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Abstract

The geological profile of many submerged slopes on the continental shelf consists of normally to lightly
overconsolidated clays with depths ranging from a few meters to hundreds of meters. For these soils, earthquake
loading can generate significant excess pore water pressures at depth, which can bring the slope to a state of instability
during the event or at a later time as a result of pore pressure redistribution within the soil profile. Seismic triggering
mechanisms of landslide initiation for these soils are analyzed with the use of a new simplified model for clays which
predicts realistic variations of the stress^strain^strength relationships as well as pore pressure generation during
dynamic loading in simple shear. The proposed model is implemented in a finite element program to analyze the
seismic response of submarine slopes. These analyses provide an assessment of the critical depth and estimated
displacements of the mobilized materials and thus are important components for the estimation of submarine
landslide-induced tsunamis.
, 2003 Elsevier B.V. All rights reserved.
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1. Introduction

As the economic interest on o¡shore drilling
and the number of related pipe-lines increase,
wider attention is focused on the problem of
ocean £oor stability. Although various mecha-
nisms in£uence the movement of sediments on
the submerged margins of the continental slopes,

submarine slides are a major threat to the integ-
rity of o¡shore engineering structures because of
the large displacements and forces developed in
such failures. Additional interest has been associ-
ated with the potential generation of large tsuna-
mis as a result of seismically induced submarine
landslides near highly populated coastal areas
such as Los Angeles, CA, USA. These failures
can pose a serious danger both in terms of dam-
age and loss of life, because the time lag between
the occurrence of the landslide and the tsunami
arrival does not allow for warning of the popula-
tion located in the impacted area. As a result of
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the high risk these phenomena pose, there is a
need to develop suitable methods for the identi¢-
cation of potentially unstable areas and the accu-
rate estimation of permanent displacements under
seismic and/or cyclic (i.e. storm) loading condi-
tions. This information is essential to estimate
slide volumes and displacements which can be
used in models to predict tsunami amplitudes
(e.g. Watts, 1998).

When the rate of deposition for submarine
slopes is faster than the rate of consolidation,
the new material can trigger localized gravity fail-
ures in the weak, unconsolidated sediments. This
is the general case of submarine slopes near river
deltas with high sediment load, such as the Mis-
sissippi Delta in the Gulf of Mexico. For these
cases, the soils are primarily composed of very
¢ne sands and silts in a loose state, which may
be susceptible to seismically induced liquefac-
tion. Liquefaction failures have been extensively
studied and well established methods of analysis
for estimating the triggering potential and evalu-
ating permanent displacements are available (e.g.
Seed and Idriss, 1971). In contrast, the rate of
deposition for slopes on the continental shelf is
su⁄ciently low, the material deposited is much
¢ner (i.e. ¢ne silts and clays) and the slope incli-
nation is small, with values typically less than 5‡.
These sediments are allowed to gain su⁄cient
strength and the slopes are theoretically stable
under gravity loads. Nonetheless, large-scale sub-
marine slope failures have been observed in these
soil and have been attributed to seismic loading
(e.g. Frydman et al., 1988; Puzrin et al., 1997) or
wave loading (e.g. Schapery and Dunlap, 1978)
and they are the focus of the present study. These
submarine landslides may occur on very gentle
slopes, often with inclinations lower than 4‡ (e.g.
Lewis, 1971; Prior and Coleman, 1978), and are
characterized by large dimensions, up to several
kilometers both in width and length, and very
large runout distances. A compendium of more
recent work on submarine slides and their conse-
quences is provided in Locat and Meinert (2003).

In order to obtain accurate predictions of per-
manent deformations of submerged slopes sub-
jected to a seismic event, the soil must be modeled
with a realistic stress^strain^strength relationship

that is able to describe irregular cyclic loading. In
particular, two fundamental aspects must be cap-
tured by the constitutive laws: the non-linearity of
soil behavior and the development of pore pres-
sure during cyclic shearing. Current e¡ective
stress models used for clays are mainly derived
from the theory of elasto-plasticity or developed
from direct modeling of the non-linear hysteretic
stress^strain response. The Cam-clay model or
their derivatives based on the Critical State Soil
Mechanics framework (e.g. Scho¢eld and Wroth,
1968; Roscoe and Burland, 1968) fall into the ¢rst
category, but they cannot simulate realistic excess
pore water pressure development and permanent
deformations during cyclic loading.

