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This paper studies the combined effects of earthquake-triggered landslides and ground shaking on

foundation�structure systems founded near slope crests. Plane-strain nonlinear finite element

dynamic analyses are performed. The soil constitutive model is calibrated against published data to

simulate the (post-peak) softening behavior of soil during a seismic event and under the action of

gravitational forces. The plastic shear zones and the yield accelerations obtained from our dynamic

analyses are shown to be consistent with the slip surfaces and the seismic coefficients obtained by

classical pseudostatic limiting equilibrium and limit analysis methods. The foundation and frame

columns and beams are modeled as flexural beam elements, while the possibility of sliding and

detachment (separation) between the foundation and the underlying soil is considered through the use

of special frictional gap elements. The effects of foundation type (isolated footings versus a rigid raft) on

the position of the sliding surface, on the foundation total and differential displacements, and on the

distress of the foundation slab and superstructure columns, are explored parametrically. It is shown

that a frame structure founded on a properly designed raft could survive the combined effects of slope

failure and ground shaking, even if the latter is the result of a strong base excitation amplified by the

soil layer and slope topography.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The seismic bearing capacity of shallow footings on top of
slopes has been studied mostly with pseudostatic limit
equilibrium methods, which impose the inertia of soil mass in a
simplified way [56,55,6,79]. Such studies have produced diagrams
for assessing the reduction in bearing capacity as the foundation
gets closer to the crest. But evidently, limit equilibrium methods
would only very crudely simulate soil–structure interaction
effects during earthquake shaking. This is especially the case
with soils that degrade with increasing number of cycles, such as
those examined in the present study. On the other hand, the
decrease of strength from its peak to the residual value, leading to
progressive soil failure, is dealt in the limiting equilibrium
method in a conservative simplified way [70,60,80]. To simulate
progressive soil-failure and shear-zone development, finite ele-
ment analyses have been in use for more than 30 years (e.g.
[24,31,13,40,49,32,74,51].

While all the above studies were performed for static or
pseudo-static conditions, the present study is dynamic, based on
non-linear finite element modeling with a post-peak softening
material law. The potential separation of the foundation from the
ll rights reserved.

as).
soil, due either to separation (uplift) or to the downward slope
movement during landslide, is properly taken into account. The
analysis can capture (with reasonable engineering realism)
the mechanism of progressive slope failure and the influence of
the presence of the foundation on the path of the generated
failure zone. The soil is assumed to be dry, and pore pressure build
up due to cyclic loading is not modeled.
2. Analysis of slope stability: overview

Numerous methods have been developed for assessing the
stability of soil slopes, most of which are based on the concept
of ideally plastic response when failure is imminent. Among
them, the limit equilibrium methods enjoy wide acceptance due
to their reasonable agreement with reality and their simplicity
[17,8,26,41,64]. Complex soil profiles, seepage, and a variety of
loading conditions can be easily dealt with [77]. Limit equilibrium
solutions, however, are not rigorous. To be called rigorous,
a solution must satisfy the equilibrium equations, the compat-
ibility conditions, the constitutive relations of all materials, and
the boundary conditions. Limit equilibrium methods often violate
the stress boundary conditions, they do not enforce an appro-
priate plastic flow rule for the soil, while the developing stresses
may not everywhere obey the requirement for non-exceedance
of soil strength. Moreover, the introduction of assumptions
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necessary to remove static indeterminacy leads to kinematically
inadmissible collapse mechanisms.

On the other hand, limit analysis models the soil as a perfectly
plastic material obeying an associative flow rule. If the normality
condition is applied to a frictional soil with a friction angle j, it is
implied that large volume expansion occurs during plastic flow.
Frictional soils are found experimentally to dilate considerably
less than predicted by the normality condition: hence real soils do
not follow the associative flow rule [6]. However, in slope
stability, lateral earth pressure, and bearing capacity problems,
deformation conditions are not so restrictive and the actual
soil deformation properties do not affect the collapse load
significantly. Hence, it is reasonable to utilize the limit analysis
with the associated flow rule for the analysis of slope stability.
Drescher and Detournay [14] and Michalowski [38] have exten-
ded the applicability of the method to soils with non-associated
flow rule.

The limit-analysis solution is bounded according to the
upper-bound and lower-bound theorems [15,11,81]. These are
rigorous solutions only in the sense that either the ‘‘stress’’ field
associated with a lower-bound solution is in equilibrium with the
imposed loads at the boundaries, or the ‘‘velocity’’ field associated
with an upper-bound solution is compatible with imposed
‘‘velocities’’. Lower-bound solutions satisfy equilibrium; upper-
bound solutions provide collapse mechanisms. The (usually small)
discrepancy between upper-bound and lower-bound solutions
provides a built-in error check on the accuracy of the approximate
collapse load [77].

