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Resumen

Los desarrollos ocurridos en las tltimas décadas, tanto en los métodos numeéricos de solucion de problemas de
ingenierfa geo-sismica, como licuacion y sus efectos, asi como en la tecnologia computacional, ha permitido que el
uso de técnicas rigurosas de modelado matemadtico sean mds frecuentes en ingenierfa aplicada. Sin embargo, para
el caso particular de la estimacion de desplazamientos laterales inducidos por sismos, (asociados a la licuacién
de dreas extensas de terreno), resulta complicado para llevar a cabo andlisis detallados que involucren modelos
bi y tridimensionales. Es comtin el recurrir a estimaciones estadisticas, o inclusive a predicciones obtenidas con
sistemas neurodifusos. En este articulo, se introduce un enfoque simplificado para calcular los desplazamientos
laterales inducidos por sismos cuando se presenta licuacion. La respuesta dindmica de un perfil de suelo es
simulada a través de elementos finitos unidimensionales acoplados a un esquema de generacion de presiones de
poro. La ecuacién de movimiento se resuelve en el dominio del tiempo y con base en cada incremento de presion
de poro. Los pardmetros de resistencia y dindmicos del suelo se modifican, permitiendo la estimacion de los
desplazamientos del suelo que ocurren durante el evento dindmico. La formulacién propuesta se aplica al andlisis
de varios casos de estudio en donde se realizaron mediciones de desplazamientos laterales.

Palabras clave: Licuacion, presion de poro, carga ciclica, carga sismica, desplazamientos laterales.

Abstract

Recent developments underwent in the last decades in both numerical methods as well as computer
technology to be applied for solving geotechnical earthquake engineering problems, such as liquefaction and
its related effects has allowed using rigorous modeling techniques more often in engineering practice, including
finite differences and finite element. However, for the particular case of estimation of liquefaction-induced lateral
displacements in large areas, it is cumbersome to perform detailed numerical analyses involving 2-D and 3-D
models. Therefore, it is common to resort to statistical estimations or even to predictions obtained with neurofuzzy
systems. In this paper, an alternative practice-oriented numerical approach is explored. The dynamic response
of a soil profile is simulated by means of one dimensional finite elements coupled to a pore pressure generation
scheme. The equation of motion is solved in the time domain and based on each pore pressure increment, both
the shear strength and the dynamic soil parameters are modified, allowing estimations of soil displacements that
occur during the dynamic event. The proposed formulation is applied to analyze several study cases for various
earthquakes where actual lateral displacements measurements were available.

Key words: Liquefaction, pore pressure, cyclic loading, seismic loading, lateral displacements.

Introduction

Seismic response evaluation of potentially liquefiable
soil deposits is essential for a proper determination of
the risk associated with ground movements, including
cyclic mobility and lateral spreading, which can lead
to significant damage in structural support elements of
bridges, pipeline systems, harbors, as well as retaining
structures during strong shaking. In general, the observed
damage is directly proportional to the lateral pressures
acting on the structural members, which in turn are
proportional to the lateral displacements generated
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during an earthquake. For this reason, several researchers
have proposed procedures to quantify lateral permanent
displacements of the ground. These methods can be
classified as (a) empirical methods, (b) knowledge-based
field data procedures, and (c) mechanics-based methods.
Several papers give a detailed account of the first two
procedures (e.g., Barlett and Youd, 1992; Bazier and
Ghorbani, 2005; Chiru-Danzer et al., 2001, and Wang and
Rahman, 1999). The empirical methods are expressed
in terms of statistical relationships. These relationships,
however, have proven to be inadequate in several cases,
mainly due to the limited and sometimes contradictory
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information with which they were developed (e.g., Cetin,
2004, and Garcia et al., 2007). Recently, methods based
on neurofuzzy systems, which improve substantially the
predictions of lateral permanent displacements, have
been proposed to perform a better and more rational
discrimination of the available data bases (e.g., Garcia
et al., 2007). In the other end of the spectrum are the
mechanics-based methods, which range in complexity
from the simplest one proposed by Newmark (1965), to
more complex dynamic procedures (e.g., Finn, 1990, and
Cundall, 1995) passing through pseudostatic approaches
(e.g., Bryne, 1981; Yasuda et al., 1990; and Yasuda et al.
1999). Although most mechanics-based methods have
sound mathematical roots, their use is rather limited in
practice, due mainly to the specialized knowledge needed
to correctly define all soil parameters required to be input
in the numerical solutions (basically finite differences and
finite element methods). This paper is aimed at exploring
the predictive potential of a simplified yet robust numerical
approach, which allows the evaluation of the seismic
performance of potentially liquefiable soil deposits. In
this approach, a horizontally (or with a gentle inclination),
stratified soil profile is simulated with one-dimensional
finite elements (fig. 1). The equation of motion is solved in
the time domain to account for nonlinearities in the stress-
strain-pore pressure relationship, which is defined by a
hyperbolic model coupled to a pore pressure generation
scheme that assumes a linear dependency of the pore
pressure with cyclic loading. Although it is well known
that the hyperbolic model simplifies many features of the
stress-strain behavior exhibited by soils, specially when
the dynamic pore pressure is reaching the confining stress,
and that the relationship between the increment in pore
pressure during cyclic loading is in reality nonlinear, the
main goal of this work was to provide a practice-oriented

