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ABSTRACT: Soil liquefaction induced by earthquakes can cause significant damage to
adjacent structures and lead to considerable economic loss. The mechanism and effects of soil
liquefaction have been studied extensively throughout the years. With the development of
computational tools and advanced constitutive models which can capture complex soil behav-
ior under various loading and drainage conditions, numerical modelling has become popular
for predicting liquefaction induced ground failure, deformations, and effects induced by this
phenomenon. This is particularly true for Soil Structure Interaction (SSI) problems where the
interaction between the liquefied soil and pile foundations is highly nonlinear and inherently
complex in nature. In this paper, we examine important considerations that must be taken
into account when numerically evaluating soil structure interaction effects due to liquefaction
including the capabilities of the constitutive model, boundary conditions, solution strategies
and soil-pile interface representation

1 INTRODUCTION

Problems in geotechnical earthquake engineering often involve complex geometries and
boundary conditions. This is exacerbated by the fact that soils are made of three phases, and
interaction between these phases play an important role in the global response. Moreover,
materials comprising the medium over which geotechnical problems are described behave
almost always in a nonlinear fashion. Natural material inhomogeneity caused by the way soils
are deposited, as well as human influence, bring other complexities to the problem. In add-
ition, the dynamic nature of earthquakes and their effects can rarely be considered in sim-
plified models while preserving all their important aspects, and interaction of structural
foundations (e.g., bridges, abutments or buildings) with the surrounding soil is also a major
aspect to consider in geotechnical earthquake analysis and design. Foundation geometry and
site soil topography (being natural or man-made) play an important role in this matter.
Among many geotechnical problems, of importance in seismically active regions, is the design
of bridge foundations considering different aspects of seismic and co-seismic events happening
during and after earthquake shaking. One of such events is lateral spreading. In this paper the
term lateral spreading is used to indicate large displacements of a soil mass caused by liquefac-
tion of the underlying cohesionless soil due to ground excitation. River-crossing bridge foun-
dations built on loosely placed cohesionless fluvial deposits are often subject to lateral
spreading. In such areas, soil layers are usually mildly sloped towards the river where liquefac-
tion of an underlying soil layer can lead to large deformations near the ground surface. As a
result, a large mass of dry soil crust can be pushed into the bridge foundation exerting passive
pressures and consequently increasing structural demands, leading to a hefty and expensive
design.
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This paper discusses important aspects to consider in the numerical analysis of lateral
spreading effects on piles. They include finite element formulations, constitutive models,
boundary conditions, and soil-structure-interaction representations. The paper aims to
expand awareness on tools and methods that are important to enhance geotechnical earth-
quake engineering simulation capabilities. A simple example is presented at the end to illus-
trate the capabilities of these methods.

2 FINITE ELEMENT FORMULATIONS FOR GEOTECHNICAL PROBLEMS

Geomaterials, in particular soils, consist of assemblages of particles with different sizes and
shapes which form a skeleton (porous matrix) whose voids are filled with water or other
liquids and air or gas. The word ‘‘soil‘‘, therefore, implies a mixture of assorted mineral grains
with various fluids (i.e., a multi-phase material). Analyzing a mixture of a solid interacting
with a fluid requires consideration of coupled continuum balance equations. These equations
include the equilibrium equations for the solid and fluid constituents and the balance of mass
for the mixture that results from the combination of the balance of mass for the solid and
fluid phases. The resulting set of equations is equivalent to Biot’s field equations for an inert
mixture composed of a porous solid skeleton and a saturating Newtonian fluid and includes
interaction forces and convective terms for the solid and fluid motions.
Solution of this system of differential equations may be found using approximate methods

of analysis. Among these, the Finite Element (FE) method is most frequently used in the lit-
erature. Proceeding along standard FE lines a weak formulation associated with the governing
field equations for a saturated porous media may be obtained, (Arduino 2001a, b). A solution
for the weak formulation can be obtained using a spatial semi-discretization of the domain □

into non-overlapping finite element followed by an appropriate time stepping process applic-
able to the discretized set of equations. In 1984 Zienkiewickz et al. proposed two and three
field finite element formulations of the generalized Biot equations, (Zienkiewicz 1984). These
have become to be known as the u-U, u-p, and u-p-U formulations, depending on the inde-
pendent variables chosen in the approximation scheme, and constitute the basic skeleton of
most commercial and open-source FE numerical platforms used in today’s geotechnical engin-
eering practice and research. As an example, the open-source numerical platform OpenSees
includes 2D and 3D coupled elements formulated based on the u-p approximation (Opensees
2007). In addition to a coupled FE formulation, a critical component in these platforms is the
constitutive model used to resolve the nonlinear stress-strain response of the solid fraction.

