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ABSTRACT: Assessing the performance of slope stabilizing piles against seismic events is a
key issue for risk mitigation purposes, with reference not only to the global collapse of the
slope, but mainly to the control of co-seismic slope displacements. Either simplified pseudo-
static or pseudodynamic approaches (e.g. Newmark-type) are usually employed, based on
strong simplifying hypotheses regarding the mechanical interaction between piles and the
unstable soil mass. This paper aims at improving traditional methods by introducing the con-
cept of “characteristic curve” relating the value of the stabilizing force mobilized between pile
and unstable soil to the relative soil-pile displacement. This will lead to a safe and consistent
assessment of the permanent slope displacement associated with a given seismic event, expli-
citly accounting even for pile geometry (i.e. diameter, length and spacing), mechanical behav-
ior and structural constraints (e.g. deep ground anchors), and allowing the designer to rapidly
and meaningfully compare alternative design solutions.

1 INTRODUCTION

The post-earthquake resilience of territorial systems is a crucial point for risk management
purposes, since emergency plans require that strategic structures and infrastructures keep their
serviceability conditions even in the post-earthquake phase. In this context, an accurate evalu-
ation of the co-seismic displacement of slopes may surely mark the difference between a suit-
able and an unsuitable protection strategy, not only aimed at preventing collapse during the
earthquake events, but even in terms of effectiveness of emergency plans.
The use of piles as slope stabilizing structures is nowadays well documented in Literature

(Smethurst and Powrie, 2007; Galli and Bassani, 2018) and several theoretical and analytical
approaches have been developed in the last fifty years to study the soil-pile interaction forces and
estimate the reinforcing action transmitted to the slope (Ito and Matsui, 1974; Viggiani, 1981;
Poulos, 1995; Zeng and Liang, 2002). Less information is however available for slope stabilizing
piles in case of seismic analysis. According with the guideline provided by the Italian Geotech-
nical Association (AGI, 2005), three different approaches can in general be outlined, i.e. pseudo-
static, simplified dynamic (or pseudodynamic) and fully dynamic. The first two assume the
unstable soil mass to behave like a rigid body moving along its sliding surface, and introduce
some simplifying hypotheses on the seismic input, as it will be discussed hereafter in the paper;
fully dynamic methods require on the contrary to perform advanced 3D dynamic numerical simu-
lations. Despite technically feasible, 3D dynamic analyses are highly demanding from a computa-
tional viewpoint and require in general advanced modelling skills, so that they are still not
suitable for practical design purposes, when, very often, several preliminary design options have
to be compared with respect to a precise objective function, within a trial-and-error approach.
Classical pseudostatic and pseudodynamic methods, however, are rather oversimplified,

since they introduce the stabilizing effect provided by piles by considering the full mobilization
of the pile-soil interaction force at ultimate limit state condition (ULS), thus making such
methods not fully reliable and potentially unsafe with respect to the evaluation of the co-seis-
mic slope displacements (a comparative discussion is e.g. shown in Adinolfi et al., 2015).
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In the present paper, taking advantage of the large amount of theoretical, experimental and
numerical works published in recent years on the behavior of piles under lateral loads, an
attempt to improve standard pseudostatic and pseudodynamic methods is proposed, by intro-
ducing the concept of “characteristic curve”. This latter describes the progressive mobilization
of the pile-soil lateral force with increasing slope displacements, taking into account not only
the geometrical properties of the pile and the slope, but even the nonlinear mechanical behav-
ior of the materials and the effect of the pile constraints. Within the framework of a substruc-
turing approach (valid when the failure mechanism mobilized within the slope does not
depend on the presence of piles), the evaluation of the characteristic curve is uncoupled from
the seismic analysis of the unstable soil mass. It can be easily run independently of the seismic
input and then applied either to pseudostatic or pseudodynamic analyses, thus providing the
designers of a fast, meaningful and physically based numerical tool, accounting for the main
features of the slope-piles interaction.