Due to the complexity in construction of proper stress and
velocity fields and in obtaining the optimal solutions, the
method of limit analysis has not prevailed. Moreover, it is
not computationally straightforward to include effects such as
the existence of pore water pressures, soil inhomogeneity,
and irregular slope geometry. Recently, however, finite-element-
based methods for calculating upper bound solution of slopes
with multilayered or irregularly deposited soil profiles have been
developed [82,83].

The finite element (FE) method is an alternative approach
employed with two different methodologies: (a) those that search
for the critical slip surface using stress fields obtained from the
stress and deformation FE analysis ; and (b) those that compute
the factor of safety through an iterative finite element analysis, by
the ‘strength reduction technique’ [78,35,22,24,31,40,50,49,13,32,
74,51].

In the latter category of methods, finite elements are utilized to
model the development of shear zones and the progressive failure of
soil. The advantages of the FE approach over the conventional slope
stability methods can be summarized as follows:
�
 No assumption needs to be made a priori about the shape and
location of the slip surface. Failure occurs naturally within the
soil when the applied shear stresses exceed the shear strength
of the soil mass.

�
 The solution is kinematically admissible, and there are no

arbitrary assumptions about the slice side forces.

�
 It can capture progressive failure phenomena, and provides

information about the displacement field until the ultimate
state.

�
 It can readily (if not easily) handle irregular slope geometries

in 2 and 3 dimensions, complex soil stratigraphy, and
calculation of flow quantities (due to steady seepage, or to
transient flow).

Moving now to the seismic problem, it is noted that despite the
advances in static slope stability analysis, in the realm of limit
equilibrium methods seismic stability is still largely approached
pseudo-statically. Notwithstanding the uncertainties in determin-
ing the required (single) horizontal acceleration, the pseudo-static
approach is often inadequate to describe the behavior of soils that
progressively lose their strength with increasing number of cycles
and to account for the interplay of the deforming slope with
structures on top of it.

In this paper, we propose a non-linear FE-analyses-based
procedure for seismic analysis of a slope with a strain-softening
soil. The constitutive relation is calibrated to realistically
simulate the response of both clayey and sandy soils under
cyclic loading. The sliding surface is not pre-defined but
‘‘emerges’’ naturally as a continuous shear band comprising
soil elements that have reached or exceeded their peak shear
strength.
3. Problem statement, numerical discretisation, steps of the
analysis

The four problems parametrically studied herein are sketched
in Fig. 1(a–d). They all refer to a 231 slope, 30 m high, consisting of
post-peak softening sandy clay with the properties summarized
directly in Fig. 1a. The total upslope thickness of this soil layer is
40 m and is underlain by a 20 m thick stiff sandy soil layer down
to bedrock. While Fig. 1a refers to the free-field problem, i.e. of the
slope without any structure affecting it, Fig. 1b–d examine the
interaction of the precarious slope with a number of idealized
structures not far from its crest:
�
 a rigid uniformly loaded raft foundation (Fig. 1b),

�
 a three-bay single-story frame on isolated footings (Fig. 1c),

�
 a similar frame founded on a rigid raft (Fig. 1d).

The horizontal base excitation is uniformly applied along
the x-axis, utilizing a set of both real accelerograms and idealized
mathematical pulses (Ricker wavelets). The selected time-
histories cover a wide range of seismic motions, ranging
from medium intensity records of relatively short duration
(e.g. Kalamata, 1986; Pyrgos, 1993; Aegion, 1996; Monastiraki,
1999; Ricker 3, Ricker 1) to very strong accelerograms (e.g. Kobe,
1995 JMA and Takatori, Imperial Valley 1994) featuring a large
number of significant cycles. In the following sections, results are
shown only for two extremes (Fig. 2):
�
 Ricker 1 wavelet scaled at A¼0.82 g; a narrow-band excitation
of 1 Hz dominant frequency and total duration of 3.5 s,
comprising one significant pulse, preceded and followed by
two smaller pulses.

�
 The JMA record of the Kobe 1995 earthquake (A¼0.82 g); a

very strong seismic excitation from all points of view
(amplitude, large-period content, number of significant
cycles).

The Ricker wavelet is deliberately scaled at the same PGA
(0.82 g) to allow for direct comparisons.

The general problem studied herein and the FE discretization is
displayed in Fig. 3. Quadrilateral 4-noded plane-strain elements
are utilized. To minimize undesired parasitic boundary effects and
to persuasively simulate the free-field conditions at the lateral
boundaries, the symmetric problem is considered where the
nodes at the opposite vertical sides are forced to move simul-
taneously only in the horizontal direction, preventing any rota-
tion. The model is subjected to plane vertically incident SV waves
applied at the bedrock level (model base nodes).



Fig. 1. Geometry and soil properties of the analyzed slope: (a) at the free-field, (b) with a rigid uniformly loaded slab foundation, (c) with a 3-bay single storey frame on

isolated footings, and (d) with a 3-bay single storey frame on rigid raft.