Several approaches have extended the elasto-
plastic framework to include plastic strains inside
the yield surface and they generally fall into one
of the two categories: (a) models based on multi-
ple yielding mechanisms with kinematic hardening
(e.g. Koiter, 1960; Pre¤vost, 1978; Mro¤z et al.,
1978) or (b) models based on bounding surface
plasticity (e.g. Dafalias and Hermann, 1982).
For all of these models, the sophistication of the
constitutive laws and the use of a generalized six-
dimensional stress space impose signi¢cant de-
mands on computation time for the relatively sim-
ple problem of one-dimensional shear wave prop-
agation. The second type of e¡ective stress models
directly addresses the non-linear stress strain rela-
tionship by empirically ¢tting experimental data.
These models usually satisfy Masing rules (Mas-
ing, 1926) and provide a continuous (e.g. Ram-
berg and Osgood, 1943) or a piecewise linear (e.g.
Iwan, 1967) expression for the ¢rst loading curve.
The basic disadvantage with these models is that
the stress^strain response is decoupled from the
pore pressure generation. Separate models have
been introduced to relate stress^strain parameters
to the current level of excess pore water pressure
through empirical laws, based on the number of
cycles (Finn et al., 1977; Ishihara and Towhata,
1982) or the mobilized stress ratio (Puzrin et al.,
1995). These simpli¢ed models do not implicitly
describe the e¡ect of the shear consolidation stress
history imposed by the slope. The behavior of
slopes can be accounted for by changing the ma-
terial parameters used in site response analysis of
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level ground conditions but it requires signi¢cant
experience and engineering judgement. In addi-
tion, these models have been calibrated for shak-
ing in one direction only and therefore additional
work is needed to extend capabilities for multi-
directional shaking. The following sections brie£y
describe a new model developed to incorporate
the anisotropic stress^strain^strength properties
of clayey soil resulting from soil deposition (i.e.
consolidation stress history) as well as the evalua-
tion of key factors a¡ecting the response of sub-
marine slopes subjected to earthquake loading.

2. SIMPLE DSS model

A simpli¢ed model, referred hereafter as SIM-
PLE DSS, was developed for the one-dimensional
wave propagation analysis of submerged clayey
slopes under seismic loading (Pestana et al.,
2000; Pestana and Nadim, 2000). When only
gravity loads are acting, a generic soil element is
subjected to a stress in the direction normal to the
slope, represented by the e¡ective normal stress
(cn), and a stress in the plane of the slope, parallel
to the dip, represented by the consolidation shear
stress (dc) as shown in Fig. 1a. Given the simplic-
ity of the formulation, the earthquake motion is
assumed to consist only of shear waves propagat-
ing perpendicular to the slope, disregarding those
propagating along the plane of the slope. This
consideration is analogous to the assumption of
vertically propagating ‘horizontal’ shear waves for
level ground conditions. The seismic motion then
results in an additional cyclic shear stress acting
on the plane of the slope in a direction oriented at
some angle with that of the consolidation shear
stress (i.e. multidirectional shaking). Although the
seismic shear stress changes direction instantane-
ously, most analyses choose the critical direction
to be parallel to the dip of the slope (i.e. the
direction of shear shaking and initial shear stress
coincide) as shown in Fig. 1. The stress state in
this case is the same as that developed in simple
shear tests, which have been recognized as good
tools for investigating the problem of submerged
landslides. In this apparatus, a cylindrical speci-
men can be consolidated under Ko conditions,

insured by a wire-reinforced membrane, and
then sheared undrained in simple shear conditions
(Bjerrum and Landva, 1966; Andresen et al.,
1979). The SIMPLE DSS model allows the simu-
lation of simple shear tests on lightly overconso-
lidated clays. The following discussion focuses on
the description of normally consolidated soils
sheared in the dip direction. Treatment of over-
consolidated soils and multidirectional shaking
are outside the scope of this paper.

