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Groundwater is a factor behind the occurrence of landslides, and so is the action of seismic shaking in sloping
terrain. This paper presents closed-formexpressions for the factor of safety and yield coefficient of slopes subject-
ed simultaneously to seismic forces and variable groundwater conditions. Two failuremodes of natural slopes are
considered in this work, namely, long slope with phreatic surface parallel to the ground surface and slope with
emerging phreatic surface. For these failure modes, the factor of safety and yield coefficient are determined for
various conditions of drainage using effective-stress analysis and total-stress analysis. The effect of soil strength
reduction by seismic loading is accounted for in the derived factors of safety and yield coefficients. The specifica-
tion of the lateral seismic coefficient for equivalent seismic loading relies on recent advances in geotechnical
earthquake engineering and seismic engineering geology. The role of liquefaction and clay softening is intro-
duced in the analysis of seismic slope stability and slope deformation considering variable groundwater condi-
tions. Several examples illustrate the application of the methods herein presented.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Landslide hazards

Landslides (themovement of a mass of debris, earth, or rock down a
slope (Cruden and Varnes, 1996)) are perennial hazards that cause
losses of life and property. Landslides are frequently associated with
saturation of soils on slopes, which increases the weight of soils and re-
duces the effective stress (see, for example, Cedegreen, 1989; Anderson
and Sitar, 1995; Iverson, 2000; Wang and Sassa, 2001; Duncan and
Wright, 2005; Loáiciga, 2005). Another important cause of landslides
is seismic shaking. In this case, the forces exerted on a slope produce
stresses that exceed the strength of soils and rocks. Several authors
have reported studies quantifying the linkages between earthquakes
and landslides (see, for example, Seed, 1967, 1968; Keefer, 1984;
Kramer, 1996; Jibson and Keefer, 1993; Evans and Bent, 2004; Harp
et al., 2011; Jibson, 2011; Schulz et al., 2012). Landslide hazardmapping
with geographic information systems (GIS) has advanced our capability
to identify areas vulnerable to slope failure (Miller and Sias, 1998;
Chacón et al., 2006).

In many instances slope failures are not due to natural phenomena,
such as soil saturation or earthquakes, but to human actions. Among
these, a common one is the removal of lateral support at the toe of slopes
and the removal of vegetation that induces recharge to groundwater in
sloping terrain (Gray and Megahan, 1981; Swanston et al., 1988; Miller
and Sias, 1998; Brien and Reid, 2008).
1.2. Basic kinematics of landslides and paper's objectives

The mechanics of simultaneous earthquake loading and groundwa-
ter influences on slope stability are well elucidated by extending
Newmark's (1965) classic analysis of the yield acceleration associated
with a rotational slidewith circular failure surface (A–B) of radiusR cen-
tered at O, as depicted in Fig. 1. The sliding mass has weight W acting
through its center of gravity (c.g.). All forces are expressed per unit
length of the slidingmass perpendicular to the plane of Fig. 1. The effect
of earthquake loading is captured through an equivalent, lateral (hori-
zontal), force (kh · W) that passes through the center of gravity of the
slice, where kh is the seismic coefficient. The approach of replacing
dynamic earthquake forces with an equivalent force kh · W is referred
to as pseudostatic analysis (Kramer, 1996). The seismic force is not hor-
izontal, in actuality, as has been shown elsewhere (see Towhata, 2008,
for example). However, it is common practice to specify the equivalent
seismic force acting horizontally in the downslope direction when
using the pseudostatic approach (Kramer, 1996; Stewart et al., 2003;
Towhata, 2008).

The sliding mass shown in Fig. 1 experiences reaction forces N and
groundwater forces U caused by pore pressure on the failure surface,
and a resistance force S with moment arm R that acts in the direction
opposing the direction of sliding. sq denotes the dynamic shear strength
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Fig. 1. Cross-sectional view of a rotational slide with key forces acting on the slidingmass.
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Fig. 2. The seismic coefficient (kh) as a function of key parameters using the method of
Stewart et al. (2003) and the formula reported by Noda et al. (1975) and Towhata
(2008), Japan.
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(variable, in general, on the failure surface). R is the moment arm of the
force S.

Equilibrium of moments can be used to calculate the factor of safety
corresponding to the forces acting on the sliding mass of Fig. 1 (see, for
example, Lambe andWhitman, 1979). The factor of safety is commonly
used in screening or preliminary analyses of slope stability, prior to
more involved stress-deformation analyses, if needed (Duncan, 1996;
Griffiths and Lane, 1999; Griffiths and Marquez, 2007). The dynamic
factor of safety, FSq, corresponding to the sliding mass diagram of Fig. 1
is (with the index i denoting any of the shear strengths on the n arc
lengths) can be shown to be:

FSq ¼
R �
Xn

i¼1
sqi � dsi

W � dþ kh �Wð Þ � e : ð1Þ

Newmark's yield acceleration is obtained by setting the dynamic
factor of safety equal to 1 in Eq. (1), and solving for the correspond-
ing seismic coefficient, which, at limiting equilibrium, equals the yield co-
efficient, ky= ay / g, where ay and g denote Newmark's yield acceleration
and the acceleration of gravity, respectively. Assuming that the dynamic
shear strengths (sqi) equal the static shear strengths (ssi) on the failure
surface, the following formula gives the yield acceleration corresponding
to the conditions represented in Fig. 1:

ay ¼ g � ky ¼ g � FSstat−1ð Þ � tan ψ ð2Þ

in which the static factor of safety (FSstat) for the sliding mass is obtained
from thedynamic factor of safetywritten in Eq. (1) by letting the dynamic
shear strengths be equal to the static shear strengths and by setting the
seismic coefficient kh = 0. The term tanψ in Eq. (2) is replaced by sinψ
when the seismic force has arbitrary orientation, giving rise to the well-
known formula ay = g ⋅ (FSstat − 1) ⋅ sinψ (Newmark, 1965). There is
downward displacement on the slopewhen the ground acceleration a ex-
ceeds the yield acceleration ay, otherwise there is no displacement.
Newmark's (1965) method is used to calculate total slope displacement
by doubly integrating the a − ay difference with respect to time for all
time intervals when the difference is positive and adding the integrated
values.