analytical tool that with very few parameters will lead to
representative estimations of the lateral displacements
induced by liquefaction, rather than to develop a multi-
parametric sophisticated model able to represent the soil
behavior observed in an element test in the laboratory but
cumbersome to use for estimations of lateral spreading in
practice. In this paper, the proposed approach was used to
analyze several well documented case histories, including
the lateral soil displacements occurred during the Kocaeli,
Turkey, 1999 earthquake.

Proposed numerical scheme

The idealized numerical model depicted in fig. 1,
was formulated to obtain the seismic response of the
soil deposit. The wave propagation problem is solved
in the time domain, considering SH-waves propagating
vertically through a stratified soil deposit underlain by a
half space, where the model base was assumed and the
excitation is specified. The model uses a formulation based
on finite elements with a linear variation of displacements
in each element, to approximate the response of a shear
beam. The finite element mesh is updated at every time
step to approximately account for the large magnitude of
displacements expected during liquefaction. The model
can take into account an slightly slope inclination in the
layered system, by decomposing the inertial component
in a direction parallel and perpendicular to the sliding
plane, so the effect of the constant shear force due to mild
sloping base conditions are accounted for approximately.
For sites where the slope inclination of the half space is
important, the applicability of one dimensional analysis
is limited, and a 2-D approach is required, such as that
presented in Mayoral and Romo (2008).

Layer

Thickness
- .6, "

0 variable

Fig. 1. Proposed Model.
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The stress-strain relationship of the soil was represented
with a hyperbolic model, however the shear strength of the
soil and other dynamic parameters are modified according
to the pore pressure build up during the earthquake,
following the cyclic stress approach (e.g., Seed and Idriss,
1971). No pore pressure dissipation within the soil mass
was allowed during the dynamic event. This condition,
however, is deemed acceptable for the problem at hand,
considering that liquefaction observed in those layers
implied poor drainage conditions or none. The simulation
allows obtaining the pore pressure evolution in the soil
mass during and after the earthquake, determining the
permanent deformations associated with cyclic loading.
The dynamic analysis of the geological profile, in the
finite element technique is utilized, requires solving the
global equation of motion, commonly expressed in matrix
form as:

[(M{ii} + [C{a} + [K){u} = P(1) 6]

Where [M], [C] and [K] are the global matrixes of mass,
damping and stiffness, resulting from the assemblage of
each individual element, and {#i}, {it}, {u} are the relative
nodal accelerations, velocities, and displacements, with
respect to the model base, and P(t) is the vector of dynamic
load, which includes the downslope gravitational force.
The nonlinear internal force is given by the term [K]{u}.
During the dynamic event, the dissipation of hysteretic
energy occurs through the nonlinear soil behavior. The
small strain damping is given by the damping matrix,
which is defined based on a Rayleigh type formulation. It
is warranted to mention that this is only an approximation
to the frequency independent damping, used in solutions
formulated in the frequency domain, which does not have

Geofis. Int. 48 (4), 2009

exact solution in the time domain. This is only used to
estimate the damping at the beginning of the dynamic
event. In subsequent times, the damping is characterized
throughout the hysteretic soil response and the nonlinear
force. The mass matrix was built using an average of the
consistent and lumped mass matrices to better estimate the
fundamental frequencies of the system, and to optimize
the ability of the element to transmit high frequencies
Romo et al. (1980). The time variation of the model is
solved using the Newmark integration method.