2.1. Monotonic loading

The proposed e¡ective stress-based model uses
the concept of normalized material response at
the heart of the Critical State Mechanics Frame-
work (Pestana et al., 2000). The e¡ective stress
path for a normally consolidated specimen during
monotonic undrained shearing is described by a
state surface de¢ned in the normal stress (cn) ^
shear stress space (d). Modeling monotonic re-

Fig. 1. In¢nite slope under one-dimensional seismic excita-
tion.
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sponse requires ¢ve parameters, while two addi-
tional parameters are needed to model cyclic be-
havior (cf. Table 1). Special care was taken in the
formulation of the constitutive laws to ensure that
the material parameters would retain a clear phys-
ical meaning to guarantee objective selection. Pa-
rameters L and i can be determined from the
e¡ective stress path conditions at 10^15% shear
strain and Gp is selected through a short para-
metric study to match the stress^strain curve dur-
ing ¢rst loading. Parameter Gn requires some
information on the maximum shear modulus
(Gmax), which can be inferred from the shear
wave velocity of the sediments. Parameter m con-
trols primarily the undrained strength of the soil.
A chart was developed to select m based on the
measured strength and parameters L and i.

Fig. 2 compares the normalized shear stress^
strain^strength response of normally consolidated
Boston Blue Clay with simulations with the SIM-
PLE DSS model for shearing starting from di¡er-
ent initial states, dc/cp = 0.0, 0.1, 0.2, and 0.3
(where cp is the maximum normal e¡ective
stress). Boston Blue Clay is a low plasticity clay
extensively documented in the literature (Ladd
and Edgers, 1972). Model parameters were de-
rived for the case of no initial shear stress (i.e.
dc/cp = 0.0). The same parameters were then
used to simulate tests in which a consolidation
shear stress (dc) was present and no additional
adjustment was required. In these tests the speci-
mens are consolidated under a given normal ef-

fective stress and an applied shear stress. After
consolidation has taken place, the sample is
sheared monotonically under undrained condi-
tions. As shown in Fig. 2, the undrained shear
strength increases and the strain at failure de-
creases with increasing consolidation stress ratio
for positive shearing cases, while the opposite is
true for negative shearing. This means that shear-
ing in the downslope direction the soil displays a
higher shear strength, but brittle behavior. Shear-
ing in the uphill direction mobilizes a lower shear
strength, but much higher strains are required. As
the specimens are sheared, excess pore pressure is
generated as evidenced by the decrease in the nor-
mal e¡ective stress. At large shear strains, corre-
sponding to Q=15^20%, all specimens seem to
achieve approximately the same shear strength
with nearly constant stress ratio (d/cn). It is very
di⁄cult to interpret the results of DSS tests at
strains exceeding 20^25% and thus this case is
not considered further in the discussion.

2.2. Cyclic loading

One of the key characteristics of cyclic loading
of clays is the continued accumulation of plastic
strains and shear-induced excess pore water pres-
sure with increasing number of cycles. In the
SIMPLE DSS model the pore pressure develop-
ment is determined by a load state surface con-
trolling the e¡ective stress rate dependent path
during cyclic loading, with an approach that re-

Table 1
Material parameters used in the SIMPLE DSS model formulation

Parameter E¡ect on predicted behavior Parameter determination Time dependency

L Controls (primarily) the sensitivity of the material Excess pore pressure at large strains negligible
m Controls (primarily) the undrained shear strength

of the material
Determined from measured values of
undrained shear strength, su

yes

i Describes the e¡ective stress failure envelope Angle de¢ning the shear stress ratio at large
strains (QW20%)

negligible

Gn Controls the small strain elastic shear modulus Shear wave measurements (Gmax) negligible
Gp Controls the stress^strain curve during the ¢rst