The procedure leading to the dynamic factor of safety (1) and the
yield acceleration (2) under the assumptions represented in Fig. 1 raises
a number of issues that this paper addresses and attempts to provide
answers to: (1) the effect of groundwater is captured by the weight of
the slidingmass, since soil and rock increase theirweights by saturation,
and by possible changes in the pore pressure along the sliding surface;
(2) the shape of the phreatic surface affects the factor of safety, as
shown in this paper; (3) groundwater exerts net forces on the boundary
of a slide's mass when there are tension cracks saturated with water (not
shown in Fig. 1); (4) the effect of seismic forces is captured by the seismic
coefficient, thus, its specification is of utmost importance to the outcomes
of the proposed screening analysis for slope stability; (5) the nature of
drainage in soils subjected to seismic shaking varies depending on the
soils' hydraulic conductivities; (6) seismic loading is known to reduce
the shear strength of soils, so the question arises as towhat shear strength
to use in the proposed screening analysis for slope stability; (7) liquefac-
tion affects slope deformation, and variable groundwater conditions play
a key role in this respect. This paper's innovation and contribution reside
on providing amethodology for addressing issues (1) through (7) consid-
ering the simultaneous actions of earthquakes and variable groundwater
conditions and relying on recent advances in geotechnical earthquake
engineering and seismic engineering geology. Various formulas for the
factor of safety and the yield coefficient are developed for common
slope-failure modes (long slope with phreatic surface parallel to the
ground surface and slope with emerging phreatic surface). These formu-
las incorporate the effect of liquefaction and clay softening and have prac-
tical value in conducting screening analyses of slope failure to assess
slope-stability hazards. This paper does not cover reinforced or buttressed
slopes, nor loads imposed by facilities constructed on a slope (see Stark
and Poeppel, 1994; Koerner, 2012).

2. Seismic hazard and the seismic coefficient

Section 1 has shown how the seismic coefficient enters the stability
and deformation analyses of slopes. Many authors have recommended
values of the seismic coefficient, sometimes accounting for earthquake
magnitude or maximal horizontal ground acceleration (Terzaghi,
1950; Marcuson, 1981; Seed, 1966, 1979; Hynes-Griffin and Franklin,
1984; Stewart et al., 2003; Towhata, 2008). Reported values range
from as low as 0.05 for mild earthquakes to 0.50 for catastrophic ones.
The method by Stewart et al. (2003) is used by many engineering geol-
ogists and geotechnical engineers in California (California Geological
Society, 2008), a developed region with highly variable climate and
threatened by seismicity (Keller and Loáiciga, 1993). It expresses the
seismic coefficient as the product of a factor fh times the normalized
maximal horizontal acceleration on firm rock (MHAr/g), kh =
fh ⋅ MHAr/g. The factor fh is a function of the nonlinear response of
site soils overlying firm rock to seismic shaking, the slope displacement,
the duration of strong shaking, the earthquake (moment) magnitude
(M), and the distance (r) between the slope site and the source of the
earthquake (California Geological Society, 2008). Fig. 2 shows the seismic
coefficient as a function of theMHAr/g calculated with the method of
Stewart et al. (2003) (see also California Geological Society, 2008)
for allowed slope deformations (d) equal to 5 and 15 cm, when the
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earthquake magnitude and the distance from the slope site to the earth-
quake source are M = 7.5 and r = 30 km, respectively. In addition,
Fig. 2 depicts the seismic coefficient as reported by Noda et al. (1975)
and Towhata (2008) inwhich kh is a function of themaximal (horizontal)
ground acceleration at ground level (MHA), kh = (MHA/g)1/3 / 3. It is
evident in Fig. 2 that the smaller allowable deformation (5 cm) results
in larger (or more conservative) values of the seismic coefficient, other
variables being equal, when using the Stewart et al. (2003) method. The
formula reported by Noda et al. (1975) and Towhata (2008) produces a
seismic coefficient that is larger (or smaller) than that calculated with
the Stewart et al. (2003)method at low (or high) values of the ground ac-
celeration. Seismic hazard maps depicting theMHAr have been compiled
by the United States Geological Survey (Petersen et al., 2008) for various
probability scenarios in the United States.

3. Specification of the shear strength of soils used in the screening
analysis of seismic slope stability

The specification of the shear strength is of utmost importance in the
screening analysis of seismic slope stability. This is so because the shear
strength that soils mobilize during earthquake shaking, or dynamic
shear strength, controls the stability of slopes during earthquakes. The
earthquake-related phenomena of liquefaction (Mogami and Kubu,
1953; Kramer, 1996) and clay softening (loss of shear strength and
large deformations experienced by saturated clays and elastic silts sub-
jected to cyclic loading, Idriss and Boulanger, 2008) also affect slope sta-
bility, and they are included in this paper's analysis of slope stability.

3.1. Approaches to the specification of the shear strength of soils under
earthquake loading

Concerning nonliquefiable soils, Maksidi and Seed (1978) recom-
mended the use of 0.80 the (monotonic or static) undrained shear
strength (su) as a proxy to the dynamic yield strength for use with
total-stress analysis of seismic slope stability. This recommendation
was made for soils that exhibit small increases in pore pressure during
cyclic, undrained, loading, such as clayey materials, dry or partially
saturated cohesionless soils, or very dense saturated cohesionlessmate-
rials. The use of 0.80 times the (static) undrained shear strength as an
equivalent dynamic shear strength has been reported for saturated
clays and elastic silts softened by earthquake shaking (Idriss and
Boulanger, 2008).

Hynes-Griffin and Franklin (1984) recommended a variation of
the Maksidi and Seed (1978) dynamic yield strength. Specifically, the
former authors recommended the following seismic coefficient and
shear strengths when the moment magnitude of earthquakes is less
than 8.0: (a) use a seismic coefficient kh equal to one half the mapped
maximal horizontal acceleration (expressed as a fraction of g) in firm
rock; (b) use 0.80 of the consolidated drained (CD) triaxial compressive
shear strength for pervious soils at low confining stress, effective-stress
analysis; (c) use 0.80 of the consolidated undrained (CU) triaxial com-
pressive shear strength, total-stress analysis, for pervious soils at high
confining stress; and (d) use of the 0.80 of the CU triaxial compressive
shear strength, total-stress analysis, for clays.