Fig. 2. The two seismic excitations discussed in the paper (Kobe JMA and Ricker 1), along with their 5% damped response acceleration spectra.

R. Kourkoulis et al. / Soil Dynamics and Earthquake Engineering 30 (2010) 1430–14451432
The fact that strain softening models may introduce mesh
dependency phenomena produces further complications in gen-
erating a suitable FE mesh [46]. The importance of such
phenomena has been explored through a detailed parametric
study to determine the proper element size. The thickness of the
produced shear zone was found to depend on the element size,
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dFE, of the FE grid. For dFEr0.5 m the location of the failure
surface is not sensitive to mesh density. For the purpose of the
present study, a discretization of 0.5 m�0.5 m (in the area of
the slope) has been adopted. Towards the lateral boundaries of
the model (where the accuracy requirements loosen) the mesh is
coarser: 2 m�1 m. The use of finer mesh has no effect on the
position of the concentrated plastic shear zone (which we may
call ‘failure’ zone for brevity), while at the same time the
computational time increases exponentially.

The numerical analysis is performed in three consecutive steps:
(1)
Fig.
Elem

Fig.
Mate
Gravity loading (static analysis) establishment of the initial
state of stress in the slope.
(2)
 Seismic excitation (dynamic analysis) triggering of shear band
(depending on the intensity of seismic shaking, a shear band
3. Finite element mesh. In the area of the slope the discretizaton is denser (0.5 m�0.5 m

entary transmitting boundaries ensure insignificant contamination of the response wit

4. (a) Idealized evolution of the mobilized shear band resistance during the sliding p

rial softening: C–D (adapted from [21]); (b) Idealized simulation of the strain softening
extending from toe to crest may develop, with plastic strains
reaching or exceeding their peak-strength values, at least in a
few locations).
(3)
 Post-earthquake response (analysis in the time domain)
evolution of the seismically triggered landslide after the
end of shaking due to the action of gravity (if a continuous
shear-band has developed during seismic shaking and soil
elements have reached their residual strength, deformations
will keep increasing becoming, in principle, infinitely large).
4. Constitutive modeling of soil

The mechanism of progressive failure was recognized at an
early stage of Soil Mechanics [70,84] while its crucial role in
quadrilateral elements); towards the lateral boundaries the mesh is coarser.

h spurious wave reflections.

rocess. The following phases are identified: Pre-shear-band behavior: A–B–C,

behavior as encoded in ABAQUS.
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stability problems was revealed by Skempton [60], Peck [44], and
Turnbull and Hvorslev [75]. Progressive failure of soil occurs if it
deforms non-uniformly. Then, as post-peak strains within the
failure zone increase, the mobilized resistance reduces from peak
towards residual. Final rupture of the soil mass usually takes place
before the residual strength has developed everywhere. Thus, the
average strength of the mass at failure is less than the peak
strength of the soil and greater than the residual strength.
Although complete numerical analyses with incorporating pro-
gressive failure were performed quite early [24], there are still
relatively few pertinent examples in the literature [53,68,7,
27,50,13].

The residual strength of clay has been studied extensively and
numerous correlations between slow residual strength and index
properties have been proposed (e.g. [33,61,10,72]). As shown
schematically in Fig. 4a, soil behavior can be categorized in two
distinguished phases [21]:
1.
 Pre-shear-band behavior (path A–B–C): The peak strength is
mobilized at the very early stage of displacement, and then
drops to the critical state, triggering the creation of a shear
band.
2.
 Material softening (path C–D): The material inside the shear
band is frictionally softened due to strain rate increase.

In this study we adopt an elastoplastic constitutive model with
Mohr–Coulomb failure criterion, and isotropic strain softening
properly calibrated in order to ‘‘macroscopically’’ imitate the
previously described behavior of clay under shear loading. Pre-
yield behavior (path A–B in Fig. 4a) is modeled as linear elastic,
with a secant modulus Gs¼ty/gy linearly increasing with depth.
Post-peak material softening (path B–C–D or B–C–D0) is modeled
through a reduction of the mobilized friction angle j and dilation
angle c with the increase of octahedral plastic shear strain. As
shown in Fig. 4b, the model assumes a linear decrease of j and c
with increasing plastic octahedral shear strain to their slow
residual state values, jres and cres, respectively. The model is
encoded in the FE numerical algorithm ABAQUS through a user
subroutine. Model parameters are calibrated through direct shear
test results, as described in Anastasopoulos et al. [5].

