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Gentle sediment-laden slopes are typical of the onshore coastal zone and offshore continental shelf and slope.
Coastal sediment are commonly young weakly consolidatedmaterials that are well stratified, have low strength,
and can mobilize shear displacements at low levels of stress. Seismically-driven plastic displacements of these
sediment pose a hazard to coastal cities, buried onshore utilities, and offshore infrastructure like harbor protec-
tion and outfalls. One-dimensional rigid downslope-directed Newmark sliding block analyses have been used to
predict earthquake deformations generally on steeper slopes that are modeled as frictional materials. This study
probes the effect of multidirectional earthquake motions on inertial displacements of gently sloping ground of
the coastal and offshore conditionwhere soft-compliant soil is expected. Toward that objective, this investigation
seeks to understand the effect on Newmark-type displacements of [1] multidirectional earthquake shaking and
[2] soil compliance. In order to model multidirectional effects, the earthquake motions are rotated into the
local slope strike- and dip-components. On gently sloping ground, including the strike component of motion al-
ways results in a larger and more accurate shear stress vector. Strike motions are found to contribute to down-
slope deformations on any declivity. Compliant response of the soil mass also influences the plastic
displacements. The magnitude of seismic displacements can be estimated with a simplified model using only
the estimated soil yield-acceleration (ky) and the peak ground velocity (Vmax) of the earthquake motions. Com-
pliance effects can be effectively mapped using the concept of Plastic Displacement Response Spectra (PDRS).

Published by Elsevier B.V.
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1. Introduction

Broad regions of theworld's coastal zone are composed of gently slop-
ing deposits of Holocene and Pleistocene sediment and sedimentary ter-
race deposits. Onshore, and on the continental shelf, the slopes are
exceedinglyflat ranging from level ground to atmost a fewdegrees. Glob-
ally, the width of the continental shelf is 70 km from shoreline-to-shelf
breakwhose depth averages 135m. That is, these environments are near-
ly level. Seismic displacements on the continental shelf occur on nearly
level surfaces. Worldwide, the continental slope averages 4°. A study of
the entire known-catalog of Atlantic coast seafloor mass movements by
Booth et al. (1993) found that 70% of the failures occurred on slopes of
6° or less. One-half of the known Atlantic seafloor mass movements in-
volve displacement of relatively thin bodies of sediment, no more than
tens of meters in thickness, that cover areas of five-square kilometers,
or less. The dominant mechanism of failure of these mass movements is
infrequent earthquakes (Booth et al., 1993; Lee et al. 1993). The abun-
dance of thin seafloormassmovements in weakly consolidated sediment
on lowangle slopes is counter to the experience of geologists on landwho
might ascribe the term ‘landslide’ to a steeper feature. Nevertheless, these
ted States.
gentle slopes of sediment are the dominant environment for earthquake-
driven mass movements in the offshore and coastal zone.

Onshore, permanent seismic displacements of the ground have re-
sulted in considerable damage to underground pipeline networks bur-
ied in soft young deposits. Pipeline breaks in non-liquefied ground
have damaged urban buried infrastructure, for example during the
Northridge earthquake (Trifunac and Todorovska, 1997; O'Rourke,
1998) and the Hyogo-Nambu Earthquake (e.g. Loukidis et al., 2001).

Over one-hundred years ago, the American geologist Grove Karl
Gilbert, reported on the geologic aspects of the 1906M7.8 San Francisco,
California earthquake (Lawson, 1908) and described nearly 10 m of
seismic displacement in Tomales Bay sediment at Point Reyes, north
of San Francisco. The noteworthy aspect of his observation was the up-
slope movement on a gentle slope.

‘It is a notable feature of this displacement that the disturbed mate-
rialmoved up the slope instead of down, so that the transferwas not
only independent of gravity but opposed to it. The phenomenon,
therefore, does not fall in the same category with landslides, and if
properly interpreted it may throw light on the mechanics of the
earthquake pulses.’

[–G.K. Gilbert (Lawson, 1908)]
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http://dx.doi.org/10.1016/j.enggeo.2016.12.009
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Nomenclature

ac critical yield acceleration of Wilson and Keefer (1985)
Ac correction of isotropically-consolidated shear test re-

sults to represent anisotropic field conditions
an dimensionless stiffness and geometry parameter for a

wedge embankment (Ambraseys, 1960).
Ar measured of the degradation of strength due to repeat-

ed cyclic loading, determined through cyclic triaxial
shear testing degradation during cyclic loading

a acceleration from an earthquake time history
FD total dynamic load on the sliding plane
Feq Earthquake inertial force
Fα slope gravitational force
Fc damping force
Fk stiffness force
g acceleration due to gravity, 9.81 m/s
hw depth of the water table
H total sliding mass thickness
Ih two-component horizontal Arias intensity of either the

relative motion of the sliding mass or the earthquake
base motion

In ratio of the relative Arias intensity of the 2-component
sliding mass normalized by the 2-component Arias in-
tensity of the earthquake base motion

k partitioned mass shear-stiffness element
ky yield acceleration
kmax peak ground acceleration
Mr mass ratio, m1/MT

m1 upper mass of partitioned block
m0 lower mass of partitioned block
MT total mass of block
NSP Normalized Strength Parameter approach of Ladd and