Blake et al. (2002) made recommendations for shear strength
that attempted to strike a balance between the performance of slopes
under seismic loads and the cost of taking measures to ensure an ade-
quate performance. In the case of coarse-grained, saturated, alluvium,
for example, Blake et al. (2002) recommended using consolidated
drained direct shear strength (DS) or consolidated drained (CD) triaxial
compressive shear strength, effective-stress analysis, if the soil is non-
liquefiable, or using the undrained residual strength, total-stress analy-
sis, if the soil is liquefiable. Another example of Blake et al.'s (2012)
recommendations was using unconsolidated undrained (UU) or CU
shear strength, total-stress analysis, with fine-grained, saturated and
soft, alluvium, applying judgment to choose between peak strength or
residual strength. The previous survey of approaches for specifying
shear strength of soils in screening analysis of seismic slope stability re-
veals a wide variance in the use of shear strengths. This is remarkable,
given that seismic forces act rapidly on slope soils, which, if saturated,
are likely to experience undrained loading conditions in all but the
most pervious soils (Lambe and Whitman, 1979).

3.2. The residual shear strength in liquefied sands

The residual shear strength (sr) is used in slopes whose soils liquefy
by seismic loading. Seed and Harder (1990) reported correlations be-
tween a normalized standard penetration (SPT) resistance (N1)60cs − rs

in clean sands and their residual shear strength. The residual shear
strength proposed by the latter authors is obtained by inferring slope
geometry to its pre-failure shape at sites where landslides occurred
and then calculating (or, in the jargon, “back-calculating”) the (residual)
strength along the failure surface that would produce limit equilibrium
(factor of safety equal to 1). Stark and Mesri (1992) presented a cor-
relation between the ratio of the residual strength of cohesionless
soils (sr) to the vertical effective stress on the failure surface (σ′v0), or
normalized residual strength (sr/σ′v0), and a normalized SPT resistance
in clean sands ((N1)60cs − rs), where (N1)60cs − rswas obtained with cor-
rections for fines content that differ from those used by Seed andHarder
(1990). Idriss and Boulanger (2008) reported correlations between
(i) the normalized residual shear strength (sr/σ′v0) and a normalized
SPT resistance of clean sands ((N1)60cs − rs, the latter obtained identical-
ly as in Seed and Harder, 1990), and (ii) the normalized residual
strength and the post-earthquake cone penetration (CPT) resistance of
clean sands.

3.3. Determination of the liquefaction potential of saturated sands on
sloping terrain

Thedetermination of the liquefaction potential of slope soils is key to
the specification of the appropriate shear strength in the screening
method for seismic slope stability. Liquefaction also affects slope defor-
mation, and variable groundwater conditions are relevant in this re-
spect. The simplified procedure for evaluating liquefaction potential
(Seed and Idriss, 1971; Youd et al., 2001) is widely used, and herein
adopted. Updated formulas for the simplified approach were published
by Idriss and Boulanger (2008). The simplified approachmakes an eval-
uation of liquefaction potential based on the factor of safety against liq-
uefaction, FSliq. Two key variables that enter the FSliq are the seismic
stress ratio (CSR) and the seismic resistance ratio (CRR). The CSR is a
normalized measure of the stress caused by an earthquake with maxi-
mal ground acceleration MHA. It is the ratio of the average cyclic
stress to the vertical effective stress (σ′v0). The CRR is a measure of the
capacity of saturated sand to resist liquefaction. The CSR is given by
the formula:

CSR ¼
0:65 � MHA

g

� �
� σv0 � rd

σ 0v0 ð3Þ

inwhichMHA represents themaximal horizontal acceleration at ground
surface, σv0 and σ′v0 denote the vertical total and vertical
effective stresses, respectively, at a specified depth below the ground
surface; rd is a stress-reduction coefficient that accounts for the
flexibility of the soil profile (Youd et al., 2001; Idriss and
Boulanger, 2008).

The CRR is expressed in terms of empirical correlations, inwhich the
dependent variable is the normalized SPT resistance (N1)60, or a normal-
ized CPT tip resistance (qc1N), or a corrected shear-wave velocity (Youd
et al., 2001; Idriss and Boulanger, 2008). The CRR depends on the mo-
ment magnitude of the earthquake (M), the vertical effective stress
(σ′v0), the static shear stress ratio (α), and the fines content of a soil.



Fig. 3. Geometry and variables that enter in the stability analysis of a long slope with
phreatic surface parallel to the slope. u denotes the steady-state pore pressure on the
slip surface. Elevation view.
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The static shear stress ratio equals the static shear stress at a point on
the failure surface of a slope (τstat) divided by the vertical effective stress
at the samepoint (α= τstat/σ′v0). The correlations for theCRR have been
developed for a reference condition (CRRM¼7:5; σ 0

v0¼1 atm; α¼0) inwhich the
earthquake magnitude equals 7.5, the vertical effective stress equals one
atmosphere of pressure (σ′v0 = 101.325 kPa), the terrain is level (α =
0), and the fines content of sand is equal to or less than 5% (this defines
the “clean-sand” condition). The CRR for earthquakes of arbitrary magni-
tude, arbitrary vertical effective stress, on sloping terrain (α N 0) (
CRRM; σ 0

v0 ; α
) is obtained by multiplying the reference CRR by a moment

scaling factor (MSF, which equals 1 when the earthquake magnitude is
7.5), a geostatic correction factor (Kσ), and a static stress ratio factor
(Kα), as follows:

CRRM; σ 0
v0 ; α

¼ CRRM¼7:5; σ 0
v0¼1 atm; α¼0 � Kσ � Kα �MSF: ð4Þ

Idriss and Boulanger (2008) reported updated expressions for all the
variables shown on the right-hand side of Eq. (4). The factor of safety
against liquefaction (FSliq) is then:

FSliq ¼
CRRM; σ 0

v0 ; α

CSR
¼ CRRM¼7:5; σ 0

v0¼1 atm; α¼0 � Kσ � Kα �MSF

0:65 � MHA
g

� �
� σv0 � rd

σ 0v0

0
BB@

1
CCA

: ð5Þ

If the factor of safety against liquefaction is equal to or less than 1
then the sand is liquefiable per the simplified procedure embodied by
Eq. (5). In this case, the use of the residual shear strength discussed in
the previous subsection is appropriate in the screening analysis of seis-
mic slope stability. Groundwater conditions affect the CSR and the fac-
tors Kσ and Kα that appear in Eq. (5). Applications of Eq. (5) in slope
stability and deformation analyses are presented in the Results section.

3.4. The dynamic shear resistance associated with clay softening

The phenomenon of clay softening in saturated clays and elastic
silts subjected to cyclic loading is reflected in the form of large soil
deformations and reduced shear strength. Clay softening has been
defined as the onset of shear strains (δ) equal to or larger than 3%
(Idriss and Boulanger, 2008). The factor of safety against clay softening,
FSδ = 3 % equals the ratio of the cyclic resistance ratio for arbitrary earth-
quake (moment) magnitude (M) in sloping terrain (CRRM,α) divided by
the cyclic stress ratio (CSR) introduced in Eq. (3).