3 CONSTITUTIVE MODELS

Material (constitutive) models play a vital role in the solution of the differential equations dis-
cussed above. As such, an enormous amount of research has gone into their development and
application. While the complexity of these models varies significantly, the primary goal of
each is the same: to capture and replicate material response observed in the field and in the
laboratory. Quite often this boils down to identifying key components that are decisive or fun-
damental in predicting a material’s behavior when subject to a given loading.
The present state of the art in geotechnical constitutive modeling is quite advanced. The

first fundamental advances towards developing this field were made in the fifties and early
sixties, and consist of the Drucker- Prager generalization of the Coulomb frictional criterion
for soils, and the Critical State Soil Mechanics (CSSM) framework and associated Cam-Clay
type of models. Later, with the increased requirement of earthquake resisting design it became
imperative to capture the soil response under cyclic loading conditions. This requirement is
basically accounted for by the fundamental property of plasticity to be able to simulate the
reverse loading response after pre-loading in one direction. This demand prompted the devel-
opment of new, more advanced, soil plasticity models, such as nested surfaces models, kine-
matic hardening models, bounding surface models and many others, all of them addressing
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mainly the cyclic loading response. Unfortunately, the mathematical sophistication/complex-
ity of advanced soil plasticity models resulted in the need of calibrating large number of
parameters many of them with no direct physical meaning, or parameters difficult to measure
using conventional sensors in experimental (or field) settings.
Moreover, since most of today’s advanced models are 3D in nature they require validation

and verification using experimental results that follow general stress paths. Figure 1 shows
experimental results from a 3D cubic device using a variety of stress paths intended to stimu-
late material response that could be used to develop (and/or improve) model functionality and
help calibrate model parameters.
In the context of liquefiable soils several models for cyclic loads have been extended to

account for contraction and dilation and the phase transformation phenomena observed
during cyclic loads at small mean effective stresses. A complete description of all these models
is beyond the scope of this paper. Here, as an example, only the Manzari-Dafalias (MD)
model (Dafalias et al. 2004) is described. The MD model is a bounding surface model capable
of producing stress-strain relationships for both denser-than-critical and looser-than critical
sands. It is also capable of capturing critical state conditions where shear strains accumulate
at constant volume. Its kinematic hardening evolution law is based on basic bounding surface
principles as postulated by Dafalias and others (Dafalias 1982). An important feature of MD
is the dependence of the deviatoric strain direction on the Lode angle which makes the model
capable of capturing sand behavior under stress paths other than those of conventional tri-
axial compression or extension. Figure 2 shows schematics of the MD dilation, critical and
bounding surfaces in deviatoric and principal stress spaces, as well as, experimental cubic tri-
axial results showing recorded plastic flow directions at different Load angles that validate the
shape of the MD surfaces.
The MD constitutive model is made compatible with critical state soil mechanics through

dependence of the bounding and phase transformation surfaces on the value of effective volu-
metric stress (p) and void ratio (e) at the current state of the material (see Figure 3). For this
purpose the so called state parameter, defined as ψ = e−ec by Been and Jefferies (1985), is used
to represent the state of the material relative to the critical state line. To account for softening
of denser-than-critical sands and continuous accumulation of deviatoric strain at constant
volumetric strain at critical state, the so called bounding and dilatancy surfaces are tied to the