Foott (1974), based on the assumption that strength pa-
rameters normalized by their consolidation stress are
constant for a given sediment with a given OCR

OCR overconsolidation ratio (σ′vm/σ′vo) measured through
consolidation testing

p the average normal effective stress acting on a mass
q shear stress acting on a mass
S effective stress normalized-normally consolidated

shear strength adjusted for dynamic loading and anisot-
ropy factors

Su undrained shear strength
Sn ratio of the static undrained shear strength of a normal-

ly consolidated sediment to its consolidation stress
Δt earthquake recording time step increment
T fundamental mode period of slope or truncated wedge
umax Maximum sliding displacement
üb Acceleration beneath the failure plane
üo Relative acceleration of the lowermass above the failure

plane
_u1 Relative velocity of the upper mass
u1 Relative displacement of the upper mass
Vmax peak ground velocity (PGV) of earthquake motion
Vs Shear wave velocity
α slope angle (degrees)
γ bulk density of a sediment
γw density of fresh water (1.00 g/cm3), or seawater

(1.025 g/cm3)
Λ0 overconsolidation power function
η log of the ratio of ky and Vmax,
ϕ Mohr-Coulomb angle of effective shear resistance

σvo in-place vertical total stress exerted by the weight of
overburden material

σ′vo in-place vertical effective stress exerted by the weight
of overburden material

σ′vm maximum past vertical effective stress exerted on a soil
material.

τd driving stress vector
τy yield stress
τdip total shear stress in the dip direction
τstrike total shear stress in the strike direction
τeq,d earthquake inertial stress in the dip direction
τc ,d, mobilized viscous damping stress in the dip direction
τk ,d mobilized stiffness stress in the dip direction
τeq,s strike motion inertial stress
τc ,s strike-mobilized viscous damping stress
τk ,s strike-mobilized stiffness stress
θ azimuth of the total stress vector
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Gilbert recognized that the displacement in soil was driven upslope
by earthquake motion, counter to the gravitational direction of normal
slope mass movements. The observation that earthquake motions
could drive displacements upslope in a gently sloping environment
was an important contribution, though in Gilbert's time no practical
method was available to evaluate the interaction of gentle soil slopes
and earthquake motions.

Nathan Newmark (1965) presented a computational method for
assessing the seismic displacement potential of slopes. The method as-
sumes rigid-plastic behavior of sloping ground subjected to loading by
an acceleration time history. Block displacement begins when the
yield acceleration, ky, of the sliding mass is exceeded by the earthquake
acceleration.

This paper explores the effects of multidirectional ground motion
and soil compliance in order to understand how soil slides develop on
gentle slopes typical of the coastal plain and offshore shelf and slope. In-
cluding multidirectional seismic shaking leads to the computation of
complex trajectories of plastic seismic-displacements. A fundamental
aspect of the approach is the analysis of the local-slope strike and dip
motions, that are rotated from the two orthogonal groundmotions typ-
ically recorded in the east-west and north-south directions. The strike
and dip motions are used compute shear stress on the soil mass in
both the strike and dip directions. Plastic deformation occurs when
the combined loads exceed the capacity of the soil mass to resist
yielding.

The original Newmark (1965) formulation analyzed downslope dip-
directed motion and assumes a rigid-plastic behavior of the sliding
ground. Typically, when applying Newmark analyses, practitioners use
the component of motion that contains the peak ground acceleration
and neglect the effect of the orthogonal component of motion. A mod-
ern implementation of the rigid 1-D Newmark approach with a strain
softening element can be found in Jibson et al. (2013). Work by
Goodman and Seed (1966), Seed and Martin (1966), Ambraseys and
Sarma (1967) and Makdisi and Seed (1978) extended Newmark's orig-
inal method, incorporated soil compliance, and provided practitioners
with simplified procedures for estimating seismic displacements of
slopes. Two alternate approaches have been used to address the dynam-
ic response of soft ground. A decoupled procedure developed by Seed et
al. (1973), and Seed (1979), involved computation of the elastic re-
sponse of a compliant soilmass along a potential failure plane, assuming
no displacement. The computed averaged motion at the depth of the
potential failure plane, termed the Horizontal Equivalent Acceleration,
is used to compute permanent displacements in a separate rigid-plastic
Newmark analysis. This approach decouples the compliant response of
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the sliding mass from the displacement on the sliding plane. Work by
Bray and colleagues has extended the decoupled approach to the dy-
namic response of landfills (Augello et al., 1995; Bray et al., 1993; Bray
et al., 1995; Bray and Repetto, 1994; Rathje and Bray, 2000).