loading
Calibration with measured stress^strain
behavior on NC specimens

negligible

a Controls e¡ective stress path for cyclic loading Calibration with measured pore pressure
development during cyclic loading

yes

V Controls shear sti¡ness during cyclic loading Calibration with measured accumulated
shear strains during cyclic loading

yes
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sembles that of ¢rst loading from NC states. This
concept is similar to that of bounding surface
plasticity, but it is decoupled from the stress^
strain response component to allow for nearly in-
dependent determination of material parameters.
The proposed formulation assumes a ‘transitional
state surface’ de¢ning the strain rate dependent
e¡ective stress path followed by soil specimens
for cases in which the plastic state surface is not
yet activated. The model produces results similar
to those obtained with generalized models based
on bounding surface plasticity (e.g. Pestana and

Whittle, 1999) but it is computationally much
more e⁄cient for the reduced stress space of in-
terest.

The cyclic response is described in SIMPLE
DSS by two parameters, a and V, which control
the generation of pore pressures and the develop-
ment of plastic strains, respectively. The two pa-
rameters can be determined independently from a
cyclic DSS test by matching the excess pore pres-
sure and shear strain versus number of cycle
curves. Fig. 3 shows the measured response of
Boston Blue Clay for one of these tests for a

Fig. 2. Comparison of measured and predicted response during monotonic DSS testing for normally consolidated Boston Blue
Clay.
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cyclic stress ratio of vd/suo = 1.14. The undrained
strength normalized by the maximum normal ef-
fective stress, suo/cp, is 0.205 at the conventional
shearing rate of 5 mm/min. The curves in Fig.
3c,d were used to evaluate the cyclic parameters.
The corresponding simulation by the model is
shown in Fig. 4. As reported in Table 1, some
of the parameters are inherently dependent on
the strain rate of shearing and complete discus-
sion is presented by Pestana et al. (2000). A sum-
mary of the parameters used to describe the re-
sponse of BBC is presented in Table 2.

3. Site response analysis

The stability of submerged slopes under seismic
load is often evaluated in the framework of limit

equilibrium methods using a pseudo-static ap-
proach in which the inertial force caused by
ground acceleration is applied as a horizontal
static load. The factor of safety obtained with
these analyses is not always a meaningful measure
of slope performance, since values less than one

Fig. 3. Measured response of normally consolidated Boston Blue Clay in a cyclic DSS test.

Table 2
SIMPLE DSS parameters for Boston Blue Clay

Parameter Boston Blue Clay

L 0.32
m 30.25 (1.00)a

i 28
Gn 450
Gp 8.5
a 30a

V 15a

a Parameters determined from cyclic tests.
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do not necessarily mean failure and no direct pre-
diction of the amount of expected displacements
is given. Since modern design of o¡shore engi-
neering structures is mostly based on the necessity
to limit the amount of movements in order to
safeguard operations rather than on safe/fail cri-
teria, methods of analysis able to accurately pre-
dict displacements due to seismic loading need to
be developed. In the particular case of submarine
landslides, the ratio between thickness and length
of the sliding mass is so small that side e¡ects can
be neglected as a ¢rst approximation and the sim-
ple in¢nite slope analysis can be utilized. This
problem, commonly referred to as site response
analysis, is reduced to the simulation of one-di-
mensional wave propagation in a layered soft clay
deposit and has been extensively treated in the
literature (e.g. Lysmer and Kuhlemeyer, 1969;

Schnabel et al., 1972; Joyner and Chen, 1975;
Lee and Finn, 1978).

In order to perform the seismic site response
analysis for sloping ground, the SIMPLE DSS
constitutive laws have been implemented in the
¢nite element program AMPLE2000 (Pestana
and Nadim, 2000). The soil layers are modeled
as non-linear shear beams. The ¢nite element for-
mulation requires the solution of the global dy-
namic equation of motion in space, while the ex-
plicit central di¡erence method is used for the
integration in the time domain. The soil pro¢le
can be divided into any number of layers, each
of them with separate characteristics, including
unit height, model input parameters and precon-
solidation pressure describing the past consolida-
tion stress history.