2 SIMPLIFYING THE PILE-SOIL INTERACTION: A RIGID-BLOCK APPROACH

The seismic analysis of a deep foundation usually requires that both inertial and kinematic
interactions are accurately taken into account. For slope stabilizing piles, however, the former
one can in general be disregarded, since the inertia of the structure is negligible with respect to
that of the soil mass, and no significant dead loads are applied to pile head. Kinematic inter-
action is then the dominant aspect of the problem, requiring an accurate study of both (i) the
seismic wave propagation within the soil, and (ii) the local pile-soil interaction along pile
shaft. The two aspects are highly coupled, since the evolution of the slope displacement profile
during an earthquake (i.e. the co-seismic slope displacement, corresponding to the “far field”
condition with respect to the pile, as sketched in Figure 1a) depends on the mobilized distribu-
tion of pile-soil interaction forces (the pile is in fact a stabilizing structure, aimed at reducing
the slope displacement), but, on the other hand, the pile-soil interaction forces depend on the
relative pile-soil displacements profile.
In case of translational slides, point (i) is usually studied with reference to simplified 1D

wave propagation models reproducing the permanent soil displacement profile. An example is
provided by di Prisco et al. (2012), where the elastoplastic constitutive rule for soil is inte-
grated along depth by introducing a reduced local state of stress equivalent to a 1D simple
shear state of stress. Point (ii) can be in general modelled by using the classical P-y approach
(Matlock and Reese, 1960; Georgiadis, 1983; Gabr et al., 1994), where the local interaction
force P arising between each slice of the pile and the surrounding soil is computed as a func-
tion of the relative pile-soil local displacement y. It is worth noting that, despite the use of P-y
approaches in static applications is nowadays very well accepted, there still remain some open
questions about their accuracy in cyclic/dynamic problems, especially with regards to the mod-
elling of geometrical non linearities (e.g. the gap effect). By means of a coupled time and space

Figure 1. (a) sketch of the unstable soil mass; (b) pseudostatic and (c) pseudodynamic approaches.
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integration of points (i) and (ii), the problem could be ideally solved without the need of set-
ting any prescribed sliding plane into the soil mass.
In practical engineering applications, however, when either pseudostatic or pseudodynamic

approaches are adopted, two additional simplifying hypotheses are introduced: (a) the soil dis-
placement profile is assimilated to that of a rigid block and (b) up-hill displacements of the
soil mass are disregarded (i.e. only unfavorable components of bedrock acceleration are con-
sidered). Within the limits of these two hypotheses points (i) and (ii) are uncoupled, and the
evolution of the stabilizing force provided by the pile can be separately studied in quasi-static
conditions as a function of the progressively developing downhill soil displacement, thus
defining the “characteristic curve” of the system. The seismic stability of the unstable soil
layer can then be subsequently studied by introducing into the equilibrium equation such
characteristic curve, providing a value of the stabilizing force consistent with the current soil
displacement amplitude.
Pseudostatic or pseudodynamic approaches, however, usually take into account only the

ultimate value of this stabilizing action (computed in the framework of an Ultimate Limit
State approach), thus making potentially unsafe the evaluation of the post-earthquake slope
displacements. This observation is particularly important when small seismic events are con-
sidered, i.e. in low-seismicity areas and/or for small return periods (which are however the
cases were an accurate evaluation of the co-seismic slope displacement is mostly required),
whilst for high-seismicity areas, differences become less and less evident (see §4.4).

3 PSEUDOSTATIC AND PSEUDODYNAMIC APPROACHES

The case of a soil layer of thickness H, resting on a stable subgrade with inclination α and
reinforced by means of piles with length L and diameter D, is schematized in Figure 1a, where
Sx and Sy are the spacing between the piles and the distance between different rows of piles,
respectively. The amplitude U of the far field soil displacement is considered uniform along
the thickness H of the layer, and, for the sake of generality, in Figure 1a a deep ground
anchor is also reported.
Figures 1b and 1c show the two schemes for computing the equilibrium of the soil mass

according with pseudostatic and pseudodynamic approach, respectively. Forces W , N0 and TL

are the weight of the soil mass, the subgrade reaction normal to the sliding plane and the
shear resistance along the sliding plane (i.e. the interface between the soil layer and the stable
subgrade), respectively. For the sake of simplicity, seismic actions are always supposed to be
parallel to the slope and downhill oriented; they are expressed in terms of a seismic coefficient
k and of the absolute uphill layer acceleration €xl normalized with respect to the gravity accel-
eration g, respectively. Coordinates xs and xl represent the absolute uphill displacement of the
subgrade and of the soil stratum, respectively, so that the downhill displacement of the soil
stratum with respect to the subgrade is simply given by U ¼ xs � xl. The stabilizing action A
provided by the pile is defined as a function of the displacement U through the characteristic
curve A ¼ A Uð Þ, and it is assumed again to be parallel to the slope.
By imposing the equilibrium along the sliding plane, for the pseudostatic approach it is pos-

sible to derive the relationship between the value of seismic coefficient k (i.e. the value inducing
the activation of the downhill sliding mechanism) and the corresponding soil displacement
amplitude:

k Uð Þ ¼
TL Uð Þ þ A Uð Þ

W
� sin α; ð1Þ

so that the critical value kcr of the seismic coefficient (i.e. the value corresponding with the
failure) is defined as the maximum of k Uð Þ. By introducing the concept of characteristic
curve, it is then possible to quantify not only the effectiveness of the intervention with respect
to the earthquake design event (in terms of increase in the seismic coefficient k), but even to
foresee its performance in post event conditions, i.e. its resilience with respect to possible