Despite its simplicity and (perhaps) lack of generality, the
constitutive model employed herein is believed to capture
adequately the predominant mode of deformation of the studied
problem. The values utilized in the analyses discussed below are:
jpeak¼28o, jres¼151, c¼10o, cres¼01, yield strain gy¼2%, and
failure strain gf¼12%.
Fig. 5. Validation of the numerical analysis methodology against limit analysis

and limit equilibrium results from the literature [32]: (a) Problem geometry, (b)

Loukidis et al. [32] FE limit analysis failure surface compared with Bishop’s and

Spenser’s limit equilibrium methods, and (c) failure surface predicted through the

nonlinear dynamic FE analysis of this paper, along with maximum acceleration

values at different points within the slope.
5. Validation of numerical analysis methodology

The numerical analysis methodology employed herein has
been validated against limit equilibrium, limit analysis, and FE
analysis results [29], for the case of mild homogeneous slopes
susceptible to landsliding. This section illuminates the validity of
the analysis methodology as to its ability to predict the slope
failure surface and its critical seismic acceleration. The case
studied refers to a well documented idealized homogeneous slope
(Fig. 5a), which has been analyzed thoroughly by Loukidis et al.
[32] through numerical (FE) limit analysis and widely accepted
conventional (Bishop’s and Spenser’s) limit equilibrium methods
(Fig. 5b).

In order to compare the published analytical results with the
ones obtained by means of the dynamic analysis proposed here,
the slope was dynamically excited using a variety of records as
base excitations. Model boundaries were set at a sufficient
distance to avoid contamination with spurious wave reflections.
In case of moderate seismic shaking, no significant soil displace-
ments were observed, consistent with the findings of other
researchers [54]. With adequately strong seismic excitations,
slope failure was triggered and a well-defined shear zone (or slip
surface) developed. In this case, the soil mass overlying the failure
surface starts sliding on it infinitely denoting total failure. As
illustrated in Fig. 5c, the shape and position of the failure surface
obtained by the analysis methodology compares satisfactorily
with pseudo-static (numerical and limit equilibrium) analysis
methods (Fig. 5b). The numerically predicted slip surface is
understandably somewhat shallower than the pseudo-static slip
surfaces, in reflection of the higher accelerations at the sloping
surface (due to soil and topographic amplification) than inside the
sloping soil mass—something that can only be captured through
dynamic analysis (see Fig. 5c, and similar findings for slopes of
earth dams in [18]). Various authors [54,3] indicate that slope
topography may amplify the developed accelerations in such a
mild slope by not more than 10%; however this factor rises
considerably as the slope becomes steeper [2]. Such effects can
only be captured by means of two-dimensional analyses.

In pseudo-static analysis terminology, the critical or yield
acceleration (ac) is defined as the acceleration which, when
applied uniformly and pseudo-statically to a potentially sliding
wedge, produces a state of incipient failure (FS¼1). In a nonlinear
dynamic analysis (such as the one of this paper), ac can be
obtained as the average of peak accelerations of soil elements
within the sliding wedge. Higher average accelerations cannot be
transmitted through the particular interface (slip surface).
Isolated values, however, such as for example the crest accelera-
tion, can be higher thanks to the unavoidable flexibility of the
wedge [18,19]—definitely an important difference from the
pseudo-static method. Hence, the resulting acceleration, acE0.46
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g is slightly higher than the values from the limiting equilibrium
analysis (Spencer’s method: 0.43 g, Bishop’s: 0.42 g, Sarma’s:
0.43 g) and quite similar to the numerical upper bound solution
of 0.45 g reported by Loukidis et al. [32]. It should be noted
that the analyses presented in the ensuing do not focus on
the accurate prediction of the slope critical acceleration and
failure surface location but rather on the effects of generalized,
landslide-induced displacements on structures founded on the
slope’s crest.
Fig. 6. Free-field dynamic analysis with the Ricker 1 wavelet at A¼0.82 g: plastic

strain contours upon completion of seismic shaking. Despite the exceedance of the

pseudo-static yield acceleration (acE0.2 g), no shear band (‘‘failure’’) mechanism

develops.

Fig. 7. Free-field dynamic analysis with the JMA record (A¼0.82 g): Contours of horizo

(i.e. after completion of Step 3); (c) deformation vectors along the generated sliding su
6. Free-field dynamic analysis: development of failure surface

Before proceeding to the analysis of the interaction, we briefly
discuss typical results for the free-field problem, i.e. the develop-
ment of the failure (sliding) surface in the absence of a structure
(Fig. 1a). Based on peak soil strength, limit equilibrium analysis
yields a static safety factor FSstat¼1.5 for the slope investigated
herein. Employing the c, j reduction method and allowing for
progressive decrease of the shear strength of some elements
towards their residual value, FE static analysis predicts a
somewhat lower FSstat¼1.45.

We first show the results for the Ricker 1 wavelet at A¼0.82 g:
a seismic motion substantially exceeding the pseudo-static yield
acceleration of the investigated slope, ac¼0.20 g (as computed
through finite element analysis employing the c, j reduction
method). Fig. 6 illustrates the distribution of plastic strains upon
completion of seismic shaking. Some plastic strains have been
generated, localized at the interface of the underlying stiff rock
with the much softer overlying soil, but no slip surface (shear
band) has developed. This is confirmed by the maximum
horizontal displacement, which is of the order of few
centimeters after completion of the ‘‘post-seismic’’ Step 3 (not
shown herein for brevity), implying that the slope remains stable
after the end of the earthquake. Evidently, although the imposed
seismic excitation seriously exceeds the pseudo-static ac of the
ntal displacement (a) upon completion of seismic shaking, and (b) post seismically

rface at the end of seismic shaking.
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slope, the single strong motion cycle of the Ricker wavelet is not
enough to generate a sliding surface.