The results from the analyses include accelera-

Fig. 4. Model simulation for normally consolidated Boston Blue Clay in a cyclic DSS test.
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tion, displacement, shear strain and shear stress
time histories for speci¢ed depths as well as max-
imum and end-of-shaking pro¢les. It is also pos-
sible to obtain spectral accelerations for 5%
damping at the same locations. Since the program
is not based on limit equilibrium analysis, it will
not give a safe/fail type of answer (or factor of
safety). For a given scenario, the user will need to
de¢ne unacceptable performance levels corre-
sponding to ‘failure’. The criterion could be speci-
¢ed in terms of displacements or accelerations for
some kind of structures, or in terms of a combi-
nation of some critical acceleration and displace-
ment which may cause the triggering of a turbid-

ity current. AMPLE2000 in combination with the
SIMPLE DSS model allows the predictions of the
relevant quantities that will help to characterize
the behavior of the slope during shaking.

3.1. Example

A simple example is presented in the following
sections to illustrate the site response analysis re-
sults obtained with the SIMPLE DSS model. The
characteristics and the geometry of the slope were
selected as representative of a generic clayey ma-
terial and slope con¢guration. The soil pro¢le is
composed of a uniform normally consolidated

Fig. 5. Simpli¢ed uniform soil pro¢le of normally consolidated clay.

Table 3
SIMPLE DSS parameters for example slope material

Parameter L m i Gn Gp a V

Value 0.35 0.5 28 Increasing with depth 10 25 30
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material of approximately 50 m in depth and with
a slope inclination of 10‡. The density increases
nearly linearly with depth, from 1400 kg/m3 at the
surface to 1600 kg/m3 at 50 m. Similarly, the
shear modulus at small strains (Gmax) is linearly
increasing with depth as shown in Fig. 5.

Information of this kind can be obtained by
using a variety of geophysical methods that do
not require samples to be tested. The parameters
for the SIMPLE DSS model are given in Table 3.
With the exception of parameter Gn, which is a
function of Gmax and current e¡ective stress, all
other parameters are considered constant for a
given soil. If some information is available, it
can be used to modify some of the parameters
to get a better match with the measured quanti-
ties. For example, undrained shear strength is
often measured in situ with vane shear tests.
Some care needs to be exercised in the interpreta-
tion of these quantities, especially when there is
some dependency on the rate of shearing or the
particular method. Knowledge of the geological
setting and the deposition process is also valuable
in understanding the structure of the slope and
whether a uniform pro¢le could be a realistic rep-
resentation, or more information is needed. It
could also provide valuable insight in the varia-
tions of the properties of the soil. However, even
if the parameters are constant with depth, by let-
ting the small strain shear modulus vary, we en-
sure that the behavior of each layer will be di¡er-
ent. In this analysis, the earthquake ground
motion used for the analysis is the Friuli^Tarcen-
to record scaled to 0.35 g and it is applied as a
rock outcrop motion (cf. Pestana and Nadim,
2000).

3.1.1. Slope performance and permanent
displacements

Fig. 6a shows the predicted shear strain and
displacement time histories. Downslope displace-
ments and strains continue to accumulate during
the shaking with minor reversals for upslope ac-
celerations. This is due to the e¡ect of the initial
shear strain acting downslope, which reduces the
available strength and sti¡ness for shearing in the
downslope (i.e. positive) direction. Displacements
and accelerations are reported at node locations

whereas stresses and strains are reported at the
center of the layers. Fig. 6b shows the pro¢le
with depth of maximum and end-of-shaking val-
ues of displacement and shear strain. In contrast
with level ground conditions, there is only a very
small di¡erence between the maximum and end-
of-shaking values because the displacements con-
tinue to accumulate until the earthquake is over.
The largest shear strains are experienced by the
top 10 m of soil, which may be indicative of the
critical depth for a potential slide plane. The pro-
¢le of pore pressures generated by the earthquake
loading is shown in Fig. 7. The highest pore pres-
sures are developed at the bottom of the slope.
However, the ratio of pore pressure to initial ver-
tical e¡ective stress is highest at the top and re-
mains nearly constant below 20 m.