2520



aftershocks. A constant value of k means in fact that the stabilizing system keeps undisturbed
its effectiveness; a decrease in k implies that the system has suffered significant damage levels
and its safety with respect to the earthquake design event is reduced. An increase in k is gener-
ally observed when piles provide higher values of the stabilizing force with respect to the initial
ones, thus improving the seismic stability of the slope. It is worth noting that because of the
non linearities in the soil and pile behavior (directly affecting the characteristic curve) and
depending on the ductile/fragile mechanical response of the interface, the two terms TL and A
may exhibit opposite trends, so that the global evolution of k with U can significantly vary.

Values of k defined in equation (1) can directly be employed to assess the site acceleration a
triggering the sliding:

a ¼ g � k: ð2Þ

Within a pseudodynamic approach (Newmark, 1965), the motion equation of the soil
mass is integrated for the relative displacement U over each time period when the subgrade
acceleration €xs exceeds the value a (explicit formulation of the time integration scheme is not
reported here for the sake of brevity). According with equation (1), even a may significantly
evolve during an earthquake, thus making the time integration of the soil mass motion equa-
tion again largely dependent on the characteristic curve of the system. In the following, sev-
eral numerical examples will be discussed with reference to a simple ideal case of an infinite
slope.

4 EXAMPLES OF APPLICATION

The general framework briefly outlined here above will be in the following applied to a transla-
tional slide in a loose sandy layer (H=4m; γloose=16kN/m3, �

0

loose=28°) over a stable dense granular
material (γdense=18kN/m3, �

0

dense=42°). The adopted inclination of the slope is α=27°. The assumed
interface friction angle between the loose soil layer and the subgrade was set to be equal to that of
the loose sand, whilst, with the aim of exploring the potentialities of the approach, a degradation
of the interface cohesion c was introduced according to the following law:

c ¼ c0 � e
� U

U0c : ð3Þ

In equation (3) c0 represents the initial value of the interface cohesion and parameter
U0c=0.02m was chosen in order to get a negligible value of the cohesion for a soil displacement of
about 10 cm. Two different conditions were tested: c0=0, corresponding with a purely frictional
interface, and c0=5kPa, corresponding with a mixed frictional-cohesive interface with a fragile
response. In the stability analyses, spacing and distance among piles have been set to Sx=5m and
Sy=9m, respectively. Such values can be considered large enough to prevent any interaction
among piles (i.e., each pile behaves as an isolated pile; see e.g. Galli et al., 2017), and they have
been chosen in order to guarantee under static conditions a value of the factor of safety for the
slope (computed according with classical ULS approaches) reaching at least 1.3. It is worth
noting however that, although not directly controlling the characteristic curve (since the condition
of isolated piles is assumed), Sy and Sx directly affect the performance of the stabilizing system,
since they affect both W and TL. On a performance-based design perspective, both Sy and Sx

could then in principle be varied in order to optimize the response of the system.

4.1 Evaluation of the characteristic curves

The characteristic curves adopted for the numerical analyses hereafter discussed have been
computed for two types of pile characterized by the same length and diameter (L=10m,
D=80cm) but by different sections: a hollow circular steel pile (thickness t=11.5mm; Young
modulus E=200GPa) and a reinforced concrete pile (RC; C30/35 concrete, reinforced with
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16ϕ22 steel bars, with a yielding bending moment MY=570kNm). The P-y curves have been
calibrated according to the procedure proposed by Reese et al. (2006). For the sake of general-
ity, three different constraints at pile head were tested, the first two corresponding with the
case of passive intervention, the third one with the case of an active intervention: (i) free head
pile, (ii) anchored pile without any pretension and (iii) pretensioned anchored pile. Where pre-
sent, the ground anchor was modelled as a single elastic steel strand, with a free length
La=10m and a diameter Da=5cm; the adopted pretensioning action was equal to 200kN for
each pile, chosen in order not to exceed the limit bending moment in the RC pile. Further
details can be found in Galli and di Prisco (2013).
It can be observed in Figure 2 that the type of constraint has a great influence on the char-