The response of the slope is totally different when subjected
to the JMA record, which has the same PGA (A¼0.82 g)
but dramatically different frequency content and kinematic
t = 6.5 sec

t = 11 sec

Fig. 8. Free-field dynamic analysis with the JMA record (A¼0.82

Fig. 9. Rigid B¼20 m raft foundation with surcharge load q¼40 kPa placed parame

seismically induced plastic shear strains at the end of seismic shaking (Step 3).
characteristics (sequence of strong motion cycles, etc.). As shown
in Fig. 7a, at the end of seismic shaking (Step 2 of the analysis) the
peak permanent horizontal displacement amounts to 2.9 m,
increasing further to 4.6 m during the ‘‘post-seismic’’ Step 3. The
magnitude of such displacements (of the order of meters) and
t = 9 sec

t = 17 sec

g): evolution of plastic shear strains during seismic shaking.

trically at S¼H/6, H/4.5 and H/3 (Kobe JMA seismic excitation): distribution of
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the fact that they keep increasing after the end of the earthquake
(Step 3), clearly imply the development of a sliding surface. This is
confirmed in Fig. 7c, in which we plot the deformation vectors
along the sliding surface immediately after the completion of the
seismic excitation. Fig. 8 depicts the evolution of the shear zone
during seismic shaking. The failure zone initiates at the toe of the
slope and propagates towards its crest. In contrast to the ‘‘weak’’
single-pulse Ricker 1 wavelet, the JMA record not only has
managed to develop a continuous plastic shear localization, but
since the slope continues to ‘‘slide’’ after the end of the
earthquake, it has generated enough plastic strain to ‘‘drive’’ the
elements belonging to the sliding surface to their residual post-
peak (reduced) strength values.

Summarizing, it is quite interesting to note that although the
PGA of the two excitations shown here was exactly the same,
the response differs completely not only in terms of the
produced displacements but also in terms of failure potential:
while the Ricker wavelet is relatively harmless, the JMA record
Fig. 10. Rigid B¼20 m raft foundation with surcharge load q¼40 kPa at distance

S¼H/4.5 from the slope crest (Kobe JMA seismic excitation): (a) static contact

pressures and (b) contact pressures after the end of seismic shaking.

Fig. 11. Rigid B¼20 m raft foundation with surcharge load q¼40 kPa (Kobe JMA seismi

slope: (a) time-history of horizontal displacement uh of the foundation; and (b) founda
with its four or five strong-motion cycles triggers complete
slope failure.
7. Soil–raft foundation interaction on a seismically failing
slope

The interaction of a uniformly loaded raft foundation with the
failing slope (as sketched in Fig. 1b) is investigated in the
following section. Emphasis is placed on the consequences of
seismic slope instability on the foundation, and conversely on the
influence of the presence of the foundation to the behavior of the
slope. Note that this is a different problem from the pseudo-static
evaluation of bearing capacity of footings as a function of their
proximity to the crest of the slope, which has been studied with
limit equilibrium methods by Sarma and Chen [56] and Sawada
et al. [58], and with upper-bound limit analysis by Askari and
Farzaneh [6].

The FE analysis is conducted in four consecutive steps:
(i) application of the self-weight of soil elements (i.e. geostatic
loading); (ii) application of surcharge load q onto the foundation;
(iii) seismic shaking; and (iv) post-seismic analysis in the time
domain. Results are presented for the particular studied slope
with B¼20 m rigid foundation placed parametrically at a distance
from the crest S¼H/6, H/4.5, H/3, where H is the height of the
slope. The uniform surcharge load is also parametrically investi-
gated: q¼20, 40, and 80 kPa. In all cases discussed in the sequel,
we focus on the JMA record which is enough to trigger slope
instability.

7.1. The effect of foundation location

Fig. 9 portrays the distribution of the seismically induced
plastic shear strains for the foundation loaded with q¼40 kPa and
placed at different locations S relative to the crest of the slope. The
response of the free field (slope without structure) is also
documented to allow immediate comparison. The following
trends are worthy of note:
(a)
c exc

tion
When the footing is located relatively close to the crest (at
distance S¼H/6), the generated shear band (‘‘failure’’ surface)
shifts its path from its original free-field position towards the
itation) placed parametrically at different locations relative to the crest of the

rotation y as a function of its normalized distance S/H from the slope crest.
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inner part of the slope, outcropping on the left edge of the
footing; a secondary plastic zone emerges at the right edge of
the foundation. Apparently, in this case a bearing capacity
type failure mechanism is partially activated due to limited
support of the foundation from the downhill sliding wedge. As
a result, the foundation rotates extensively. To yield a better
picture, in Fig. 10 we plot the distribution of contact pressures
underneath the foundation. The top figure (Fig. 10a) plots the
12. Rigid B¼20 m raft foundation placed at S¼H/4.5 with parametrically varied surcha

tic shear strains at the end of seismic shaking (Step 3).