The slope effect on clay softening is captured by means of the static
shear stress ratio (α) defined in the previous section dealing with dy-
namic liquefaction. In amanner analogous to the evaluation of liquefac-
tion potential, the CRRM,α is obtained by multiplying the reference CRR
for earthquakes of magnitude 7.5 on level terrain, CRRM = 7.5, α = 0,
times amagnitude scaling factor for clay softening (MSFCS, which equals
1 when the earthquake magnitude is 7.5) and times a stress ratio factor
Kα,CS:

CRRM; α ¼ CRRM¼7:5; α¼0 �MSFCS � Kα; CS ¼ 0:80 � su
σ 0

v0
�MSFCS � Kα; CS: ð6Þ

Notice in Eq. (6) that the reference CRR is equal to a dynamic
strength 0.80 · su, where su denotes the static undrained shear strength,
divided by the vertical effective stress at a point on the failure surface.
Idriss and Boulanger (2008) provide formulas for MSFCS and Kα, CS.
Kα, CS equals 1 when the terrain is level. See the Results section for an
example. The safety factor against clay softening is then:

FSδ¼3% ¼ CRRM; α

CSR
¼

0:80 � su
σ 0v0 �MSFCS � Kα; CS

0:65
MHA
g

� σv0 � rd
σ 0v0

0
BB@

1
CCA

¼ 1:23 �MSFCS � Kα; CS

MHA
g

� σv0 � rd
ð7Þ

in which all terms have been previously defined. In the proposed screen-
ing analysis of seismic slope stability one would calculate the factor of
safety against clays softening. If the factor of safety exceeds 1, use the
full static undrained shear strength in the analysis of seismic slope stabil-
ity. Otherwise, use 0.80 the undrained shear strength as an equivalent dy-
namic shear strength in the seismic slope stability analysis. An example of
the impact of groundwater conditions on clay softening is presented in
the Results section.

4. Factors of safety for slope stability and corresponding
yield accelerations

This section develops and presents the closed-form expressions for
the factor of safety (FS) and yield coefficient (ky= ay/g) of slopes affect-
ed by groundwater and undrained seimic loading. Results pertaining to
effective stress (drained) analysis of slope stability are presented for
completeness.

4.1. Translational slides on long slopes: phreatic surface parallel to slope

Fig. 3 shows the geometry and variables that enter the stability anal-
ysis of a long (“infinite” in the geotechnical jargon) slope with phreatic
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surface parallel to the sloping (ground) surface. A translational slide on
a long slope is such that the thickness of the sliding mass (H) is much
smaller than its length (L). The analysis of the stability of long slopes
is generalized in this work to include seismic forces. Empirical evidence
indicates that the thickness of translational slides is commonly less than
H = 3 m(Cruden and Varnes, 1996). In reference to Fig. 3, W and z de-
note the weight of the sliding mass (enclosed within the parallelogram
ABCD) and the height of saturation above the slip surface, respectively;
N, Sm, and u denote the reaction normal to the slip surface, the mobilized
shear resistance force needed to maintain equilibrium (Bishop, 1955;
Bishop and Morgenstern, 1960), and the pore pressure, respectively, all
acting on the slip surface; γ and γsat are the unsaturated and saturated
unit weights of the slidingmass, respectively. The steady-state pore pres-
sure corresponding to a phreatic surface parallel to the ground surface
generates a (steady-state) pressure force=U= u ⋅ L=γw z cos2β ⋅ L act-
ing normal to the slip surface, where γw denotes the unit weight of water
(9.81 kN/m3). The steady-state pressure forces acting on the vertical sides
AD andBC cancel each other. All forces are per unitwidth of slope perpen-
dicular to the plane of the drawing (in this case, of Fig. 3). The steady-state
pressure most likely differs from the actual pressure attained during seis-
mic loading. The dynamic pressure is unknown, however, and, therefore,
the effective-stress analysis uses its steady-state value as an approxima-
tion. The difficulty of specifying a pore pressure on the slip surface is
avoided when total stress analysis is used, as shown below. The effect of
saturation on the sliding mass is reflected on its weight and on the pres-
sure force U. The weight of the sliding mass depends on the average unit
weight, which is γavg =(γ(H− z) + γsat z)/H. As the depth of saturation
(z) rises, the slidingmass becomes heavier and the frictional resistance of
the mobilized shear resistance force is diminished. In addition, the
pseudostatic driving force (kh · W) increases with increasing weight of
the sliding mass.

Using effective stress analysis, wherein c′ andϕ′ denote the effective
stress cohesion and angle of internal friction on the slip surface, res-
pectively, it follows that the mobilized shear resistance force equals
Sm = (c′ ⋅ L/FS) + tan ϕ′ ⋅ (N − U)/FS, in which FS denotes the factor
of safety on the slip surface, and the effective reactionN–Umust be pos-
itive from physical plausibility requirement. The equilibrium of forces
parallel and normal to the slip surface in Fig. 3 produces the following
factor of safety in the case of effective stress analysis:

FS ¼ c0

γavg H
1

cos2β � kh þ tanβð Þ
� �

þ
1−kh tanβ−

γw z
γavg H

kh þ tanβð Þ

2
664

3
775 tan ϕ0 : ð8Þ

The first term on the right-hand side of Eq. (8)measures the effect of
cohesion on slope stability, whereas the second term reflects the contri-
bution of internal friction to slope stability. It is evident in Eq. (8) that
augmenting the seismic coefficient kh diminishes the factor of safety. It
follows fromEq. (8) that increasing the saturation of the slidingmass re-
duces the factor of safety, also, because the average unit weight (γavg)
increases with increasing depth of saturated thickness (z), thus making
the slope less stable when the phreatic surface rises.

