

20

Total displacement (cm)

Total displacement (cm)

Figure 11: Contours of (a) vertical displacement, (b) horizontal displacement, and (c) total dis-
placement

58



in the soil-foundation system

1Sm

Deformation mechan

Figure 12

59



(a) Free-field Soil-Foundation

SR KES N EEERS
?§§§§§§§§§§&&m

SR
rrrirrriier

5 T 00 0000 2 0

b U 0 0 A T 4B V00 08 1 4
A ALIEIX I LR 5

- s 2 2 8 25 4 20 0 100
5 03500 0 8 0 DR 10

o piprirofenpebrt sl f b

(b) Free-field

RAsNusayasssan
fﬁﬁ&saﬁﬁﬁagamf

B

HRE:

we
of
o
4
b
%
LR
s »

Figure 13: (a) Initial shape of the models, and (b) deformed shapes at the end of simulations

60




Soil-Foundation Free-field

(a) | (b) ,

10! i -
TN - +
= | :
A . | : |
: E o
g 20 z ff ¥ |
D] 1 © 1
s 2 RS
-30 g5 T el :
: -
1 Im
_40 ! | | ]
0 10 20 10 20

Time (s)

Figure 14: Time histories of ground settlement (a) at the models center, and (b) near the left bound-
ary of the models

61



(a) Free-Field (b) Soil-Foundation

Input Input

A
=

| o
2| g
|2l |l
i | o0

S =
(V9] (e} [\S]
1

(e}

[\)

0o 2 4 6 8 10 0 2 4 6 8 10 2 4 6 8
Time (s) Time (s)

—_
(=]

Figure 15: Time histories of average particle acceleration at different measurement locations inside
(a) the free-field model, and (b) the soil-foundation system
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Figure 16: Contours of (a) initial coordination number, and (b) minimum coordination number
reached during simulations
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Figure 17: Cyclic shear stress-shear strain loops at different locations inside (a) the free-field model,
and (b) the soil-foundation system
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Figure 18: Plots of cyclic shear stress versus shear strain (non-cyclic) at different locations inside
the soil-foundation system
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(a) Free-Field (b) Soil-Foundation
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Figure 19: Time histories of effective stress path at different locations inside (a) the free-field
model, and (b) the soil-foundation system
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Figure 20: Time histories of vertical forces exerted on the foundation block normalized by its
weight
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Figure 21: Plots of foundation settlement versus horizontal displacement, rotation and time
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Figure 22: Plots of cyclic horizontal force-horizontal displacement and cyclic moment-rotation for
the foundation block
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Figure 23: Time histories of excess pore pressure ratio at various measurement locations within the
soil-foundation systems with different permeability coefficients
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Figure 24: Contours of excess pore pressure at different moments in the deposits overlain by the

foundation with permeability coefficients of (a) 3 mm/s, (b) 0.6 mm/s, and (c) 0.3 mm/s
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Figure 25: Vector fields of relative fluid velocity at different moments in the deposits overlain by

the foundation with permeability coefficients of (a) 3 mm/s, and (b) 0.6 mm/s
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Figure 26: Time histories of ground settlement (a) at the models center, and (b) near the left bound-
ary of the soil-foundation models with different permeability coefficients
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Figure 27: Foundation settlement versus foundation width, both normalized by the depth of lique-
fiable soil layer
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Figure 28: Time histories of foundation acceleration in the soil-foundation models with different

permeability coefficients
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