Constitutive model selected for soils

Although there is a number of sophisticated multi-
parametric constitutive models available in the technical
literature to represent the strain-stress-pore pressure
relationship of liquefiable soils (e.g., Wang et al., 2006),
to facilitate the application of the proposed numerical
scheme in practice, a hyperbolic model (e.g., Konder and
Zelasko, 1963) coupled with a pore pressure generation
scheme was adopted. The model parameters can be fully
defined from Standard Penetration Test, SPT, (for sandy
materials) or Cone Penetration Test, CPT, (for clayey
materials). Thus, the first loading branch is defined by the
small strain shear stiffness G,__through the equation:

Gmax‘y
Gmax
(I+—=—=7)

max

=

2

Where 7 is the shear stress corresponding to an
amplitude v, and 7 _is the maximum shear stress that can
be applied to the soil in the initial state without failure, as
depicted in fig. 2.

Shear Stress, T

Shear Strain, ¥

Fig. 2. Hyperbolic stress-strain relationship.
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The unloading-reloading phase, shown in fig. 3, is
given by the following expression:

-1, (y-7)

Where v, and t_ correspond to the unloading shear
strain and stress respectively. Equation (3) can be written
in explicit form as follows (e.g., Finn et al., 1975):

T - t?‘ — GﬂlﬂX (y " yf)
2 2

G |-yl
2Tma

“

/I1+

X

Tf' 5 Tr

Fig. 3. First loading branch and backbone curve.

Clayey and unsaturated sandy soils were considered
as purely hysteretic, without accounting for pore pressure
generation, with a failure surface given by the Mohr-
Coulomb criterion as:

T=0"tanp+c (5)

Where 07 is the vertical effective stress, and the
parameters ¢ and c are the friction angle and apparent
soil cohesion of the soil. For saturated sands, the effect
of the pore pressure generation was taken into account by
reducing the shear strength of the soil as a function of the
reduction in the vertical effective stress due to the increase
in pore pressure due to cyclic loading and modifying the
soil shear stiffness. Thus, the modified shear stiffness,
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G, given by expression (6) will replace G, __in equation
(4). The parameter G, is adjusted progressively for each
change in vertical effective stress, in each time interval,

At.

o

vo

G 12
Gmn = Gmax [ z V] (6)

Here o’  is the initial vertical effective stress, and
0’ is the vertical effective stress at the beginning of each
cycle. These equations imply that the shear stiffness does
not change importantly with variations in volumetric
strain, €, during cyclic loading (e.g., Finn et al., 1975).
This assumption seems to better represent the behavior
of potentially liquefiable soils, such as saturated fine-
grained sands, for the large shear strain levels associated
with lateral spreading. As previously mentioned, no pore
pressure dissipation within the soil mass was allowed
during the dynamic event. After liquefaction, the shear
strength of the soil is mostly provided by its residual
strength, s. This was considered using a bilinear failure
envelope defined by equation (5) but now replacing the
parameter ¢ with s. This envelope consists of an initial
cohesion and friction value of zero, which extends until
it intersects the Mohr-Coulomb envelope (Fig. 4). For
steep sloping ground conditions, the residual strength is
a key parameter assessing permanent displacement levels
at the end of the earthquake. The residual strength can be
estimated from Standard Penetration test, SPT, corrected
for fines (N ), .. (e.g., Seed and Harder, 1990; and Idriss
and Boulanger, 2007). The residual strength is the lower
bound of shear strength, and will essentially define soil
resistance when the pore pressure ratio, r , becomes 1.

Shear Stress, T

[%

Vertical Effective Stress, O,

Fig. 4. Envelope of stresses Mohr-Coulomb modified.