Setting the factor of safety in Eq. (8) equal to one and letting kh =
ky ≡ ay/g one solves for the yield coefficient (ky, for downslopemotion):

ky ¼ c0

γavg H
� 1
cos2 β � 1þ tan β � tanϕ0ð Þ

þ
tanϕ0 � 1− γwz

γavg H

 !
− tan β

1þ tan β � tanϕ0 : ð9Þ

Increasing the saturation of the sliding mass (that is, larger z) de-
creases the yield coefficient in Eq. (9). This means that larger slope defor-
mations are likely when the weight of the sliding mass increases with
increasing groundwater depth.
A case of special interest is that of cohesionless soils (c′ = 0), in
which case the corresponding factor of safety and yield coefficient are
derived by letting c′ = 0 in Eqs. (8) and (9), respectively. The case of a
cohesionless, dry, soil is handled by letting c′ = 0 and z = 0 in
Eqs. (8) and (9). In this instance, non-negativity of the yield coefficient
commands that ϕ′ N β. Eq. (8) subsumes the static factor of safety on a
dry slope as a special case: letting c′=0, z=0, kh =0 in Eq. (8) estab-
lishes that FSstat=tanϕ′/tan β, where ϕ′ N β is required for slope stabil-
ity in this simplest of cases. Eqs. (8) and (9) apply to pervious slope soils
capable of draining during seismic loading. It is common practice to
estimate the strength coefficients c′ and ϕ′ from standardized test
methods, such as the direct shear test and the consolidated drained tri-
axial compression test.

The use of total stress in the analysis of the stability of a long slope
bypasses the need of specifying the pore pressure on the slip surface,
which is set equal to zero in this type of analysis. Water pressures
exerted on other external boundaries, if they exist, must be considered,
however. Total stress analysis relies on the total-stress cohesion (cT) and
angle of friction (ϕT), which can be estimated from consolidated un-
drained tests, when applicable. Force equilibrium applied with the
total stress analysis produces the following expressions for the factor
of safety and the yield coefficient:

FS ¼ cT
γavg H

� 1
cos2 β � kh þ tan β½ �
� �

þ 1−kh tan β
kh þ tan β

� �
� tanϕT ð10Þ

ky ¼ cT
γavg H

� 1
cos2 β � 1þ tan β � tanϕTð Þ þ

tanϕT− tan β
1þ tan β � tanϕT

: ð11Þ

Eq. (10) proves that increases in the unit weight of the sliding mass
and in the seismic coefficient reduce the factor of safety, making the
slope less stable when the phreatic surface rises. The factor of safety in
Eq. (10) decreases with increasing value of the seismic coefficient. The
yield coefficient in Eq. (11) decreases with increasing saturation thick-
ness (z) in the sliding mass. This condition exacerbates slope
deformation.

An important variation of total stress analysis is theϕT=0case,which
applies to a saturated soil that is sheared undrained (i.e., unconsolidated
undrained or UU shearing). The ϕT = 0 analysis leads to substantial sim-
plifications in the analysis of slope stability because (i) pore pressures are
not specified on the slip surface, and (ii) the shear strength of a soil is
expressed by one parameter, the undrained shear strength (su). It was
stated in Section 3 that several authors recommend the use of a dynamic
shear strength (sq) equal to 0.80 su when clay softening occurs during
seismic loading. If sands are liquefied, then a dynamic shear strength
equal to the residual shear strength (sr) should be used instead in the
ϕT = 0 total-stress analysis. Force equilibrium leads to the following re-
sults of slope stability when applying the ϕT = 0 total-stress analysis. In
the next two equations the dynamic shear strength symbol sq can be re-
placed by the undrained shear strength su, the residual shear strength sr,
or the clay-softened strength 0.80 su depending of field conditions and
the analyst's judgment:

FS ¼ sq
γavg H

� 1
cos2 β � kh þ tan β½ � ð12Þ

ky ¼ sq
γavg H

� 1
cos2 β

–tan β: ð13Þ

Eq. (12) shows that in the ϕT = 0 case the factor of safety
(i) decreases when the saturation thickness (z) increases (because the
average unit weight increases), and (ii) it decreases when the seismic
force increases (that is, when kh increases). The yield coefficient in
Eq. (13) decreases with increasing average unit weight of the sliding
mass, that is, with rising phreatic surface. The Results section shows
that the factor of safety and the yield coefficient decrease with increasing
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slope angle (β) up to a value of the slope angle at which the yield coeffi-
cient becomes equal to zero (see Fig. 11).

4.2. Translational slides on long slopes: phreatic surface emerging from the
slope

Fig. 4 depicts the variables that enter the stability analysis of long
slopes with emerging phreatic surface. The emergence of groundwater
on a slope manifests itself visually in the form of springs or other
forms of surface runoff on the surface of a slope.

The analysis of the stability of long slopes with emerging phreatic
surface is generalized in this work to include seismic forces. All the var-
iables displayed in Fig. 4were definedwhen discussing Fig. 3, except for
the angleφ that the phreatic surface formswith the horizontal. The var-
iable u denotes the pore pressure acting normal to the slip surface.
Steady-state pressure forces acting on the vertical sides AD and BC
cancel each other. Starting with effective-stress analysis of the slope
shown in Fig. 4, force equilibrium of the parallelogram ABCD leads to
the following factor of safety:

FS ¼ c0

γsatH
� 1
cos2β � kh þ tan β½ �

þ
1−kh tan β − u

γsat H cos2 β
kh þ tan β

tanϕ0 ð14Þ

inwhich the steady-state pore pressure acting normal to the slip surface
equals u= γw H/(1 + tan β ⋅ tan φ). The yield coefficient is as follows:

ky ¼ c0

γsat H
� 1
cos2 β � 1þ tan β � tanϕ0� �

þ
tanϕ0 � 1− u

γsat H cos2 β

� �
− tan β

1þ tan β � tanϕ0 : ð15Þ

Notice that the sliding mass (body of soil ABCD in Fig. 4) is fully
saturated (its unit weight equals γsat). Secondly, the angle φ appears
only in the pore pressure term u. In addition, it is evident in Eq. (14)
that increasing the seismic coefficient decreases the factor of safety,
and, thus, reduces the stability of a slope. Cohesionless conditions are
readily derived from Eqs. (14) and (15) by setting c′ = 0.
Fig. 4.Geometry and variables than enter the stability analysis of a long slopewith emerging
phreatic surface. u denotes the steady state pressure on the slip surface. Elevation view.
Total-stress stability analysis of the long slope with emerging phre-
atic surface relies on the total stress parameters cT and ϕT and setting
thepore pressure equal to zero on the slip surface. The total-stress factor
of safety is:

FS ¼ cT
γsatH

� 1
cos2 β � kh þ tan β½ � þ

1−kh tan β
kh þ tanβ

� tanϕT : ð16Þ

Eq. (16) indicates that the factor of safety decreases with increasing
seismic coefficient. The total-stress yield coefficient is given by:

ky ¼ cT
γsat H

� 1
cos2β � 1þ tanβ � tanϕTð Þ þ

tanϕT− tan β
1þ tan β � tanϕT

: ð17Þ

Total-stress analysis of slope stability settingϕT=0 (unconsolidated
undrained conditions) is of utmost relevance in seismic slope stability
analysis. Force equilibrium of the sliding mass ABCD in Fig. 4 leads to
the following formulas for the factor of safety and yield coefficient of
the case ϕT = 0:

FS ¼ sq
γsatH

� 1
cos2 β � kh þ tan β½ � ð18Þ

in which the dynamic shear strength symbol sq can be replaced by the
undrained shear strength su, the residual shear strength sr, or the clay-
softened strength 0.80 su depending on field conditions and the
analyst's judgment. The factor of safety is clearly reduced by increasing
the seismic coefficient in Eq. (18). Notice that the factor of safety in
Eq. (18) (with unit weight γsat) differs from that of a phreatic surface
parallel to the slope surface (Eq. (12), with unit weight γavg) only in
the specification of the unit weight of the sliding mass. The yield coeffi-
cient is:

ky ¼ sq
γsat H

� 1
cos2 β

− tan β ð19Þ

where all variables have been previously defined. Notice the similarity
between the yield coefficient in Eq. (19) for the case of an emerging
phreatic surface and that of the yield coefficient for the case of a parallel
phreatic surface given in Eq. (13): they differ only by the specification of
the unit weight of the sliding mass. The factor of safety in Eq. (18) and
the yield coefficient in Eq. (19) decrease with increasing slope angle
up to a value of the slope angle at which the yield coefficient becomes
equal to zero. This behavior is analogous to the role that slope angle
has on the seismic stability of long slopes with phreatic surface parallel
to the slope surface (see Eqs. (12) and (13), and Fig. 11).

5. Effect of groundwater on the deformation of liquefied soils

This section highlights the effect of phreatic surface variations on
(i) the lateral spread displacement, and (ii) the vertical reconsolidation
of liquefied sands. Lateral spread is defined as the horizontal displace-
ment at the ground surface caused by seismic shaking in terrain sloping
to a free (or open) face. Two approaches to the quantification of lateral
spread displacement in sloping terrain are entertained in this paper. The
first one is based on empirical regression equations that relate mea-
sured lateral spread to several indicator variables. The second one is
based on the integration of the calculated permanent maximal shear
strains over the depth of liquefied soils to produce the lateral deforma-
tion at ground surface. Maximal shear strain is calculated using empiri-
cal formulas that relate shear strain in liquefied sand to in-situ
measurable properties such as the standard penetration test (SPT) N
value normalized to a clean-sand equivalent (N1)60cs, or the normalized
cone penetration test (CPT) tip resistance normalized to a clean-sand
equivalent (qc1Ncs). Vertical reconsolidation is the settlement of the
ground surface of liquefied soils caused by seismic shaking. Vertical
reconsolidation is herein approached using empirical formulas that
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relate the vertical deformation of liquefied sand to in-situ measurable
properties such as the (N1)60cs or qc1Ncs.

5.1. The effect of groundwater on lateral spread displacement calculated
using regression formula

The role of groundwater on lateral spread displacement (DH) is illus-
trated with the regression equation presented by Youd et al. (2002), in
which DH in gently sloping terrain (in meters) is regressed on the
following variables: M, the earthquake moment magnitude; R, the
map distance from the site of spreading to the nearest bound of the seis-
mic source; S, the slope of terrain (as a percentage); T15, the cumulative
thickness (in meters) of saturated granular layers with normalized SPT
resistance (N1)60 less than 15; FC15, the averagefines content, expressed
as a percentage, of the layers included in the calculation of T15, in which
fines are soil particles that pass the No. 200 standard sieve; D5015, the
average mean particle size (in mm) of the layers included in the calcu-
lation of T15. The regression formula is as follows (Youd et al., 2012):

logDH ¼ a1 þ b1M þ c1logR
� þ d1 Rþ e1 logSþ f 1logT15

þ g1 log 100−FC15ð Þ þ h1 log D5015 þ 0:1ð Þ ð20Þ

in which a1, b1, c1, d1, e1, f1, g1, and h1 equal −16.213, 1.532, −1.406,
−0.012, 0.338, 0.540, 3.413, and −0.795, respectively, and

R� ¼ Rþ 100:89M−5:64: ð21Þ

Groundwater impacts the lateral spread displacement through the
elevation of the phreatic surface (or “water table”), which determines
the layers that are involved in the calculation of T15, FC15, and D5015: a
fully saturated soil profile includes all the underlying granular layers,
thus leading to a potentially large lateral spread displacement. A deep
phreatic surface, on the other hand, might avoid liquefaction altogether.
One example of the impact of groundwater on lateral spread displace-
ment is presented in the Results section.

5.2. The effect of groundwater on lateral ground deformation based on the
integration of shear strain

A potential maximal lateral spread displacement, named lateral dis-
placement index (LDI) by Zhang et al. (2004), is obtained by integrating
the maximal shear strain, γmax(z), over the depth z of the soil profile:

LDI ¼ ∑H
z¼0γmax zð ÞΔz: ð22Þ

The maximal shear strain γmax as a function of depth z depends on
(i) the stiffness of the granular soils expressed in terms of the SPT or
CPT resistances or the relative densities, and (ii) the factor of safety
against liquefaction (introduced in Eq. (5)) forgranular layers
(Yoshimine et al., 2006). Only the formulas corresponding to the SPT re-
sistance are presented in this paper. The calculation algorithm for
Eq. (22) starts with the calculation of the factor Fγ and the limiting
shear strain γlim. The latter two variables are calculated as follows
when expressed in terms of the normalized SPT resistance (N1)60cs in
clean sands (Yoshimine et al., 2006):

Fγ ¼ 0:032þ 0:69
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N1ð Þ60cs

q
−0:13 N1ð Þ60cs N1ð Þ60cs≥7 ð23Þ

γlim ¼ 1:859 � 1:1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N1ð Þ60cs
46

r !3

: ð24Þ

The normalized SPT resistance of clean sands in Eqs. (23) and (24) is
as follows (Idriss and Boulanger, 2008):

N1ð Þ60cs ¼ N1ð Þ60 þ Δ N1ð Þ60 ð25Þ
Δ N1ð Þ60 ¼ e 1:63þ 9:7
FCþ0:01− 15:7

FCþ0:01ð Þ2
� �

ð26Þ

where FC denotes the fines content (in percent) at depth z. Thereafter,
one of the following three equations is chosen to calculate the maximal
shear strain at a depth z (Yoshimine et al., 2006):

γmax zð Þ ¼ 0 if FSliq≥2 ð27Þ

γmax zð Þ ¼ smaller of γlim;0:035 2−FSliq
� � � 1−Fγ

FSliq−Fγ

� �� �
if FγbFSliqb2 ð28Þ

γmax zð Þ ¼ γlim if FSliq≤ Fγ : ð29Þ

The effect of the position of the phreatic surface on themaximal shear
strain is reflected on the value of the factor of safety against liquefaction
(FSliq, see Eq. (5)), which establishes a connection between groundwater
conditions on site and the LDI. Once the maximal shear strain (γmaxi) is
calculated in layers of liquefied sand, each of thickness Δzi, the LDI given
by Eq. (22) is approximated by integrating numerically:

LDI≅
X

i
Δzi γmaxi : ð30Þ

The Results section presents an example of the calculation of the
lateral displacement index.