4. Post-earthquake pore pressure dissipation

The excess pore pressure generated in soil by
the shaking may also play an important role in
the post-earthquake stability of the slope. For
normally consolidated or lightly overconsolidated
clays, earthquake shaking causes the generation
of excess pore pressures which will dissipate after
the seismic event. In the special case in which an
upward gradient is established and strati¢cation
of the soil deposit is present, it is possible for
the upward migrating pore water to cause an in-
crease in the pore pressure beneath a layer char-
acterized by a slower dissipation of the excess
pore pressure. This increase in pore water pres-
sure results in a decrease of the e¡ective stress
and may bring the material to a state on instabil-
ity. A similar mechanism for delayed failure is
demonstrated by Kokusho and Kojima (2002)
for strati¢ed sandy, silty deposits. Since this paper
only deals with ¢ne-grained soils, the time frame
involved in the full dissipation of the seismically
generated excess pore pressure may be very long,
in the order of several years or decades. Similarly,
the increase of pore water pressure at the interface
may require days or even years to reach its peak
and therefore it may be di⁄cult to relate a speci¢c
seismic event to the failure. Given the inherent
di⁄culty in estimating the rate of excess pore
pressure dissipation in natural soil deposits, and
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Fig. 6. Seismic response for the selected soil pro¢le.
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the lack of site-speci¢c information, this failure
mechanism is illustrated here in general terms
and proposed as a possible trigger, in addition
to the more established causes for instability.

The SIMPLE DSS model predicts excess pore
pressures present in the slope pro¢le at the end of
shaking. As a result, it is possible to perform a
coupled or decoupled one-dimensional consolida-
tion (pore pressure redistribution) analysis to
evaluate the dissipation of excess pore pressure
after the end of seismic loading. To date, only
seepage normal to the slope has been considered.
This may be easily extended to a general problem
if a three-dimensional geometry is speci¢ed.

4.1. Example: redistribution of excess pore
pressure

After the end of shaking, excess pore pressures
are present in the soil pro¢le examined in Section
3.1 and it is possible to estimate their dissipation
as a function of time. In order to obtain mean-
ingful results a representative and realistic value

of the coe⁄cient of consolidation (cv) and its var-
iation as a function of depth are required. How-
ever, the di⁄culty in estimating cv correctly even
in the simplest of cases is well known. Although
there are several sources of uncertainty in cv,
namely the compressibility coe⁄cient and the hy-
draulic conductivity, by and large, the latter is
believed to be the dominant source of uncertainty.
Two baseline cases for a uniform pro¢le are thus
analyzed here: case I ^ cv is 5U1036 m2/s and
case II ^ cv is 5U1035 m2/s. Then two hypothet-
ical scenarios have been considered: (A) the coef-
¢cient of consolidation is constant with depth;
and (B) the coe⁄cient of consolidation for the
top layer, from 0 to 2.5 m, is one order of mag-
nitude lower than for the rest of the soil pro¢le. A
lower hydraulic conductivity ^ thus lower cv ^ can
be the result of gas (decrease in water saturation),
presence of gas hydrates, ¢ner soil material or
mineral accretion due to biological activity or
chemical precipitation. The coe⁄cient of consoli-
dation also depends on the stress level through

Fig. 7. Excess pore pressure and excess pore pressure ratio at the end of the earthquake.
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the coe⁄cient of volume compressibility, mv. At
low stress levels (i.e. at the ground surface) mv is
much greater than it is at the bottom of the
slope where the stress level is high. As a conse-
quence, the coe⁄cient of consolidation, cv, is low-
er for the top layers of soil than it is for the
bottom layers. The analyses presented here are
conducted uncoupled, namely there is no consid-
eration of failure/instability or additional shear
deformation/displacements as a result of pore pres-
sure redistribution. Thus, these analyses should
only be considered as a ¢rst evaluation and not
as ¢nal.