Pore Pressure Generation Scheme

The cyclic stress approach was used to account for the
pore pressure developed during cyclic loading. Thus, the
liquefaction potential of a soil deposit is a function of the
number and magnitude of the cyclic shear stresses acting
on the soil during the dynamic event. These are measured
in terms of the cyclic stress ratio (CSR), defined as the
ratio between the cyclic shear stress T, divided by the
vertical effective stress 0° acting on the failure plane.

CSR=71_/0", )

This relationship depends mostly on the seismic load,
and is expressed in terms of the number of equivalent
cycles. The number of equivalent cycles is defined
by the duration intensity and frequency content of the
earthquake, and the liquefaction resistance is expressed
through a liquefaction resistance curve, which relates the
number of cycles required to generate total liquefaction,
with a uniform value of the cyclic stress ratio, as it is
shown in fig. 5. The increment on pore water pressure Au_
is expressed in terms of the so-called pore pressure ratio,
r= Aug/o‘vo. The computation of an increment of excess
pore pressure is carried out based on the cyclic resistance
strength curve, as illustrated in fig. 6. If N, " uniform stress
cycles are required to reach total liquefaction (i.e. when
r becomes 1.0) for a given cyclic shear stress ratio CSR',
then the increment in the pore pressure Ar ! for half a cycle
will be 0.5/N,, and the corresponding increment in pore
pressure Augi will be equal to Ar ‘o’ . The increment in
pore pressure reduces the vertical effective stress and,
proportionally, the resistance to shear stress.

Cyclic strength

=T /@,
ey

CSR

CSR'

N’ Cydes to
liquefaction

Fig. 5. Liquefaction resistance as a function of the number of
cycles.
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The curves of liquefaction resistance can be determined
by laboratory testing (e.g., Seed and Idriss, 1971), or
derived from CSR plots, which can be developed from the
number of blows corrected by energy and fine contents,

(N))go.cs» Obtained using Standard Penetration Tests, SPT,
results.
A
[
@ I
@ 1
“ |
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| I Time
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Fig. 6. Pore pressure generation scheme.

Application of the proposed model

A performance evaluation of the proposed 1D model
was done comparing its predictions with the response
observed during three well documented case histories, the
1979 Imperial Valley, the 1987 Superstition Hills, and the
1999 Kocaeli earthquakes, in which small to large lateral
displacements were observed (i.e. from 0.1 to 2.40 m).

The 1979 Imperial Valley and the 1987 superstitions
hills earthquakes

The 1987 Imperial Valley and 1979 Superstition Hills
earthquakes occurred in California, United States. Both
events had a magnitude M = 6.6, and caused liquefaction-
induced lateral displacements at two sites, Wildlife and
Herber Road, where several measurements were taken.
Fig. 7 shows the location of these sites and the closest
seismological stations placed on rock, which are identified
as Camera Site and Cerro Prieto stations.
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Fig. 7. Location of studied places, strong ground motions stations, and epicenters of Imperial Valley (1979) and Superstition Hills (1987)
earthquakes.
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Fig. 8. Acceleration time histories used in the analysis.

The first station is about 9 km away from Wildlife
site. The second one is approximately 38 km away from
Herber Road. Camara Site station and Cerro Prieto
station registered the strong ground motions produced
by the Imperial Valley and Superstition Hills earthquakes
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respectively. The corresponding acceleration time histories
with the largest peak ground acceleration, PGA, recorded
at the surface during both earthquakes are presented in
fig. 8.



Subsoil conditions of studied sites and modeling

Several simplified 1-D models were generated for each
of the cases compiled in Table 1. Cases C-1 through C-3
correspond to measures taken at Herber Road, and cases
C-4 and C-5 to those taken at Wildlife, as indicated in fig.
7. According to the subsoil conditions found at each site
as described by Bartlett and Youd (1992) these sites were
comprised of a layer of saturated lose sand, with (N),
ranging from 2 to 10 and shear wave velocities lower than
200 m/s, resting on top of a more competent soil layer, that
in all cases presented an slightly sloping upper boundary,
defined by the angle 6, also included in Table 1. In each
model, the soil strength was defined based on SPT -
(N)), values corrected for fine contents. The acceleration
time histories recorded on rock sites were deconvolved
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to the model base by means of one-dimensional wave
propagation analysis using the program SHAKE-91
(Schnabel et al., 1972). In particular, the simplified stick
model developed for case C-1, is presented in fig. 9, along
with an idealized representation of the soil profile.