5.3. The effect of groundwater on vertical reconsolidation based on the
integration of vertical strain

Vertical (one-dimensional) reconsolidation of liquefied sands, Sv, is
herein calculated with the method of Yoshimine et al. (2006), in
which the vertical strain (εv) of liquefied layers is related to themaximal
shear strain (γmax), introduced in the previous subsection, and to the
equivalent SPT resistance in clean sand ((N1)60cs):

εv ¼ 1:5ð e−0:369 N1ð Þ60cs Þ � smaller of 0:08;γmax½ � ð31Þ

(N1)60cs is calculatedwith Eqs. (25)–(26), andγmax is calculatedwith Eq.
(27), or (28), or (29), as the casemight be. Once the vertical strains (εvi)
in liquefied layers of thickness Δzi are calculated, the vertical
reconsolidation is approximated as follows:

Sv≅
X

i
Δzi εvi: ð32Þ

The vertical strain depends on the shear strain, which, as stated in
Eqs. (27)–(29), depends on the factor of safety against liquefaction,
which in turn, depends on groundwater conditions. This chain of rela-
tions establishes a connection between groundwater conditions and
vertical reconsolidation, which is illustrated by example in the Results
section. An earlier method to calculate the vertical reconsolidation of
liquefied sand was presented by Tokimatsu and Bolton Seed (1987).

6. Results

This section presents a few examples of the key results of this paper.

6.1. Long slopes: parallel phreatic surface and emerging phreatic surface

The first example deals with effective-stress analysis of the stability
of a long slopewith phreatic surface parallel to the slope surface, whose
geometry is portrayed in Fig. 3. The chosen slope parameter values are
as follows: c′ = 0, ϕ′ = 35°, slope thickness H = 3 m, γsat =
20.42 kN/m3, γ (unsaturated) = 15.71 kN/m3, γw = 9.81 kN/m3, slope
angle β = 12°. Fig. 5 graphs the calculated factor of safety for (i) static
case (there is no seismic loading, kh = 0), (ii) kh = 0.15, and (iii)
kh = 0.30. The effect of slope saturation is captured in Fig. 5 by varying
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the saturation thickness z from 0 (dry slope case) to z= H (completely
saturated slope).

It is seen in Fig. 5 the strong effect that saturation has on slope stabil-
ity. The factor of safety is nearly halved as the slope soil changes from
dry to completely saturated for all cases of seismic loading. The case
kh = 0.15 starts with a stable situation when z/H = 0 and becomes
unstable (FS= 1) when z/H = 0.90. The case kh = 0.30 is stable when
dry and becomes stable when z/H = 0.35.

Fig. 6 continues the example presented in Fig. 5 highlighting the ef-
fect of the slope angle β on slope stability. Notice in Fig. 6 that doubling
the slope angle from12° (used to prepare Fig. 5) to 24° renders the slope
marginally stable even when it is dry. A saturation ratio z/H=0.10 ren-
ders the slope unstable when the lateral seismic coefficient kh = 0.15.

Fig. 7 shows the role of slope saturation on the yield coefficient ky.
The slope parameters are identical to those used to prepare Figs. 5 and
6, except that the slope angle β = 20°. Fig. 7 portrays the strong effect
that slope saturation has on the yield coefficient, and, thus, on slope de-
formation (to be elaborated upon below). In fact, full slope saturation
(z/H = 1) produces a slope with ky = 0, which induces slope deforma-
tion by any level of seismic shaking.

Fig. 8 depicts the impact that slope saturation and the maximal hor-
izontal acceleration in bedrock (MHAr) has on slope deformation as
measured by the median lateral displacement (u) defined by Stewart
et al. (2003). The slopeparameters are identical to those used to prepare
Fig. 7. Notice in Fig. 8 that large slope deformations occurwhen z/H=1,
which, as shown in Fig. 7, is associated with a yield coefficient = 0.
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The next example, illustrated in Fig. 9, involves slope stability analy-
sis when the phreatic surface emerges from the slope surface. See Fig. 4
describing the geometry of a long slope with emerging phreatic surface.
The slope parameters are slope angle β = 12°, ϕ′ = 35°, c′ = 0, γsat =
20.42 kN/m3, γ = 15.71 kN/m3, angle of the phreatic surface φ = 6°,
and slope thickness H=3m. The static loading case (kh =0) produces
a factor of safety equal to 1.67 in Fig. 9.

The factor of safety for dry slope in Fig. 9 when the seismic load is nil
(kh = 0) is almost twice (FS= 3.29) that associated with static loading
when there is an emerging phreatic surface (FS = 1.67). The slope be-
comes unstable under seismic loading when kh = 0.125, whereas the
slope remains stable for seismic coefficient as high as 0.30 when the
slope is dry.

Fig. 10 illustrates the variation of the factor of safety and the yield co-
efficient under undrained loading due to changing phreatic surface, ap-
plying total-stress analysis with ϕT = 0. The phreatic surface is parallel
to the slope surface. The parameters are: sq = 30 kPa (dynamic shear
strength), kh = 0.15, H = 3 m, γsat = 20.42 kN/m3, γ (dry) =
15.71 kN/m3, and slope angle β = 26.6° (2H:1V).

It is seen in Fig. 10 that the factor of safety is reduced from a stable
condition under dry condition (z/H = 0) to unstable when z/H equals
or exceeds 0.70. In this case, the reduction in the factor of safety is en-
tirely due to changes in the weight of the sliding mass as the phreatic
surface rises, since the pore pressure on the slip surface does not play
a role in the undrained loading case. Notice in Fig. 10, also, that the
yield coefficient is reduced threefold from about 0.30 when the slope
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is dry to about 0.10 when the slope is fully saturated. This implies in-
creasing deformation of the slope with rising saturation conditions.