13. Rigid B¼20 m raft foundation placed at S¼H/4.5 with parametrically varied surch

rneath the footing: (a) before seismic shaking (i.e. initial static contact pressures), and (b

sure p is normalized with the surcharge load q.
distribution of static contact pressures, followed below
(Fig. 10b) by the contact pressures after completion of
seismic shaking (end of Step 3). The change is quite
substantial, accompanied by a reduction in the effective
contact area of the raft: detachment of foundation from the
bearing soil at the two edges. The time history of horizontal
displacement uh of the foundation (Fig. 11a) reveals nonzero
horizontal velocity at the end of seismic shaking, implying
rge load q (Kobe JMA seismic excitation): distribution of seismically induced

arge load q (Kobe JMA seismic excitation). Distribution of contact pressures

) after the end of seismic shaking (end of Step 3). In the latter case, the contact



Fig. 14. Rigid B¼20 m raft foundation placed at S¼H/4.5 with parametrically varied surcharge load q (Kobe JMA seismic excitation): (a) time-history of horizontal

displacement uh of the foundation; and (b) foundation rotation y as a function of the surcharge load q.

Column A Column B

Column C Column D

Fig. 15. Typical B¼20 m moment resisting frame founded on isolated footings, at distance S¼H/4.5 (Kobe JMA seismic excitation): time histories of interstorey drift d
developing in the four columns of the frame.

R. Kourkoulis et al. / Soil Dynamics and Earthquake Engineering 30 (2010) 1430–1445 1439
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that the downhill sliding continues after the end of the
earthquake. As it would be expected, the rotation y of the
foundation is increased with the decrease of its distance from
the crest of the slope (Fig. 11b).
(b)
 Moving the footing farther from the crest (S¼H/4.5), the
generated shear zone becomes diffused and deviates slightly
towards the foundation slab, which again loses contact from
the underlying soil at both edges. The separation is largest
under the crest side of the foundation, which now (perhaps as
a beneficial result of this detachment) ‘‘survives’’ the landslide
(i.e., no further displacement takes place (Fig. 11a)). This
result is reminiscent of the response of a foundation over a
rupturing normal fault (Anastasopoulos et al., 2008).
(c)
 When the distance of the foundation from crest increases
even more (SZH/3 for q¼40 kPa) the footing is located on a
‘‘safe region’’. In such a case, the existence of the structure
hardly modifies the plastic shear strain field (see Fig. 9d), and
failure occurs just beyond the right (closer to the slope) edge
of the foundation, which never loses contact with the
underlying soil.
7.2. The effect of surcharge load

Figs. 12–14 illustrate the significance of increasing the
surcharge load q applied on the raft, for the worst-case location
Column A

Column C

16. Typical B¼20 m moment resisting frame founded on isolated footings, at dista

loping in the four columns of the frame.
S¼H/4.5. Results are displayed for a raft foundation of width
B¼20 m. The ultimate load of this foundation located on level
ground is calculated according to Meyerhof [36] as pult¼2340 kPa,
while the FE calculation (as expected) overestimates this value by
17%. For sloping ground conditions, the ultimate load of the
foundation may be reduced by a factor ranging from 1.5 to 2
depending on slope geometry and the distance of the foundation to
the crest [56,6]. The FE analyses confirm these theoretical
expectations. The loads applied on the footing vary between 20
and 80 kPa, i.e. the Safety Factor for all the footings examined is of
the order of 10, so that bearing capacity failure be definitely
avoided and the effects of landslide induced displacements be
illuminated. Fig. 12 portrays the contours of plastic shear strain at
the end of seismic shaking; Fig. 13 shows the changes in the
distribution of foundation contact pressures p due to the seismi-
cally induced slope instability; and Fig. 14 shows the evolution in
time of horizontal foundation displacement and the dependence of
foundation response on q. The following remarks are worth noting:
(a)
nce S
Increasing q from 20 to 80 kPa gives rise to a diversion of the
zone of excessive shearing deformation (Fig. 12). This
deviation of the path of the shear band is particularly
conspicuous for q¼80 kPa (Fig. 12d), in which case the
shearing due to shaking of the slope ‘‘interacts’’ with the
rudimentary bearing capacity mechanism under the footing
(local shearing).
Column B