acteristic curve. In the case of steel piles, in fact, all the three curves reach the same ultimate
condition, but with very different initial stiffness values (no plastic hinges are activated and
the piles are still in the elastic regime). For the RC piles the global response in case of
anchored and free head piles is qualitatively similar to those of the steel piles, since no plastic
hinges are activated. In case of RC pretensioned pile, on the contrary, the response is signifi-
cantly weaker, since the prestressing condition initially mobilized a large value of the bending
moment within the pile, and the following activation of soil sliding has induced the formation
of a plastic hinge. As a consequence, the kinematic of the system is substantially modified,
thus reducing the ultimate stabilizing force.
Given these observations, in the following the case of anchored piles will be studied for RC

pile only, whilst the case of free head piles will be studied for the steel pile only, being this
latter the less performant between the two. For the sake of completeness, the case of preten-
sioned pile will be studied for both the steel and the RC piles.

4.2 Pseudostatic analysis

A simple pseudostatic analysis can be run by numerically introducing the above described
characteristic curves into equation (1), and then by computing the acceleration value a by
means of equation (2). In particular, the value of the interface limit shear force is expressed by

TL ¼ N0 � tan�0
loose þ Sx � Sy � c; ð4Þ

where c is computed according to equation (3). Figure 3 summarizes the evolution of the
acceleration a with increasing downhill soil displacement U, for all the tested cases. The max-
imum values (corresponding with those that would have been computed at ULS conditions)
may be significantly different with respect to the initial ones, thus proving that the effective-
ness of the stabilizing system is largely dependent on the current soil displacements (values of
a ranging from 0.2 m/s2 in case of passive intervention, to approximately 1.8 m/s2 at ULS are
obtained). For steel piles (Figure 3a), the trends in a are increasing in case of purely frictional
interface, but with some remarkable differences among the two tested cases; for a fragile inter-
face, on the contrary, the case of a the pretensioned active pile guarantees almost constant
value of a (a peak of about 2 m/s2 is also observed), whist the free head pile requires a

Figure 2. Examples of characteristic curves for (a) a steel pile and of (b) a RC pile with different head

constraints (modified from Galli and di Prisco, 2013).
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displacement of about 3 to 4 cm before providing a beneficial stabilizing effect. For RC piles
all the trends are basically increasing, except for the pretensioned RC pile with a fragile inter-
face, since in this case the increase in the stabilizing action A (because of the activation of the
plastic hinge) does not compensate the reduction in the interface shear strength, thus resulting
in a global reduction in the stabilizing effect.
In case of a purely frictional interface (c0=0), on the contrary, the systems keeps substan-

tially constant its performance, although at lower value of a (about 1 m/s2). In the case of
anchored passive piles, the role of the interface cohesion is less important and the two curves
show essentially the same trend.

4.3 Newmark analysis on a simplified signal

A simplified dynamic signal represented by a single Riker wavelet (peak ground acceleration
of 3 m/s2 and distance between side-lobe minima of 0.7 s), has been imposed as subgrade input
signal. The relative acceleration of the soil has been numerically integrated according to the
classical Newmark procedure, in order to derive the absolute downward displacement of the
entire unstable soil stratum.
In Figure 4 the results obtained in case of steel piles and a purely frictional interface (c0=0)

are compared. In particular, in Figure 4a the seismic input imposed to the bedrock and the evo-
lution of the absolute acceleration of the soil layer, taking into account the effect of the con-
straint at pile head are shown, comparing the results obtained by means of an ultimate limit
state (ULS) and of a characteristic curve (CHC) approach, respectively. It is evident how the
ULS approach requires higher values of bedrock acceleration to trigger the sliding mechanism,
and it does not take into account the evolution of the acceleration a during sliding. These limi-
tations make the estimation of the final absolute soil displacement largely inaccurate. Although
the presence of the pile is always largely beneficial (in case no piles are present the expected
final downward soil displacement xl is about 40 cm), in Figure 4b the difference between the
two approaches are evident. The ULS approach, in particular, largely underestimates the final
values Uf of the relative soil displacement, without even capturing the effect of the different
constraint at pile head (in both cases, a value Uf ≈3cm is obtained); the CHC approach gives on
the contrary Uf=65mm in case of pretensioned pile and Uf=135mm in case of free head pile,
i.e. approximately 2 to 4 times larger than the value given by the ULS approach.