Figure 1. Useful experimental stress paths: (a) Undrained constant total mean stress, p, (b) cyclic

simple shear, (c) constant deviatoric q while reducing total mean stress p, and (d) circular path with con-

stant deviatoric q and constant total mean stress p.
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critical state surface through the state parameter. This proves to be very effective in simulating
the behavior of sands with different densities and under different effective confining pressures
using a single set of material parameters. Finally, the behavior of sands during load reversals
and cyclic loading is tied to a fabric tensor that evolves during loading and reloading. For a
detailed description of the MD material model, the reader is referred to Dafalias et al. (2004).
The MD model has been used in multiple contexts. In recent years researchers have

attempted to modify the MD formulation to improve different aspects of the model. For
example, Pisanò and Jeremić tried to add viscous damping to compensate for the lack of low
strain damping in the original formulation (Pisano et al. 2014). More recently, Boulanger and
Ziotopoulou (2013) modified the model to better capture the general behavior of sands under
undrained cyclic loading and improve the calibration process by reducing the number of
parameters that needs to be calibrated. They also improved some fundamental features,
namely the evolution of the fabric tensor (Boulanger & Ziotopoulou 2013). This model is
referred as PM4Sand in the literature. Figure 4 (a) and (b) show comparisons between
PM4Sand simulations and cyclic stress experimental results for an Ottawa-F65 sand. Figure 4
(c) shows good agreement between simulated and recorded number of cycles to liquefaction
for different relative densities and cyclic stress ratios.
Although very useful the MD model, as well as all models for liquefiable soils, suffer from the

inherent limitation they have to transition from solid to fluid behavior and back. During lique-
faction the soil matrix collapses and the solid particles become suspended in water. Under this
condition the solid-water mixture begins to behave like a viscous fluid. Mathematical models
obviously must account for the “metamorphosed” soil behavior-solid-like during the pre-lique-
faction stage, and liquid-like during the liquefaction stage. Modeling such phenomena is not
straightforward, and some researchers propose one might switch to particulate mechanics, or
discrete element modeling to account for such disparate behaviors. In general, however, switch-
ing a solution from continuum model to a micromechanical model is awkward and

Figure 2. (a) Manzari Dafalias surfaces in deviatoric and principal stress spaces, (b) Experimental

results validating shape of yield and bounding surfaces.

Figure 3. Manzari Dafalias simulations in critical state space (e,p,q) at different densities and drained

and undrained conditions. red: loose initial condition, blue: dense initial condition.
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cumbersome. A logical approach is to use continuum models all the way and utilize the particu-
late mechanics approach only to determine the overall properties of soils in the liquefied stage.

4 FINITE ELEMENT VALIDATION FOR LATERAL SPREADING PROBLEMS

Although useful to understand basic behavior, the end goal of constitutive models is to be
implemented in general numerical platforms for the solution of boundary value problems. For
example the current OpenSees platform includes the Manzari-Dafalias model, multi-yield
models for pressure independent and pressure dependent granular materials (PIMY, and
PDMY) (see Elgamal 2003), the recently proposed PM4Sand, and several versions of the
bounding surface model proposed by Borja and Aimes (Borja 1994).
As an example of the use of an advanced constitutive model and robust finite element plat-

form a few results from the LEAP (Liquefaction Experiments and Analysis Projects) effort
are discussed here. LEAP is aimed at producing high quality experimental data sets and
undertakes a systematic validation of existing computational models of the dynamic response
and liquefaction of saturated granular soils (Manzari et al. 2014). Within this context, LEAP-
GWU 2015 was a first validation effort using centrifuge tests of a benchmark sloping soil
deposit. The centrifuge experiment was designed to be readily repeatable at multiple centrifuge
facilities (Manzari et al. 2014). Specifically, the tests were conducted using “rigid-wall” con-
tainers to avoid the complexity of boundary conditions of laminar boxes. The rigid-walls pro-
vided analogous conditions at different centrifuge facilities, were simpler to simulate in a
numerical model, and, hence, were more appropriate for validation purposes than articulated
laminar boxes. The adopted centrifuge model corresponded to a prototype of a submerged
uniform sand deposit with a length of 20 m and a height decreasing from 4.875 m to 3.125 m
(or a 5° sloping surface, Figure 5). A ramped (up and down) sinusoidal input base motion was
prescribed as a target for all the conducted tests. The same Ottawa F-65 sand was used at all
centrifuge facilities and an extensive set of material and element tests were conducted to char-
acterize this soil and provide data necessary for constitutive model calibration (see Figure 4).
To assess the capabilities of a few prominent constitutive models and numerical modeling