Column D

¼H/4.5 (Kobe JMA seismic excitation): time histories of bending moments M
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(b)
Fig.
deve
The foundation detachment from the supporting soil due to
seismically induced slope instability that was observed with
the light surcharge load (q¼20 kPa) is diminished with the
heavier load (q¼40 kPa), practically disappearing for q¼80
kPa (Fig. 13). Note that the remarkably large detachment of
the lightly loaded foundation (only its middle 1/4 remains in
contact) will generate huge bending moments on the raft.
(c)
 Fig. 14a reveals that the heavily loaded foundation is not safe:
it has positive velocity at the end of shaking, and its
displacement (outward and downward) continues to grow
under the sole action of gravity (Step 4). Foundation rotation y
increases markedly with q (Fig. 14b).
8. Soil–frame interaction on a seismically failing slope

This section analyzes, a typical 3-span, 20 m wide and 3 m-
high, reinforced-concrete moment-resisting frame, consisting of
0.60 m�0.60 m columns, founded: (a) on 1.5 m wide isolated
footings, and (b) on a 1 m thick raft foundation (see Fig. 1c and d).
Emphasis is placed on the consequences of the structural inertia
forces in conjunction with the imminent seismic slope instability
on the distress of the foundation and the superstructure.

All structural components are modeled as elastic beam
elements. Connection of the foundation nodes with the nodes of
Column A

Column C

17. Typical B¼20 m moment resisting frame founded on a rigid raft foundation, at d

loping in the four columns of the frame.
the soil is accomplished through suitable friction-and-gap

elements to simulate the possibility of sliding and/or detachment
(loss of contact) at the interface. Emphasis is given not on the
absolute values of the internal forces in the structure, but on
comparing the additional structural distress (due to inertial or
kinematic loading) between the two foundation systems. Thus,
the amplitude of the internal forces (M, Q, N) developed, may in
some cases exceed the corresponding ultimate capacity of the
structural component.

As for the previous cases, results are presented for Kobe 1995
JMA record, which is capable of generating slope instability. Recall
that the Ricker 1 (i.e. f0¼1 Hz) excitation, with its small duration
and practically 1 strong-motion cycle, was not sufficient to trigger
slope failure even with PGA¼0.82 g. Figs. 15 and 16 highlight the
response of the frame on isolated footings, whereas Figs. 17 and
18 highlight the response of the same frame on the rigid raft. As
already expected from the discussion of Fig. 9, the zone of
excessive soil straining is hardly affected by the presence of the
structure at this distance from the crest (S¼H/4.5).
8.1. Distress of the superstructure: isolated footings

When the imposed shaking is not adequate to activate sliding
of the soil mass, stressing of the structure is originating mainly by
Column B

Column D

istance S¼H/4.5 (Kobe JMA seismic excitation): time histories of interstorey drift d
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its inertial response. As previously discussed, for the slope
geometry and properties examined here, the JMA record triggers
the failure of the slope and consequently sparks off additional
kinematic loading on the structure founded atop the slope. It is
worth noting that 2D wave propagation effects, perhaps leading
to ‘‘topographic’’ amplification, are taken into account in
our analysis. It has been shown by numerous researchers that
such effects may lead to increased amplitude of ground shaking
near the crest of the slope. See, for example, Aki [1], Gazetas et al.
[20], Pitilakis [47], Assimaki et al. [4], Ktenidou et al. [30], and
Pitilakis [48].

Figs. 15 and 16 display the response of the structure in terms
of interstorey drift (d) and bending moment (M) time histories for
all four frame columns. The most excessive drift (dE19 cm) is
experienced by the outer (more distant from the crest) column A
whose footing displaces less than its top. The picture is
qualitatively similar for column B, but with smaller drift (dE13
cm). The drift of column C is merely dE4 cm, and of column D
(dE10 cm) but in the opposite direction. Results for the
developing bending moments show a similar trend, with columns
A and D developing residual moments ME1600 and 2000 kNm,
respectively. Both d and M can be seen to consist of two
components: an oscillatory (cyclic) component, and a permanent
(cumulative) component. The first is related to the inertial
response of the soil–structure system, while the latter is the
result of differential foundation displacements due to the down-
ward movement of the failing slope.
Column A

Column C

Fig. 18. Typical B¼20 m moment resisting frame founded on a rigid raft foundation, at d

M developing in the four columns of the frame.
It is noted that at time t¼22 s, the whole acceleration time
history has been applied to the model and the only acting force for
the rest of the analysis (i.e. until t¼32 s) is gravity. The flattening
of the displacement versus time curve is representative of zero
velocity of the structure nodes after the end of seismic shaking
(Step 3), implying that the structure has not been dragged down
by the landslide.