Coupled-methods include the compliant response in the calculation
of displacements (Lin and Whitman, 1983; Kramer and Smith, 1997;
Rathje and Bray, 2000; Gazetas and Uddin, 1994). Compliant models in-
clude a damped lumped-mass structure that allows for the upper mass
to shake in response to motions produced by earthquake shaking be-
neath the sliding plane. Kramer and Smith (1997) found that the dis-
placements were sensitive to the interaction of the earthquake motion
and the natural period of the compliant-block above the slide plane.
Kramer and Smith (1997) used a concept termed ‘slope spectra’ to de-
scribe the relative-amplification of displacements in a compliant
model. Application of the coupled and decoupled methods indicate
that the decoupled approach generally produces good, somewhat con-
servative, displacement predictions. Both coupled and decoupled com-
pliant models compute seismic displacements that can vary
significantly from those predicted using the rigid-plastic Newmark
approach.

Although these advancements have improved the applicability of
the Newmark approach, several critical limitations restrict its applica-
tion in the evaluation of seismic displacements: Firstly, the mass is as-
sumed to conform to an infinite slope formulation that might not be a
realistic representation of the affected mass. Secondly, uniform soil
properties are assumed to act on the shear plane, and in the case of com-
pliance throughout the soil mass. These properties are variable within
and beneath thedisplaced block, and incorporating the probabilistic dis-
tribution of the soil properties is not currently done. Thirdly, themass is
assumed tomove as a uniformmaterial, though ground that is displaced
tends to break into multiple coherent blocks that interact. Finally, the
strain dependent nonlinearity of geotechnical properties is not easily
modeled in Newmark analysis and typically neglected.
2. Dynamic displacements in compliant sediment

A simple and direct approach for incorporating a coupled compliant
system into the Newmark displacementmodel is to describe the poten-
tial slides as a viscously damped lumped mass. This paper presents a
compliant model formulation similar to Kramer and Smith (1997),
modified to include multidirectional motions. Modification of the
Newmark one-dimensional (1-D) rigid-plastic block into a lumped-
mass system involves partitioning the soil block above the slide plane
into a lower mass, m0, and an upper mass, m1 (Eq. (1)). The mass
partitioning ratio, Mr, is the ratio of the upper mass, m1, and the total
mass,MT.

Mr ¼ m1

m0 þm1
¼ m1=MT

: ð1Þ

A complete list of terms used in the equations is presented in the no-
menclature list at the end of the paper. The compliant damping ele-
ment, c, and shear stiffness element, k, are built into the partitioned
mass-system and acted on by the upper mass velocity, _u1, and displace-
ment, u1, respectively. With their inclusion, the induced load on the
sliding plane, FD, is the sum of the inertial force, Feq; slope gravitational
forces, Fα; damping force, Fc; and stiffness force, Fk (Kramer and Smith,
1997). The inertial force is a product of the lower mass ratio portion
(1 − Mr) of the total soil mass and the slope parallel component of
the horizontal base-motion (€ubÞ:The static gravitational force, Fα acting
on the slope is a function of the effective stress of MT (σvo′). The viscous
damping force, FC, and shear stiffness force, FK, are the mobilized
through of the relative-velocity and -displacement, between the m1
and m0.

FD ¼ Feq þ Fα þ Fc þ Fk ¼ − 1−Mrð Þσvo

g
cosα∙€ub þ

σ 0
vo

g
cosα sinα

þ c _u1 þ ku1: ð2Þ

The forces in Eq. (2) are appropriate for dip-directed downslopemo-
tions. For the strike slope-parallel direction, Fα is zero.

Loads on the base of the compliant slide mass require computation
of motions within the mass to determine the elastic and viscous forces.
The equation ofmotion of the uppermass is presented in Eq. (3), noting
the addition of the upper mass acceleration, €u1 , velocity, _u1 , and
displacement, u1 , and the addition of them0 block acceleration, €u0; rel-
ative to the acceleration beneath the failure plane, €ub (Kramer and
Smith, 1997):

m1€u1 þ c _u1 þ ku1 ¼ −mo €ub þ €u0ð Þ: ð3Þ

The computed motions in the upper and lower masses make use of
the Newmark beta-method of finite differences (Newmark, 1959;
Chopra, 2001). Field measurement of stiffness of a soil mass is made
throughmeasurement of the shear wave velocity, Vs. Material damping
ratio characteristics are typically determined through controlled labora-
tory testing (Zhang et al., 2005) or estimated from the literature.