techniques for soil liquefaction analysis, a series of blind predictions were undertaken by
researchers and practitioners in the USA and Japan. Figure 6 shows comparisons of experi-
mental results and Class A numerical simulations obtained using OpenSees and the Manzari-
Dafalias model (Ghofrani 2016). Figure 7(a) shows acceleration response spectra at locations
AH1, AH3, AH5, AH7, and AH9 and Figure 7(b) excess pore pressure time histories at loca-
tions P1, P3, P5, P7, and P9. Overall, the predicted response is in good agreement with the
observed response in the centrifuge.
Figure 7 shows ultimate horizontal and vertical displacements at the surface recorded in the

centrifuge (color dots on the right axis) along with the evolution of the corresponding predicted
displacements for two experiments. Although the simulated results are in the range of

Figure 4. Comparison between PM4Sand simulations and experimental results: (a) stress –strain

curves, (b) stress paths and (c) numerical vs experimental Cyclic Stress Ratios (CSR) vs. number of cycles

to liquefaction. All results for Ottawa F-65 sand.
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displacements observed in the centrifuge, the predicted values represent poorly the large deform-
ation phenomenon that results after liquefaction. Besides some obvious inconsistencies identi-
fied in the centrifuge tests, other reasons were enumerated to justify these differences, including
changes in hydraulic conductivity and void ratio redistribution affecting critical aspects of the
constitutive model and finite element response. However, they also exposed other difficulties
that become notorious after the onset of liquefaction; namely the problem of using small
deformation theories at the constitutive level and mesh distortion at the finite element level.
Once liquefaction is triggered, or during liquefaction incursions at small mean stresses, the

soil deformations are large and therefore the small strain approximation (i.e., the norm of dis-
placement gradient is small when compared to unity) is not valid anymore. This requires alter-
native finite deformation measures based on finite deformation theories, which unlike small
deformation theory, can be formulated in either the initial or deformed configuration. As such,
there are typically additional complexities associated with constitutive laws and care must be
taken to ensure frame indifference and objectivity e.g., Truesdell and Noll (1965); Marsden and
Hughes (1983). Although there are ways to extend small strain implementations into the finite
deformations regime, most of the existing models for liquefaction are structured using small

Figure 5. LEAP Finite Element mesh and location of recorded pore water pressures (P), accelerations

(AH) and displacements (D). Input motion shown at bottom (sinusoidal f = 2 Hz).

Figure 6. LEAP predictions results for RPI centrifuge experiment: (a) acceleration response spectra (5%

damping) and (b) excess pore water pressures (see Figure 5 for location of sensors).
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strain theory simplifications difficult to modify. Among all possible deformation measures the
left Cauchy-Green deformation tensor provides the basis for a return mapping algorithm that is
remarkably similar to frameworks commonly used for small deformation measures.

5 BOUNDARY CONDITIONS

Satisfaction of boundary conditions in geotechnical problems is of great importance and require
great care to ensure appropriate results. At a minimum, the boundaries must be fixed such that
all rigid body displacement modes are restricted. In static or pseudo-static analyses, the main
concern is related to diminishing the effects of the boundary on the portions of the model which
are of primary interest. Boundary effects can be controlled for an analysis of a soil-foundation
system by extending the limits of the soil continuum away from the location of the foundation
elements. Minimizing boundary effects is also critical in dynamic analysis. However, devising
proper boundary conditions for dynamic analysis is more difficult than for static or pseudo-static
cases. The particular method used for this purpose depends upon the objective of the numerical
model. Several strategies have been developed to include the effect of semi-infinite subsurface
extents in a numerical model of finite size. The use of periodic boundary conditions, in which the
lateral extents of the model share translational degrees of-freedom, is one such approach.
In this context, Lysmer and Kuhlemeyer (1969) introduced a technique to capture a trans-