The prediction of the dissipation of pore pres-
sure with time is shown in Figs. 8 and 9 for cases
I and II and two scenarios for each baseline case.
Fig. 8 shows the results for case I. For the scenar-
io A, the pore pressure monotonically decreases,
even if very slowly. In contrast, for scenario B the
impervious layer traps the upward £owing water
and higher excess pore pressures are accumulated
with time at the interface. The increase can be
substantial in terms of pore pressure ratio and
the peak is predicted approximately 3 to 4 years
after the earthquake. In some cases the pore pres-
sures induced by the upward £ow trapped by a
lower conductivity zone could be enough to pro-

duce a situation of instability in the uppermost
layers of soil.

For case II in Fig. 9, the results are qualita-
tively similar to those obtained in case I but the
maximum excess pore pressure is smaller and the
peak occurs at a much earlier time. As before, in
scenario A, the pore pressure dissipates mono-
tonically with time, while in scenario B, the up-
ward £ow contributes to an increase in pore pres-
sure ratio with a peak of 0.26 approximately 3
months after the earthquake. An increase in
pore pressure causes the e¡ective stress in the
soil to decrease. This may drive the e¡ective stress
state towards a failure condition, which is often
referred to as strength loss, strain softening or
fabric instability. For coarser soils such as silty
clays or clayey silts, the coe⁄cient of consolida-
tion can be signi¢cantly higher (i.e. one to two
orders of magnitude) and predicted peak pore
pressure ratios can occur at times ranging from
several minutes to several hours or days.

5. Summary

The SIMPLE DSS model describes a simpli¢ed
state of stresses simulating a simple shear condi-
tion. The proposed constitutive law incorporates

Fig. 8. Pore pressure dissipation for case I.
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simpli¢ed anisotropic hardening and bounding
surface principles to allow the user to simulate
di¡erent shear strain and stress reversal histories
as well as provide realistic descriptions of the ac-
cumulation of plastic shear strains and excess
pore pressures during successive loading cycles.
The model gives excellent predictions of the e¡ect
of di¡erent consolidation stress histories as well
describing qualitatively important trends in the
cyclic behavior of clays. These capabilities are
key elements in the description of the response
of gentle slopes and eliminate the need to estimate
or vary material properties according to stress
level or inclination of the slope.

The seismic performance of submerged slopes
on the continental shelf can be assessed by eval-
uating the site response analysis for a given earth-
quake motion (or suite of motions) appropriately
scaled to design level. In contrast to limit equilib-
rium methods, site response analyses provide an
estimate of maximum and permanent displace-
ments for a given slope geometry and soil pro¢le.
Other measures such as the accumulated shear
strain may indicate the progression of damage
and its pro¢le with depth may suggest the extent
of the potentially unstable domain immediately

after the seismic event. The use of an e¡ective
stress analysis presents the additional bene¢t of
predicting excess pore pressures at the end of
the earthquake as a function of depth. A ¢rst
order approximation using the uncoupled defor-
mation-drainage analysis provides guidance on
the source of a potential ^ seepage-induced ^ trig-
gering mechanism that may a¡ect the perfor-
mance of the slope many days, weeks or months
after the seismic event. Identi¢cation of this trig-
gering mechanism requires the accurate determi-
nation of the coe⁄cient of consolidation pro¢le or
at least a measure of the relative magnitude of
hydraulic conductivity pro¢le. In general, it is ob-
served that for uniform soil pro¢les, the critical
extent of potentially unstable material can be ob-
tained from ‘short-term’ conditions corresponding
to the end of the seismic event. In contrast, ‘long-
term’ conditions resulting from excess pore pres-
sure redistribution within the soil pro¢le are more
critical for pro¢les exhibiting a smaller coe⁄cient
of consolidation near the ocean £oor. The time
required to achieve critical conditions (instability)
for these soil pro¢les can range from minutes to
days or months according to the corresponding
coe⁄cient of consolidation pro¢le.

Fig. 9. Pore pressure dissipation for case II.
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