The hysteretic cycles and the corresponding
accumulated permanent displacement computed at each
depth are presented in fig. 10, as can be seen, most of the
total permanent displacement occurred in the lower half
portion of the soil deposit. Due to the highly nonlinear
behavior exhibited by the liquefiable soil, the high
frequencies are damped out, and in turn, the cyclic nature
of the displacements becomes less notorious. Similar
analyses were conducted for each case.

Table 1
Soil Properties (after Youd, 1992)

Case Earthquake Site Unit Weigth ~ Shear Wave Thickness 6 [°] Damping Corrected
Velocity [m] C [%] Blow
[kN/m?] V. [m/s] Counts
(Nl)()()—CS
C-1 Imperial Valley Heber Road 20 194 2 0.96 5 10
C-2  Imperial Valley Heber Road 20 93 39 1.40 15 2
C-3 Imperial Valley Heber Road 20 153 3.5 2.86 5 6
C-4  Superstition Hills Wildlife 20 147 4.1 0.27 5 6
C-5  Superstition Hills Wildlife 20 125 3.7 0.27 15 4

Thickness [m]
Water Table, WT v

025 V. =194 [m/s]

025

025

1 ________

025

1

Mol 1o scale
(a)

Fig. 9. (a) Idealized representation of the soil profile and (b) discretization model for case C-1.
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Fig. 10. (a) Computed hysteretic cycles and (b) permanent displacement for case C-1.

The computed displacement time histories at the

surface, along with the permanent displacements, are
summarized in fig. 11. This figure also includes the lateral
measured displacements. A very good agreement between
measured and computed response can be noticed for the
cases analyzed.

22 T T T T T T

The Turkey, 1999 Kocaeli Earthquake

The model was used to estimate the displacement
observed during the 1999 Kocaeli earthquake, which had
a magnitude M = 7.4. This event caused liquefaction-
induced lateral displacements in the Izmit bay coast that
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Fig. 11. Displacement time histories computed at the ground surface, and measured permanent displacements for the analyzed cases.
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were documented by several researches (e.g., Cetin ef al.,
2004), whom conducted post earthquake reconnaissance
of the more affected sites, which included Police Station,
Soccer Field, Degirmendere Nose and Yalova Harbor
sites that are located in the south Izmit bay coast, as it is
shown in fig. 12. A full description of the geologic setting
and seismic environment prevailing at this region can
be found in Cetin et al., 2004. The Izmit bay is located
in an east-west trending active graben system which is
dynamically affected by the interaction with the North
Anatolian Fault Zone and the Marmara Graben System.
The seismic event occurred along a 125 km segment of
the North Anatolian fault (Fig. 12). Table 2 summarizes
the lateral displacements measured at these zones.

Table 2

Observed lateral displacements (Kocaleli-Turkey)

Geofis. Int. 48 (4), 2009

Strong ground motions

Figs. 13 and 14 present the acceleration time histories
used in the analyses of these sites, which correspond to
Yarimca and Arcelik stations. Table 3 compiles the infor-
mation regarding these seismological stations, including
the distance to the failure plane, soil type, and peak
ground accelerations (PGA) observed during the Kocaeli,
1999, earthquake. Recordings from stations located in
rock were not available during the analyses, which can be
something very common in practice.

Thus, considering the proximity to the Police Station,
Soccer Field and Degirmendere Nose sites, they were
analyzed using the strong ground motion recorded at
Yarimca station, and for the Yalova Harbor site, it was
used the Arcelik station recording. It is warrant to mention
that no significant soil nonlinearities occurred during this
event, as can be deducted from the rather sharp peaks
showing in the spectral shapes (figs. 13 and 14).