3. Multidirectional trajectory of displacements

Multidirectional displacement analysis requires that we compute
the resultant stress vector for all the strike and dip loads (inertial-stress,
slope gravitational-shear stress, viscous damping-shear stress, and stiff-
ness-shear stress. In the strike direction, the slope gravitational shear
stress is equal to zero.

A comparison of the resultant vectors computed by the original 1-D
Newmark rigid-plasticmodel and the compliantmultidirectionalmodel
is shown in Fig. 1, here presented as stresses on a critical state yield sur-
face. The plot looks down the hydrostatic confining stress axis of a con-
ical yield surface drawn in shear stress-normal confining stress (q− p′)
space, with the strike directions horizontal and dip directions vertical
(Fig. 1a). It can be seen that the rigid model (Fig. 1b) utilizes only the
downslope gravitational stress and stresses associated with the dip-di-
rected earthquakemotion to determinewhen yielding occurs. Themul-
tidirectional compliant model utilizes stresses in the strike and dip
direction for inertial loads, the downslope gravitational stress, and the
multidirectional compliant loads. As such, the multidirectional compli-
ant model can yield in any direction on the slide plane in response to
the multidirectional earthquake motions. The magnitude of the driving
multidirectional stress vector, τD, is computed in Eq. (4).

The traditional 1-D dip-slope Newmark model undergoes yielding if
the sum of the combined gravitational and inertial dip-slope vectors
project outside the soil yield stress surface (τy). The direction of yielding
in a 1-Dmodel can only occur downslope or upslope. On the other hand,
the resultant multidirectional stress vector, τD, can drive yielding along
any azimuth.

τD ¼ ∑τdip2 þ∑τstrike2
� �1=2 : ð4Þ

Expanding the computed bidirectional resultant stress vector into
the strike (τstrike) and dip components (τdip) of stress (Eq. (5)), the
total ‘dip’-component is composed of slope stress, τα , inertial stress,
τeq ,d, mobilized viscous damping stress, τc ,d, and mobilized stiffness
stress, τk ,d. The total ‘strike’-component of stress is composed of the
strike motion inertial stress, τeq ,s, strike-mobilized viscous damping



Fig. 1. (a) Oblique viewof yield surface drawn inq-p′ space, (b) looking down the hydrostatic line, the total resultant stress-vector and yield surface for 1-D rigidNewmark analysis, and (c)
total resultant stress vector for themultidirectional compliantmodel. The two yield surfaces have the same slope-induced static stress and dip directed earthquake stresses. The resultant
vectors are different due to the additional strike motion and compliant stress. For the 1-D rigid Newmark condition (b) the slope gravitational shear stress [1] and dip-motion directed
earthquake stress [2] are added to compute a total stress vector. For the 2-D compliant model (c) the total stress vector is the sum of the slope gravitational shear stress [1], the
oblique earthquake motion resolved into strike and dip components [2] , and the oblique compliant stresses resolved into strike and dip components [3].
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stress, τc ,s, and strike-mobilized stiffness stress, τk ,s.

τD ¼ ∑τ2dip þ∑τ2strike
� �1=2

¼ τα þ τeq;d þ τc;d þ τk;d
� �2 þ τeq;s þ τc;s þ τk;s

� �2h i1=2
: ð5Þ

Multidirectionality has an important influence on inertial displace-
ments of gently sloping ground. On all sloping ground the soil mass is
confined anisotropically due to the initial static gravitational downslope
shear stress and, therefore, plots off the hydrostatic-line. The conse-
quence of this anisotropy is that strike-directed stresses that exceed
the yield surface will produce both strike and dip-directed shear dis-
placements on sloping plane. Indeed, on sloping ground even polarized
strike-directed motions will displace a soil mass downslope. It can also
be seen in Fig. 1 that neglecting the strike motion when computing
the total stress vector underestimates the total applied shear stress on
the potential failure plane. Traditional 1-D downslope Newmark dis-
placement models underestimate the driving loads. On gently sloping
ground, the underestimation of the stress vector can lead to an underes-
timation of computed displacements.