Fig. 11 illustrates the variation of the factor of safety and the yield co-
efficient under undrained loading due to changing slope angle applying
total-stress analysis withϕT=0. The phreatic surface emerges from the
slope (see Fig. 4). The parameters used to calculate the FS in Fig. 11 are:
sq = 30 kPa (dynamic shear strength), kh = 0.15, H = 3 m, γsat =
20.42 kN/m3, and variable slope angle β. The calculation of the yield
coefficient was based on sq = 30 kPa, H = 3 m, γsat = 20.42 kN/m3,
and variable slope angle β.

Fig. 11 clearly demonstrates that the factor of safety and the yield co-
efficient decrease with increasing slope angle, other variables held con-
stant. The factor of safety equals one when the slope angle is 23.3°, in
which case the yield coefficient equals 0.15. Fig. 11 also shows that
the yield coefficient equals zero when the slope angle is 39°. This
means that for an angle of 39° the slope is statically unstable: any seis-
mic ground motion would produce downslope displacement.

6.2. Clay softening in long slopes with parallel phreatic surface

A long slope with parallel phreatic surface provides the geometry
used in this example. See Fig. 3 for the pertinent geometry. The param-
eters used are: (static) undrained shear strength su = 30 kPa, slope
angle β = 28°, γ = 15.71 kPa; γsat = 20.42 kPa; H = 3.0 m; moment
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magnitude of earthquakeM= 7.5; maximum horizontal ground accel-
eration ratio MHA/g = 0.16, and clay overconsolidation ratio OCR = 1.
The theoretical model for clay softening assessment is given by
Eq. (7), which defines the factor of safety against clay softening.
Eq. (7) involves the static stress factor Kα,CS that accounts for the effect
of static shear stress on clay softening. Kα,CS depends on the vertical
stress on the slip surface, which, in turn, depends on the saturation
ratio z/H. It is through these series of relations that slope saturation af-
fects clay softening. The formula for the static stress factor at a depth z
on the slip surface is (Idriss and Boulanger, 2008):

Kα zð Þ ¼ 1:344− 0:344

1− τstat zð Þ
su zð Þ

	 
0:638 ð33Þ

The static shear stress on the slip surface of a long slopewith parallel
phreatic surface, see Fig. 3, equals:

τstat ¼ γavg H cos β sin β ð34Þ

where the average unit weight is equal to γavg=(γ(H− z) + γsat z)/H.
Fig. 12 depicts the effect that the slope saturation ratio has on clay

softening, where it is shown that the monotonic increase of the satura-
tion ratio decreases monotonically the factor of safety against clay soft-
ening presented in Eq. (7).

It is seen in Fig. 12 that the factor of safety against clay softening falls
below 1 when the saturation ratio z/H exceeds about 0.95. At that junc-
ture, the clay would undergo large deformations as a result of a decline
in its dynamic shear strength.
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6.3. The effect of groundwater on lateral spread displacement calculated
using regression formula

This example uses data from Youd et al. (2002) collected at borehole
1C in Port Island, Japan, following themagnitude 6.9 Kobe earthquake of
1995 to calculate the lateral spread displacement using Eqs. (20) and
(21). Fig. 13 outlines a soil profile of the normalized SPT resistance
(N1)60, fines content (FC), mean diameter D50 at borehole 1C. The total
thickness of the soil section is H = 15.5 m. The distance R = 5 km (as-
sumed) and the slope S = 1% (assumed).

Fig. 14 graphs the calculated lateral spread displacement corre-
sponding to the data shown in Fig. 13. The lateral spread displacement
is graphed in Fig. 14 as a function of the depth to the phreatic surface.
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Fig. 14. Lateral spread displacement as a function of the depth to the phreatic surface.
It is evident from Fig. 14 the monotonic increase of the lateral defor-
mation with rising phreatic surface.
6.4. The effect of groundwater on the lateral and vertical deformation of
liquefied sand

The last example uses data for a site affected by the 1964, magnitude
7.5, Niigata earthquake, Japan, presented by Kramer (1996). The dry
unit weight γ = 18.384 kN/m3, γsat = 21.386 kN/m3, MHA = 0.16 g,
gently sloping terrain. The profile of the normalized SPT resistance
(N1)60 at the site is depicted in Fig. 15.

Notice in Fig. 15 very loose layers between 2.5 and 4.5 m and be-
tween 16.5 and 19.5 m below ground surface.

Fig. 16 shows the calculated factor of safety against liquefaction (see
Eq. (5)) corresponding to a high phreatic surface (1.2 m below the
ground surface) and to a deep phreatic surface (11.2 m below the
ground surface). It is seen in Fig. 16 that the majority of the soil profile
is liquefiedwhen the phreatic surface is high.When the phreatic surface
is deep, on the other hand, it is seen that only the very loose layers be-
tween 16.5 and 19.5 m liquefy.

The factor of safety against liquefaction as a function of depth for
various elevations of the phreatic surface was calculated and used to
calculate the lateral displacement index (LDI, Eq. (30)) and vertical
reconsolidation (Sv, Eq. (32)) for variable groundwater conditions. The
results are shown on Fig. 17. Notice in Fig. 17 that the lateral and vertical
deformations increase with decreasing depth to the phreatic surface. In
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this case, the lateral displacement index is about oneorder ofmagnitude
larger that the vertical reconsolidation.

7. Conclusion

This paper has provided a set of results for the factor of safety and the
yield coefficient concerning the stability of common slope configurations.
The innovation of the paper is several-fold: (1) development of closed-
form equations for the factor of safety and the yield coefficient consider-
ing the simultaneous actions of seismic forces and variable groundwater
conditions, (2) consideration of the principal modes of drainage during
loading, that is, the undrained and drained conditions, highlighting the
roles of total stress and effective stress analyses, (3) incorporation in the
slope stability and deformation analysis of new advances in geotechnical
earthquake engineering and seismic engineering geology concerning the
seismic coefficient, liquefaction, and clay softening.

This paper has demonstrated through numerous examples how its
results can be applied in the screening analysis of seismic slope stability.
One common thread of the findings of this paper is the importance of
controlling the elevation and shape of the phreatic surface to diminish
the threats of slope failure, liquefaction, clay softening, and slope defor-
mation. This paper's results provide a foundation to assist in designs
of slope modification for groundwater control and to protect against
earthquakes.
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