Site Borehole Observed
number Displacements [cm]
Table 3
Police Station PS2 240 Seismological stations closest to the studied sites
PS3 10 (Kocaleli-Turkey)
PS4 90
Soccer Field SF5 30 Station Distance  Site class Peak Horllzontal
to rupture Acceleration [g]
SF6 120
plane [km]
Degirmendere Nose DNI 90
Yalova Harbor YHI 20 Arcelik (ARC) 17 Stiff Soil  0.13
YH2 15
YH3 5 Yarimca (YPT) 4.4 Soft Soil  0.30
Isjanbul
== = = North Anatolian Fault
A Studied places 0 20 km
@ Strong Ground Motion Location | ]
Q
Ca
f GEBZE STATION
Gebze
[ .
Kocaeli o
SEA OF MARMARA ARCEHK STATION TATION B 1ZMITSTATION
IZMIT BAY
165 ken .--"'" iy K 155 e
- 12 Police Station
Yalova - - - Degirmendere &% =
Harb
S Noca Field
[
Yalova

Fig. 12. Location of Seismological Stations and Sites Analyzed.
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Fig. 13. (a) Acceleration time history and (b) response spectrum for Yarimca station.
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Fig. 14. (a) Acceleration time history and (b) response spectrum for Arcelik station.
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Subsoil conditions of studied sites and modeling

Again, as in the cases previously studied, several
simplified models were generated based on the
geotechnical information presented in Table 4, which
was taken from Cetin (2004). In general, most of the sites
studied were comprised by sand layers with SPT (N ), .
values ranging from very low (i.e. 1 to 10) to relatively
high values (i.e. larger than 50), interbedded with clay
layers which thickness can vary approximately from
1 to 22 m. As an example, fig. 15 shows the idealized

Geofis. Int. 48 (4), 2009

representation of the subsoil conditions found at Soccer
Field, SF5, site and the model discretization.

The computed hysteretic cycles are presented in fig.
16, along with the accumulated permanent displacements
at each depth. It can be noticed that most of the
liquefaction occurs at the bottom of the sand layers which
are located at the central portion of the soil profile, near
the clay stratum. The upper sand stratum shows mostly
a hysteretic response, without generating a large amount
of excess pore pressure. The bottom clay layer presents a

Table 4

Soil Properties for Kocaeli (Izmit)-Turkey earthquake.

Boring Soil Type Thickness Unit Weigth Corrected Shear Wave Damping
[m] v Blow Counts * Velocity C[%]
[kN/m?] (NDgocs Vs [m/s]
Police Station

SPT-PS2 Sand 1.2 19.2 15 239 5
Sand 0.9 20 15 238 5
Sand 2 20 8 171 5
Clay 4.2 20 3 106 5
Sand 0.9 20 21 282 5
Clay 8 20 12 211 5

SPT-PS3 Sand 0.9 19.2 50 431 5
Sand 0.9 20 50 431 5
Sand 1 20 7 164 5
Clay 44 20 3 106 5
Sand 0.6 20 9 183 5
Clay 2.9 20 3 106 5
Sand 15 20 46 416 5

SPT-PS4 Sand 1.1 19.2 13 106 5
Sand 0.6 20 13 292 5
Clay 1 20 1 61 5
Clay 39 20 1 61 5
Sand 0.9 20 23 292 5
Clay 10 20 3 103 5

Soccer Field

SPT-SF5 Sand 0.7 19.2 8 175 5
Sand 0.2 20 8 175 5
Sand 0.9 20 8 175 5
Clay 8.9 20 3 106 5

SPT-SF6 Sand 0.7 19.2 10 190 5
Sand 0.2 20 10 190 5
Sand 0.9 20 10 190 5
Clay 22 20 3 106 5

Degirmendere Nose

SPT-DN1 Sand 1.5 20 16 245 5
Sand 0.6 20 16 245 5
Sand 1 20 30 335 5
Sand 1.5 20 28 321 5
Sand 1.5 20 31 341 5
Sand 1.4 20 27 314 5
Sand 1.1 20 18 260 5
Sand 1 19.2 18 258 5
Sand 10.6 19.2 18 258 5

* for clays this value indicates (N,). instead of (N),
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Table 4

Soil Properties for Kocaeli (Izmit)-Turkey earthquake (Continued)