mitting boundary through the use of viscous dashpots. By defining the viscous response of the
dashpots based on the density and the pressure and shear wave velocities of the material
beyond the boundary, this approach appropriately captures the outward propagation of wave
energy in the numerical model as long as the waves impinge in a near normal orientation to
the boundary. When defining transmitting boundaries using the Lysmer and Kuhlemeyer
method, accelerations are not directly applied to the model. Instead, a force is applied using
the technique developed by Joyner and Chen (1975). This applied force is proportional to the
input velocity and the constitutive properties of the material beyond the boundary. This
approach is commonly used to account for the compliance between the soil domain of the
model and the semi-infinite media outside of the considered domain (i.e., rock).
Better results can be attained using a Perfectly Match Layer (PML). A PML is an artificial

absorbing layer for wave equations, commonly used to truncate computational regions in
problems with open boundaries, (Basu et al. 2004; Bindel et al. 2005). PML’s are designed so
that waves incident upon the PML do not reflect back to the medium at the interface.
Although theoretically correct, they are only reflectionless for the exact, continuous wave
equation. Once the wave equation is discretized for simulation on a computer, some small
numerical reflections appear (which vanish with increasing resolution).
Finally, a technique, that complements PML, and can be used in geotechnical simulations

to properly account for the differences in wave behavior inside the finite soil domain

Figure 7. LEAP predictions for centrifuge experiments: (a) surface horizontal displacement near the

middle of the specimen, (b) surface vertical displacements at three locations along the surface (see

Figure 6 for location of sensors).
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represented by the model and the wave behavior in the semi-infinite soil medium is the
domain reduction method (Bielak et al. 2003, Yoshimura et al. 2003). The domain reduction
method (DRM) consists of two phases. The initial phase involves a background geological
model which includes both the source of the earthquake and the region of interest. This back-
ground model is used to compute the free-field displacement wave-field demands on the
boundary of the smaller region of interest.
The second phase involves only the reduced region of interest. In this phase, effective seis-

mic forces are applied at the boundary of the local region. These effective forces are derived
from the boundary displacement demand obtained in the initial phase. Together with PML,
DRM offers the most advanced method for capturing the response of a semi-infinite domain
using a reduce model.

6 SOIL STRUCTURE INTERACTION

A major concern in geotechnical engineering is the evaluation of the interaction of a structural
component with the surrounding soil. This issue arises in many geotechnical problems whether
related to retaining soil mass, foundation engineering, underground construction or even soil
improvement systems; and is one of the most important and challenging aspects of geotechnical
numerical modelling since it is inherently nonlinear and complicated. Among all possible struc-
tural components in contact with the soil, pile foundations are of special importance due to their
vast use in many applications. Different approaches have been proposed in the past 20 years
that range from simple interaction springs to methods based on contact mechanics. Simplified
models rely heavily on empirical methods and extrapolating these methods to more complicated
and general cases requires extreme scrutiny of the problem at hand and method used. The more
advanced the methods for modelling soil-structure interaction are, the more complex and costly
they become in terms of computations. In this context, although computationally intensive, con-
tact mechanics has shown to be very effective in geotechnical engineering problems.
In soil-structure interaction problems we usually assume a kinematic constraint between the

structural element and the surrounding soil. For example in the case of deep foundations the
kinematic condition could be the impenetrability of the pile surface, meaning the soil cannot
penetrate into the pile structure and vice versa. This is the fundamental assumption underlying
most contact mechanics formulations. Among them Petek (2006) proposed a novel approach to
account for the interaction between a beam element and the surrounding soil accounting for the
presence of the interacting soil-pile surface where separation, slip and friction are included.
Although very useful, and accurate, this methodology adds meshing complexities around the