When the applied stress vector exceeds the yielding stress of the soil,
displacements occur whose magnitude and azimuth are controlled by
the associated flow rule (Wood, 1991). From the net stress components,
the incremental shear-inducing strike- and dip-accelerations, velocities,
and displacements are computed.
The azimuth of the total stress vector, θ, is:

θ ¼ tan−1 ∑τstrike
∑τdip

" #
: ð6Þ

Along this azimuth, the net exceedance of the applied stress-vector
relative to the yield surface is broken into corresponding strike- and
dip-components.

4. Soil yielding

To formulate a generalized conceptual model for the yielding of soil,
the angle of internal frictional (ϕ) is commonly used for 1-D Newmark
analysis. In this study focused on gentle coastal margin environments,
an alternative approach is presented to formulate a yield acceleration
for soil based on the Normalized Soil Parameter (NSP) framework of
(Ladd and Foott, 1974). The NSP model is widely used in geotechnical
engineering to characterize the strength of soil and is used for sediment
whose strength parameters, normalized by their consolidation stress,
are constant for a sediment of given overconsolidation ratio, OCR, the
ratio of maximum past effective stress a soil has experienced to the in
situ effective overburden stress. For these materials, the undrained-
strength, Su, mobilized during shear can be expressed as the effective
stress normalized-normally consolidated shear strength, Sn, the
overconsolidation ratio (OCR) measured through consolidation testing,
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and a power function,Λ0 (Ladd and Foott, 1974), as presented in Eq. (7):

Su
σ 0vo ¼ Sn OCRð Þ∧o : ð7Þ

Lee and Edwards (1986) extended theNSP approach for the analysis
of dynamic loading using laboratory consolidation and triaxial shear
strength data. They defined a new term, S, the effective stress normal-
ized-normally consolidated shear strength adjusted for dynamic load-
ing and anisotropy factors. The parameter Ar is a measure of the
degradation of strength due to repeated cyclic loading, determined
through cyclic triaxial shear testing. The parameter Ac corrects of
isotropically-consolidated shear test results to represent anisotropic
field conditions. Eq. (8) presents the normalized strength accounting
for these factors,

S ¼ Su
σ 0vo ¼ AcArSn OCRð Þ∧o : ð8Þ

The yield acceleration, ky, is the critical minimum acceleration at
which shear failure can begin. The yield acceleration, ky, associated
with the undrained peak shear strength of a fine grained soil can be de-
termined through laboratory triaxial shear and consolidation testing.
The yield acceleration, also termed the critical acceleration ac by
Wilson and Keefer (1985) are the same, and relate (1) the applied
shear stress, τD and (2) mobilized shear strength, S. Newmark (1965),
and subsequently Wilson and Keefer (1985), developed a simplified
model for ac that is a function of the slope factor of safety, dependent
on the frictional properties of the sliding plain, total normal stress, and
slope angle. Here, an alternative simplified yield acceleration, ky, is
solved in effective stress terms, relating the applied slope shear stress
and resisting NSP-based strength that is function of the water table
depth, hw, the densities of thewater, γw, and soil, γ, total slide thickness,
H, and the slope angle, α ( Eq. (9)):

ky ¼ 1−
γw

γ
1� hw

H

� �� 	
∙
AcArSn OCRð Þ∧o−sinα

cos2α
: ð9Þ

Displacement on a slide plane occurs when the ground acceleration
exceeds the yield acceleration of the soil mass. Ground beneath the
overlying block accelerates faster than the block can maintain without
undergoing shear. Relative displacements continue until the accelera-
tion of the ground below the block falls below the yield acceleration.De-
celeration occurs until the relative velocity of the block returns to zero.

5. Displacement model results

In this study, 55 close-in (b30 km) strong-motion records from
seven California earthquakes are used to compute inertial two-dimen-
sional plastic displacement trajectories. Motions were selected to
cover a wide range of moderate-to-high intensity peak-acceleration
levels (typically 0.3 g–l.0 g) and peak-velocity levels (typically 0.2 m/
s-to-1.0 m/s). The two horizontal components of earthquake motion
are rotated using a Pythagorean transformation from their original ori-
entation (typically, North-South or Transverse-Parallel) into the
strike-and-dip orientation of the modeled slope. To maintain computa-
tional stability of the Newmark beta-method (Chopra, 2001), the earth-
quakemotionswere also reprocessed from a coarse-time step (typically
Δt = 0.02 s) to a fine-time step (typically Δt = 0.005 s).