A caveat is appropriate here. The absolute values of the
reported moments and deformations are an outcome of elastic
analysis: by no means do they compare with the likely ultimate
moment capacity of the columns! Such magnitudes of internal
forces and deformations would certainly signify failure, bearing in
mind that the ultimate moment of such a column, even if heavily
reinforced, could hardly exceed about 1000 kNm. This implies
that isolated footings are an inappropriate foundation solution for
structures in the vicinity of potentially unstable slopes, even if
they are not dragged downslope.
8.2. Distress of superstructure: raft foundation

Figs. 17 and 18 display the response of the structure founded
on a rigid slab foundation in terms of horizontal drift d and
bending moment M time histories for all four columns of the
frame. The picture is totally different in terms of both
deformations and bending moments. The drift (Fig. 17), which is
now the same for all columns since they are supported on a
Column B

Column D

istance S¼H/4.5 (Kobe JMA seismic excitation): time histories of bending moments
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common rigid foundation, does not exceed dE3 cm despite the
severity of ground shaking: the deformation-related cumulative
component has practically disappeared. Similarly, the peak
bending moments (Fig. 18) remain below the likely ultimate
moment capacity of the columns, while their residual value is
practically zero. Evidently, such deformation is mainly the result
of ground shaking (‘‘inertial’’ effect) and not of slope-induced
deformation (‘‘kinematic’’ effect).

The small magnitude of the distress of the columns (compared
to the previous case) is attributed to the rigid-body movement of
the structure, thanks to the rigidity and continuity of the
foundation slab. The penalty, however, is the increased rotation
and horizontal displacement of the structure as a whole. The
rotation of the slab ultimately results in detachment from the
underlying soil at both foundation edges. The areas of zero contact
pressure observed in Fig. 19b denote the formation of a gap
between the soil and the foundation after the end of ground
shaking. Consequently, the whole structure is supported through
a reduced effective width, equaling about 75% of the original
width B. This results in a substantial increase of contact pressures
(Fig. 19b) and foundation bending moments (Fig. 19c), compared
to the static case (i.e. before the earthquake).

Fig. 20 plots the evolution of normalized contact pressures p/q
(where q is the static contact pressure) underneath the footing at
three characteristic locations: at the two edges (nodes A and B),
and at the middle of the foundation (node C). Zeroing of the p/q
denotes loss of contact between the footing and the ground. While
Fig. 19. Typical B¼20 m moment resisting frame founded on a rigid raft foundation

mechanism of gap formation underneath the rigid foundation slab; (b) normalized co

moments before (grey line) and after the end of the earthquake (solid black line).
at the middle of the foundation (node C) support is maintained
through the whole duration of seismic shaking, while substantial
loss of support can be observed at the two edges (nodes A and B).
Note that once the failure surface has outcropped underneath the
foundation, the right edge (node B) permanently detaches from
the sliding soil wedge (due to its sliding displacement) resulting
in rigid-body rotation of the footing and subsequently to its loss of
support at the left edge (node A). Despite the unavoidable
generation of increased internal forces on the foundation, it can
safely be concluded that with proper design of the foundation
structural safety can be ensured. A warning, however, is
appropriate: before generalizing the above conclusions a more
extensive parametric investigation must be performed to further
explore the influence of slab flexibility, structure position, rigidity,
strength and type of soil, and so on.
9. Conclusions

A numerical methodology has been presented for analyzing
the performance of isolated and raft foundations carrying either a
uniform surcharge load or a moment-resisting frame, when they
are located near the crest of slopes, precarious to earthquake-
triggered landslides.

A key conclusion of the study is that finite-element (FE)
analyses can be successfully utilized to model the generation of
sliding failure surfaces in the slope, reproducing similar failure
, at distance S¼H/4.5 (Kobe JMA seismic excitation): (a) sketch elucidating the

ntact pressures p/q after the end of seismic shaking; and (c) foundation bending



Fig. 20. Evolution of normalized foundation contact pressures p/q (where q is the

static contact pressure) at three characteristic locations.
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surfaces with those derived from venerable limit-equilibrium and
limit-analysis methods, and leading to similar yield accelerations.
But the capability to treat realistically the dynamic response to
ground shaking is an exclusive attribute of the numerical (FE)
methodology—not of the pseudostatic limit equilibrium/analysis
methods.

An additional capability of the numerical (FE) methodology is
that any structure-foundation system can be placed on top of the
slope. As a result, we studied the interplay between dynamic
(‘‘inertial’’) effects arising from the ground vibration and the
quasi-static (‘‘kinematic’’) effects arising from the downward
movement of a shallow sliding soil wedge. It was thus determined
that a rigid raft foundation, even if located at a small distance
(of the order of H/4) from the crest of a slope which is in a
precarious equilibrium and fails during very strong shaking, can
protect the superstructure from both falling (being dragged) with
the sliding soil mass and from suffering large damaging internal
forces. This is in qualitative agreement with several case histories
of structures that have survived the combined effects of strong
seismic shaking and of soil downward sliding. The penalty to pay,
however, is: (a) appreciable rotation and lateral displacement of
the whole system which may impair the serviceability of the
structure, and (b) generation of large bending moments and shear
forces in the foundation slab.
By contrast, as in fact most engineers would have intuitively
predicted, placing a structure with isolated footings close to a
seismically unstable slope would not be a prudent decision.
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