Yalova Harbor

SPT-YH1 Sand 0.4 19.2 71 516 5
Sand 1.2 20 71 516 5
Sand 0.5 20 10 190 5
Sand 1.1 20 20 273 5
Sand 1.5 20 11 201 5
Sand 16.4 20 14 231 5
SPT-YH2 Sand 0.4 19.2 16 242 5
Sand 2.7 20 16 242 5
Sand 1.0 20 18 258 5
Sand 1.0 20 21 280 5
Sand 1.1 20 18 258 5
Sand 0.9 20 19 266 5
Sand 3.45 20 16 244 5
SPT-YH3 Sand 0.4 19.2 15 233 5
Sand 2.6 20 15 233 5
Sand 0.7 20 21 282 5
Sand 1.10 20 13 220 5
Sand 0.9 20 16 246 5
Sand 1.0 20 19 266 5
Sand 1.0 20 17 255 5
Clay 4.9 20 16 244 5
Sand 5.0 20 19 266 5

* for clays this value indicates (N,). instead of (N)
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Fig. 15. (a) Idealized representation of the soil profile and (b) model discretization for Soccer Field Site.

hysteretic response with a small contribution to the lateral Again, as can be seen in fig. 16, soil nonlinearities damped
permanent displacements. In all cases, the acceleration out the high frequencies of the input ground motions, and
time histories were deconvolved again with a one the permanent deformation component of the computed
dimensional wave propagation analysis to the model base displacement time histories becomes more significant
using SHAKE-91, and the permanent displacements were than the cyclic elastic component.

computed at the surface with the proposed formulation.

402



Geofis. Int. 48 (4), 2009

2 =
£ E o
4 [=1 oz
] .
] £ ois
% B oo
m O
3 o oos
= "
& )
o -00s L 1 1 1 1 L
o 20 +0 &0 B0 100 120 140
1500 .
03
mo 1000 B layers - T T T T
iy E o
i =0 F E|
W & oz
i o vl £ s
W a
&
o 3 5 ol
= sand g oos
& oo b E -
£ 1]
-1s00 L L S Lops L 1 1 1 1 L
“ocoms o 00005 oot 0015 g =0 o @ a0 ) = o
3000 ———— T .
o3 T T T T T T
200 3 =
& layer 2 E o
[ET ) E ot oz |
t ois |
) H
= a4
H H
L 100 3 2 s
2 sard 2
5 oo E ]
00 L L S oo L L L L L L
oo ooo00s o oS oooot o 0 0 L 80 100 = 10
15000 . .
—_ o3 T T T T T T
o e layer1 ] E o
W 5000 E Ei a’ ez
i PrR
§ N g s
i E o1
< -smo %
n £ E| B 0oS
v Clay =
& oo £ E )
-15000 £ 1 1 S ops 1 1 1 1 1 1
anis onoTs o oooTs oois o = “ L & 108 120 1o
Shear strain,y Time, ¥
(a) (b)

Fig. 16. (a) Computed hysteretic cycles and (b) permanent displacements for Soccer Field site.
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Fig. 17. Comparison between measured and computed lateral displacement (modified from [5]) for the 1999 Turkey-Kocaeli
earthquake.

The lateral displacements obtained with the discrete
model and those measured are compared graphically in
fig. 17, including the lateral displacements obtained by
Cetin, (2004) using Shamoto’s (1998), Hamada’s (1986),
and Youd’s (2002) methods. As can be seen in fig. 17,
the results obtained with the proposed numerical scheme

are closer to the observed displacements in the studied
sites than those computed with the empirical models. It is
clear that for larger displacements, the dispersion reduces,
which can be attributed to a better characterization of
the dynamic parameters in those sites where the most
important failures occurred.
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Conclusions

This paper introduces a practice-oriented numerical
scheme to estimate earthquake-induced lateral spreading
as an alternative to approaches based on statistical
relationships. Regardless of the simplicity of the
formulation, the model appears to have the capability
of predicting fairly well the lateral ground movements
observed in the case histories analyzed. Thus, although
further comparisons with a larger number of cases will
be desirable to asses the model performance fully, this
simplified approach can still be used as guidance for
estimating the order of magnitude of expected lateral
displacements in both saturated and dry sands, as well as in
clays. The better characterized are the subsoil conditions,
including (N,),,, soil shear strength of clayey materials,
and the input ground motions, the greater the accuracy
the model predictionsare. Thus, the simplified numerical
scheme represents an upgraded practice-oriented alternati-
ve to traditional methods based on statistical approaches
for a similar level of application effort.
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