To compute a displacement trajectory for a given acceleration time
history, the initial soil strength-parameters and slope inclinations are
used to determine the yield acceleration. Each displacement trajectory
is computed by varying the soil strength, the slope angle, the azimuth
of the slope, and the ground motion. It is easier to drive a soil mass
downslopewith up-dip directed seismic accelerations, than the reverse.
However, on low slope angles a strong base-acceleration pulse can
induce plastic displacements in the block in the upslope direction, as
well as oblique strike and dip directions. For example, in Fig. 2, a block
gently inclined to the south and subjected to the two horizontal compo-
nents of theNewhall record from the1994Northridge Earthquake is ini-
tially driven up-slope to the north in response to a single pronounced
long-duration acceleration spike. The plastic displacement trajectories
and plastic displacement time histories in Fig. 2 present the relative dis-
placementmotions of the slidingmass (Fig. 2, left column), and the cor-
responding dip (Fig. 2, center column) and strike (Fig. 2, right column)
displacements.

The three rows of solutions in Fig. 2 are for a slide mass on level
ground 0°; and sloping ground at 2° and 4°. Material properties for all
these solutions are the same. In frame 0°a, the distinction betweenmax-
imum plastic shear displacement and final resting plastic displacement
can be seen. Often, on slopes b4°, the maximum displacement occurs
before the end of the earthquake record and can greatly exceed the
final displacement. For certain types of buried utilities or infrastructure
the maximum displacement may be a more important parameter than
final displacement. Post-earthquake observations, and empiricalmodels
based on them are measurements of the final resting plastic shear dis-
placements and thus may underestimate the maximum displacement
that led to observed damage. When the slope steepens to 4°, or greater
(see frame 4°a), the maximum and final plastic displacements almost
always coincide. Nevertheless, on steeper slopes multidirectionally-
computed displacements always exceed one-dimensional Newmark
displacements.

On level ground conditions, the soil mass initially slides northward;
then eastward; and finally westward. Most of the plastic displacement
is northward and occurs within a narrow 2-s window. The maximum
shear displacement is 61.8-cm toward N008E, whereas the final plastic
shear displacement is 42.0-cm toward N009W. When the slope
steepens to 2° toward the south, the effect of the declivity is to drive
the soil mass ultimately downslope, despite the initial fling pulse that
sends the slide mass up-slope. The maximum shear displacement is
45.2-cm toward NO 12E, whereas the final resting site for the slide is
in the opposite direction at 16.4-cm toward S016W. That is, the slide
is initially driven up-slope to its maximum plastic displacement, but ul-
timately comes to a resting position downslope of the starting pre-slide
position.When the ground slope is elevated to 4°, the static slope stress
contributes significantly to the accumulating displacements. The maxi-
mum and final plastic shear displacements are, at last, coincident at
115.7-cm toward S001W. The coincidence of maximum and final
deformations is typical of moderate-to-steeply sloping ground with
slopes N5°.

Displacement trajectories, like those presented in Fig. 2, are comput-
ed in 24,000 model runs of the compliant-Newmark model using
California ground motion records from earthquakes ranging from 6.5–
7.3, and slope angles ranging from 0°–4°. The results of displacements
from these model runs are put into the form of ky/kmax and compared
with the displacement bands presented by Makdisi and Seed (1978)
in Fig. 3. The parameter kmax is the peak acceleration of the base motion.
Themean computed displacements in thismodel comparedwell within
the mean response of the M = 6.5 band of Makdisi and Seed, and on
average below the M = 7.5 band (Fig. 3), though this model shows a
wider range of maximum displacements for a given value of ky/kmax

than is presented in the M = 6.5 Makdisi and Seed bands. Makdisi
and Seed (1978) used four strong motion records to compute the
bands in Fig. 3. The author attributes the broadness of the maximum
displacement bands presented (b10 cm) a multidirectional shaking
model appears to compute larger displacements than those presented
by Makdisi and Seed (1978).

If the increased broadness of the ky/kmax bands is attributable to a
larger suite of ground motions, it may indicate that the variance in pre-
dicted displacements is principally dependent on the characteristics of
the earthquakemotion rather than the characteristics of the yield accel-
eration. This observation is consistent with field observations and



Fig. 2.Displacement trajectories for 0°, 2° and 4° sloping ground using the Newhall motion from theM6.7 Northridge 1994 earthquake. The left column shows a plan-view displacement
trajectory (a), the center column shows the dip-directed motion and displacement (b), and the right column shows strike-directed motion and displacement (c).
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modeling of Wilson and Keefer (1985) and Jibson (2007). Similar com-
parisons are possible with the more recent model of Bray and
Travasarou, 2007, for their simplified procedure for estimating earth-
quake-induced slope displacements that includes the fundamental peri-
od of the slide mass.