soil-pile interacting surface that result in large and complicated meshes. Moreover, a contact
search algorithm is required increasing computational complexity. Assuming a tied contact
between the soil domain and the pile structure simplifies the problem considerably. As an alter-
native to direct contact elements, “embedded” elements can be used. Using this idea, the behav-
ior of a particular body can be embedded in the behavior of another body, forming a macro-
element. In these type of elements two or more mechanical bodies are in direct interaction in
such a way that the behavior of one can be deduced from the other by considering appropriate
kinetic and/or kinematic conditions around an imaginary interacting surface. This simplifies
considerably meshing at the soil-pile interface. Using these ideas, Sadek and Shahrour (2004)
developed an embedded element for piles assuming perfect bonding between a beam embedded
in its surrounding solid. In their formulation, the compatibility condition is only enforced at the
beam nodes, and therefore, the displacement field along the beam can in general be incompat-
ible to the solid displacement field. In a recent work Turello et al. (2016) addressed this problem
by explicitly defining an interaction surface along which the kinematic condition of compatibil-
ity is enforced. This is done in a weak sense using the principle of virtual works, meaning that
the relative displacements between the beam and the solid produces zero virtual work for any
admissible system of virtual interaction forces. In order to do so, mapping functions are devel-
oped to map the beam nodal displacements to the interaction surface where perfect bonding (i.e.
a rough surface) is assumed between the beam and the solid. Similar to this approach, mortar
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elements apply the contact conditions between two non-conforming discretizations by mapping
the master and slave contact bodies to a well-defined contact boundary in between the bodies
and contact conditions are applied over this boundary in a weak sense. Figure 8 shows a sche-
matic of an embedded pile with its surrounding soil. The pile is represented with a 1D linear
(beam) element with 6 degrees of freedom at each node. Nodal displacements of points on this
element (Xb) are denoted by Ub: The soil is modelled using standard continuum 3D elements
and location of points as well as the displacement are denoted by xs and us, respectively. An
explicitly defined surface, �c, representing the side area of the pile is used to apply the interaction
behaviour. A perfect bonding condition is enforced by applying the condition

~xb γð Þ � ~xs γð Þ ¼ 0 ; 8γ 2 �c; 8t ð1Þ

where t is a motion parameter (e.g. time) and γ is a parameterization of the interaction sur-
face. Several different approaches can be used to apply such condition, including strong forms
and mortar formulations. Details on these formulations can be found in Ghofrani 2018.
Due to its capabilities, the embedded element proposed by Turello et al. (2016) is suitable

for modeling soil-pile systems. This element is also very well suited for dynamic analysis of
such problems and therefore it is chosen for the simulation example presented in this paper.
Although the gap formation mechanism is not included in their formulation, this type of elem-
ent can be used in many geotechnical soil-pile problems in which we can assume that the pile
remains in contact with its surrounding soil.

7 LATERAL SPREADING EXAMPLE

Open-source implementations for most components described in the previous sections are
readily available in the OpenSees numerical framework. In this section we use these tools to
examine the response of a pile foundation subjected to lateral spreading.

7.1 Model configuration

The geometry used in this example consists of a 1.5 m pile embedded in a layered soil system
with a flat 2% sloping ground surface. The ground water table is assumed to be at a depth 5.4 m
below ground surface. Figure 9 shows a schematic of the layered model and Tables 1 and 2 sum-
marize the material properties used in this study for the pile and soil. A u-P fully coupled formu-
lation (Zienkiewicz & Shiomi 1984) and an efficient stabilized single point brick element
(SSPBrick) recently implemented by McGhann et al. (2009) is used together with the Manzari-
Dafalias (MD) constitutive model. MD constitutive model parameters that correspond to cali-
brated values for a Toyoura sand are used here. The embedded element proposed by Turello
and recently implemented in OpenSees by Ghofrani is used to capture soil-structure interaction
effects. The Newmark integration method with β = 0.25 and γ = 0.5 is used to minimize any
numerical damping in the time domain. Massive soil columns assuming shear beam behavior

Figure 8. Schematic of the original-deformed configuration and definition of displacement vectors for

embedded element.
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are used to model the far field response and the side boundaries are fixed against movement in
the lateral direction. The pore water pressures on the crustal layer are set to zero in order to
prevent excess pore water pressures to build up in the dry layer. A Lysmer and Kuhlemeyer
dashpot is used to capture the rock compliance effect. In this example, we use the East-West
component of the Gilroy No. 1 motion and apply it as a force to the base of the model.