Figure 3. Evolution of the acr values in the tested cases: (a) steel and (b) RC piles.

Figure 4. (a) absolute accelerations (€xs; €xl) and (b) absolute displacements (xs; xl) computed for the

tested cases by employing ULS and CHC approaches.

2523



4.4 Newmark analysis on a synthetic earthquake signal

The procedure here above presented was even applied to the case of a synthetic dynamic input
(Figure 5a) representative of a site-specific application case of the town of Lecco (Italy) and
characterized by a PGA=1m/s2 (further details in Zani et al., 2019).

For this input, the application of the CHC approach gives an estimation of the final relative soil
displacement Uf equal to 24 and 9 mm for a free head steel pile and for an anchored RC pile,
respectively (Figure 5b, where a purely frictional interface has been considered). For pretensioned
steel and RC pile very low values of Uf equal to 0.2 and 0.3 mm, respectively, are instead
obtained, meaning that these two design solutions actually allow to prevent significant soil dis-
placements. It is worth noting, on the contrary, that the application of the ULS approach to the
same input signal has always given nil values of the final soil displacements Uf , thus not even cap-
turing the onset of the sliding phenomenon. Starting from these results, a wide parametrical ana-
lysis has also been run by progressively scaling the synthetic input signal of Figure 5a to PGA
values ranging from 0.5 to 10 m/s2. The results have been compared in terms of the relative error ξ
between the final values of soil displacement obtained by employing an ULS approach (Uf ;ULS)
with those obtained by employing the CHC approach (Uf ;CHC):

ξ ¼ 1�Uf ;ULS=Uf ;CHC : ð5Þ

Values of ξ close to 1 indicate that the final soil displacement Uf is severely underestimated by
the ULS approach, or even completely disregarded. Low values of ξ mean on the contrary that
the two approaches substantially coincide. Figures 5c and 5d show the amount of the relative
error ξ as a function of PGA values, for a purely frictional and a fragile interface, respectively.
The analyses show in all cases a marked decreasing trend, meaning that the errors given by the
ULS approach is particularly evident for low seismic events (error values ξ>0.5 are in general
obtained for PGA<3m/s2, meaning that Uf values computed by means of a CHC approach are at
least twice the values computed by assuming an ULS approach). Error ξ also depends on the par-
ticular type of pile, i.e. the error between ULS and CHC approaches is strictly related to the mech-
anical properties of the system. In particular, for pretensioned piles, the case of a RC pile show
always lower values of ξ with respect to the steel pile, since the activation of the plastic hinge dom-
inates the response of such system, and make the ultimate stabilizing force almost immediately
available, without the need of accommodating large values of soil displacement. On the other
hand, the case of a steel pile with a free head condition, being less performant, is always associated
with higher values of ξ, since it requires larger soil displacements to mobilize significant stabilizing
forces.

Figure 5. (a) site-specific accelerogram; (b) comparison among the different displacement histories of

relative downward displacement U; relative errors between ULS and CHC approaches for (c) frictional

and (d) fragile interfaces, respectively.
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5 CONCLUSIONS

The simplified numerical analyses presented in this paper focused on the role of the accurate
description of the soil-pile mechanical interaction for the quantitative assessment of the effect-
iveness of slope stabilizing piles under seismic conditions. In particular, the concept of the char-
acteristic curve, describing the evolution of the stabilizing force as a function of pile-soil relative
displacement, has been discussed. It has been shown that, with respect to standard design
methods based on classical ultimate limit state approaches, the proposed methods allow to com-
pare several alternative design solutions, taking (i) the mechanical and geometrical properties of
the soil and of the pile, (ii) the effect pile constraints, and (iii) even possible non linearities in
pile mechanical response into account. Under the simplifying hypotheses usually introduced for
classical pseudostatic analyses, the characteristic curve approach allows the designer to get a
meaningful evaluation of the stabilizing effect provided by piles and even of their post-event
performance (i.e. to assess the resilience of the system). As far as pseudodynamic analyses are
concerned (i.e. Newmark-type), it has been proved that ULS approach may provide largely
inaccurate results (in some cases, it does not even capture the onset of the sliding phenomenon)
especially in very low seismicity areas characterized by low PGA values. For high seismicity
areas, results obtained by means of CHC and ULS approaches tend to coincide.
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