A suite of alternate parameters were investigated to find a better
predictor of maximum displacement than the traditional use of ky/
kmax. Arias intensity was no better at predicting displacements than ky/
kmax, although a useful measure that yields considerably better predic-
tions of maximum displacement is a relationship based on ky/Vmax ,
where Vmax is the peak ground motion velocity. A proxy for ky/VMax is
the normalized Arias intensity parameter, In. The parameter In is the
ratio of the 2-component plastic sliding accelerations of the slide mass
normalized by the 2-component Arias intensity (Ih, Kayen and
Mitchell, 1997) of the earthquake basemotion (Eq. (10)). Arias intensity
(Arias, 1970) is proportional to the integral of the square of the acceler-
ation values over time in a strong motion recording, or in the relative
block sliding motion. For a block that undergoes no plastic displace-
ment, there is no slidingmotion and In equals zero. For a fully decoupled
soil mass that accumulates plastic displacements in mirror opposite to
the base acceleration pulse, In equals one. All plastic displacements
(on level ground) fall between 0 and 1. Thus, In is a normalizedmeasure
of decoupling or detachment. On sloping ground, gravitationally-driven
displacements can amplify the value of In.

In ¼ Ih relative slide motionð Þ
Ih base motionð Þ ¼ ∫∞t¼0a

2dt slide motionð Þ
.

∫∞t¼0a2dt base motionð Þ
: ð10Þ



Fig. 3. Model solutions for 24,000 computed results plotted on the ky/kmax bands of
Makdisi and Seed (1978). At low levels of displacement (b10 cm) the multidirectional
model computes larger displacements than that of Makdisi and Seed (1978) bands for
M6.5 and M7.5.

Fig. 5. The parameter In versus Log(Ky/Vmax).
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The parameter In cannot be measured in the field without surface
and downhole instrumentation, and could only be measured after slid-
ing. However, this study found that In can be predicted knowing ky/Vmax,
and that the seismic displacements are best predicted through a multi-
parameter relationship of the parameters ky and Vmax. First, through
modeling it was found that the product In ∗ Vmax best predicted maxi-
mum shear displacements with less variance than the traditional ky/
kmax approach. The regression line in Fig. 4 presents themean predicted
maximum displacement of the slide mass. The standard deviation of
maximum displacement is 70% of the mean for a given value of
In ∗ Vmax, approximately one-quarter the standard deviation of the re-
sults based on ky/kmax. The maximum permanent displacement can be
Fig. 4. Model solutions for 24,000 computed results of maximum displacement versus
In · Vmax.
predicted from the following Eq. (11):

umax cmð Þ ¼ 0:60856 In � Vmaxð Þ1:0691;R ¼ 0:64: ð11Þ

Although the parameter In cannot be measured prior to actual slide
displacement, Fig. 5 presents modeled values of In versus ky/Vmax. The
form of the polynomial regression describing In in terms of ky/Vmax is
shown in Eq. (12), where the Thetas are parameter coefficients of the
model variables:

In ¼ Θ0 þ Θ1∙Log
ky

Vmax
þ Θ2∙Log

ky
Vmax

� �2

þ Θ3∙Log
ky

Vmax

� �3

þ…

þ Θn∙Log
ky

Vmax

� �n

: ð12Þ

In the simplified regression the symbol eta, η, is substituted for the
Log(ky/Vmax) in Eq. (13).

η ¼ Log
ky

Vmax
: ð13Þ

The regression below in Eq. (14), presents In as a function of eta (η),
and whose values range between −2 and 4. For η less than −2, the
decoupling parameter In is approximately 1 (perfect sliding); for η N4,
In is 0 (no sliding). The correlation determination of the In regression
is 0.963 and the standard deviation is 0.014 (3.15% of the average
mean value of In). The combined standard deviation of Eqs. (11) and
(14) is 71% of themean value of the predicted maximum displacement.

In ¼ 0:69387−0:30837η−0:11782η2 þ 0:037173η3 þ 0:024655η4−0:004181η5

−0:0023717η6 þ 0:00025628η7 þ 0:00013515η8−0:000020304η9:

ð14Þ

Eq. (15) combines Eqs. (11) and (14). To compute displacements
using Eq. (15), estimate the yield acceleration of the soil system with
Eq. (9) given the soil properties and local slope geometry. An estimate
of the peak ground velocity can be made using attenuation equations
(e.g. Boore et al., 2014), or determined directly from strong motion
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time history records.

umax cmð Þ ¼ 0:60856ðVmaxð0:69387–0:30837η−0:11782η2 þ 0:037173η3

þ0:024655η4–0:004181η5−0:0023717η6 þ 0:00025628 η7

þ0:00013515η8–0:000020304η9ÞÞ1:0691;
R ¼ 0:64:

ð15Þ

6. Plastic Displacement Response Spectra

Soils are compliant and resonate when excited by input motions.
Resonance effects are important in displacement computation of thick
and soft soil deposits, low-shear wave velocity landfills and tall
engineered-soil embankments. The interaction of earthquake motion
and soil compliance can amplify or de-amplify the predicted permanent
displacements relative to traditional rigid Newmark displacement pre-
dictions. Normalizing the displacements computed by a 2-D compliant
model with those of a 2-D rigid Newmark model allows for the quanti-
fication of compliance-associated amplifications. A critical parameter
effecting plastic displacement amplification in a flexible soil systems is
the period of the slide mass. Given the slide mass thickness, mass
ratio, and average shear wave velocity, the resonance period, T, of the
slide mass can be estimated for an infinite slope or for embankments
using the equations of Ambraseys (1960) from his seminal paper on
the dynamic response.

For an infinite slope:

T ¼ 2π H=Vsð Þ � mrð Þ0:5; ð16Þ

and for a truncated wedge shaped embankment:

T ¼ 4π H=Vsð Þ � 1=anð Þ ð17Þ

where an is tabulated dimensionless coefficient that is a function of the
wedge geometry (Ambraseys, 1960).

The Plastic Displacement Spectra (PDRS) describes the maximum
plastic displacement of a single degree of freedom system as a function
of thenatural resonance period and damping. A normalized plot of PDRS
is the maximum 2-D plastic displacement of the compliant system di-
vided by the displacement computed for a rigid 2-D system of identical
yield acceleration, geometry, and slope. PDRS is similar to the ‘slope
spectra’ concept of Kramer and Smith (1997), and is here computed
for maximum slide displacements under multidirectional motions.
When the normalized PDRS displacement exceeds 1.0, compliance
Fig. 6. Plastic Displacement Response Spectra (PDRS) for a range of compliant slide mass
periods (abscissa) subjected to the Newhall motion, Northridge 1994 earthquake. The
ordinate-axis is the ratio of the displacement for the compliant 2-D model normalized
by the corresponding rigid 2-D Newmark model.
effects are amplifying displacements. When they fall below 1.0, compli-
ance effects deamplify displacements.

Two PDRS plots are presented in Fig. 6 for a gentle 4° slope excited by
the Newhall motion from the 1994 Northridge Earthquake. The compu-
tations aremade usinguniform5% and 10% levels of dampingwithin the
sliding mass. These plots show the maximum displacement for the 2-D
compliant solution with soil mass resonance periods ranging from 0.2-
to-2.5 s, normalized by the displacement result for the 2-D rigid
Newmark-solution. To make this plot, the PDRS is computed for a
suite of single degree of freedom 2-D oscillators and normalized by
the rigid 2-Dmaximum displacements. In this example, when the natu-
ral resonance of the compliant slidemass is excited by themotion of the
earthquake record (for example, at a period of 0.8 s), the compliant dis-
placements are amplified over those computed by traditional rigid-
block Newmark analyses by approximately 25%. At other resonance pe-
riods for the sliding mass the resultant deformations can approximate
the rigid body solution or be relatively deamplified. The frequency con-
tent of a design earthquake motions input to the base of a compliant
slope can be estimated through computational site response analysis
or by simplified procedures like that of Rathje et al. (1998).
7. Conclusions

This paper explores the combined effects of multidirectional earth-
quake motions and soil compliance of gently sloping ground of the
coastal plain and offshore shelf and slope on seismic displacements. In
these environments, strike-directed earthquake motions contribute to
dip-directed displacements due to the anisotropic gravitational shear
stress of the sloping ground. On level- and gently sloping-ground, in-
cluding the strike component of motion results in a larger and more ac-
curate shear stress vector than is computed using only the dip-direction
of motion. Compliant stresses within the sliding mass influence the ap-
plied shear stress on the sliding plane. These compliant stresses can am-
plify or de-amplify predicted displacements.

This study found that the predicted seismic displacement on gently
sloping ground can best be estimated using a multi-parameter model
that includes yield acceleration and the peak velocity of the input
ground motion. Here, yield acceleration, is presented for soft soils in
terms of the Normalized Soil Parameter framework of Ladd and Foott
(1974). Compliance effects can be characterized by comparing the com-
pliant block 2-D displacements with those of rigid 2-D block motions
under the same earthquake loads, yield acceleration, and slope condi-
tions. Plastic Displacement Response Spectra (PDRS) plots the ratio of
the compliant- and rigid-2D displacements against the natural period
of resonance of the sliding block. PDRSmaps the frequencies where am-
plification or deamplification of plastic displacements is predicted.
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