7.2 Results

Two loading cases are considered in this example. In each case, the Gilroy No. 1 motion is
applied to the base of the model in one of the horizontal directions; parallel to the 2% slope
and perpendicular to the slope. Permanent horizontal displacement contour plots at the end
of shaking for both motion directions on the deformed configuration of the system are shown
in Figure 10. The figure shows a lateral spreading displacement profile, which is slightly differ-
ent from the tri-linear profile used commonly used in quasi-static lateral spreading models.
Also the figure shows more displacements in the case motion is applied parallel to the slope
direction, than in the case motion is applied perpendicular to the slope direction.
Figure 11 shows structural demand profiles for both cases. Displacement, nodal rotation,

bending moment and shear force profiles for both excitation directions are included in the
figure. Shaded areas show the range of structural demand whereas solid lines show permanent
(locked in) structural demands in the pile. The figure shows that structural demands are
greater for the case where the motion is applied parallel to the slope.
The development of excess pore water pressures in the system during the earthquake excita-

tion is shown in Figure 12. The figure shows the excess pore water pressure ratio, ru, defined
as uexcess/σ’vo, where uexcess denotes the excess pore water pressures and σ’vo represents the

Figure 9. Schematic of the model used for dynamic analysis of lateral spreading.

Table 1. Pile structure properties used in the dynamic analysis

of lateral spreading.

Property r mð Þ E kPað Þ G kPað Þ

Value 0.75 19,000,000.0 7,600,000.0

Table 2. Soil material properties used for dynamic analysis of lateral spreading.

Layer Go � e ρ Mg=m3
� �

k m=sð Þ

Loose Sand 37.67 0.35 0.77 1.7 1:0� 10�5

Dense Sand 63.77 0.3 0.66 2.0 1:0� 10�4

Medium Dense Sand 37.67 0.33 0.77 1.8 1:0� 10�3

Gravel 108.51 0.28 0.55 2.1
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initial vertical effective stress. The time history of the base acceleration is shown for reference
and contour plots are located near representative times. The figure shows that as the motion
progresses, the excess pore water pressures build up causing liquefaction in the soil. With loss
of strength in liquefied soil the crust moves in the slope direction as expected. Dissipation of
excess pore water pressures require performing the analysis for longer duration which in this
case is very time consuming due to the size of the model.

Table 3. Calibrated parameters for Manzari-

Dafalias constitutive model for Toyura sand

(Dafalias and Manzari, 2004).

Parameter Value

Critical State M 1.25

c 0.712

λc 0.019

ec 0.934

ξ 0.7

Yield Surface m 0.01

Plastic Modulus ho 7.05

ch 0.968

nb 1.1

Dilatancy Ao 0.704

nd 3.5

Fabric Tensor zmax 4

cz 600

Figure 10. Permanent deformation of the model after application of the motion.

Figure 11. Pile response profile for two motion directions. Shaded areas show the range of values for

each parameter and the solid line shows the permanent (residual) values.
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8 CONCLUSIONS

This paper presents a comprehensive discussion on modeling strategies for predicting soil-struc-
ture interaction effects due to lateral spreading. Starting from basic balance laws, finite element
approximations were discussed to represent the geologic domain. Emphasis was given to the
need for advanced constitutive models to capture the response of liquefiable soils and the effects
of lateral spreading. The problem of satisfying boundary conditions was highlighted and several
solution strategies were discussed for absorbing reflected waves. Examples comparing finite
element simulations and centrifuge results were presented to emphasize the need for advanced
constitutive modeling and proper parameter calibration and model validation.
To model the interaction between a pile, represented by a linear 1D beam element, and the

surrounding soil, represented by solid elements, an imaginary interaction surface around the
pile, representing the actual pile side boundaries, was defined and recently proposed inter-
action elements enforcing the bonding condition were discussed. The concept of a mortar for-
mulation to represent the interaction between a pile boundary and the surrounding soil
assuming perfect bonding was introduced.
Results from a 3D dynamic analysis example of a pile embedded in a soil mass consisting of

liquefiable layers of soil were discussed and it was shown that the embedded beam element
introduced by Turello et. al. (2016) facilitates such analysis dramatically. The advanced consti-
tutive model used in this study facilitated the modelling aspects of soil liquefaction and results
were consistent with the trend usually seen in actual measurements in the field. These results
are encouraging and suggest this line of work promises to be useful in geotechnical earthquake
engineering practice and in particular for liquefaction analysis.
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