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Abstract Seismic soil-pile interaction is evaluated in this study based on back-calculated
p-y loops constructed from sampled data of pile bending moments. Fundamental properties
of p-y loops are implemented to derive distributed springs and dashpots, thereby quantify-
ing soil-pile interaction in the realm of a Beam on Dynamic Winkler Foundation modeling.
The procedure is validated by means of well-documented centrifuge tests of a single pile
supported structure founded on a two-layer soil profile that comprises of soft clay overly-
ing dense sand. Two shaking levels of a real earthquake motion applied at the base of the
soil profile were examined and the generated seismic p-y loops were compared to cyclic p-y
curves commonly used in pile design practice. The results demonstrate the strong influence of
intensity of the input motion on seismic p-y loops while cyclic p-y curves established for soft
clays tend to overestimate soil stiffness under strong excitation. Typical sets of recorded and
computed structural response are presented, denoting the ability of the BDWF model related
to p-y loops in reproducing adequately fundamental aspects of seismic soil-pile interaction.

Keywords Soil-pile-structure interaction · p-y loops · Centrifuge · Seismic response ·
Winkler model

1 Introduction

Design of piles against earthquake induced horizontal loads needs consideration of the inter-
action that takes place between pile and soil. Towards a computationally convenient analysis
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of the soil-pile system, the Winkler method, where the soil is represented as a series of dis-
tributed springs attached to the pile shaft has been extensively utilized, reducing soil-pile
interaction to a one-dimensional problem. The required spring stiffness is traditionally deter-
mined through nonlinear soil reaction-deflection curves, the so-called p-y curves. These p-y
curves have been established for different soil conditions based on in-situ pile tests under
static (monotonic) or cyclic pile-head loading (Matlock 1970; Cox et al. 1974; Reese et al.
1974, 1975; Murchinson and O’Neill 1984; Georgiadis et al. 1992; Reese 1997; Ashour and
Norris 2000; Janoyan et al. 2001). Since the continuity condition in the soil is fully satisfied in
field tests, the associated p-y curves constitute a direct representation of pile response under
the particular types of loading, justifying their implementation in pile design procedures
(API 1993).

Although the non-linear relationship between pile displacement and lateral soil reaction
is accounted for, the p-y curves developed for monotonic or cyclic loading cannot adequately
describe neither the reduction of soil stiffness with increasing amplitude of excitation, which
is more pronounced for soft soil conditions, nor soil inertia effects that take place under
dynamic loading (Angelides and Roesset 1981). Furthermore, material and wave radiation
damping generated during pile oscillations affects substantially soil-pile interaction, modify-
ing p-y relationship and introducing complex-valued dynamic soil stiffness as a function of
the excitation frequency (Kagawa and Kraft 1980; Novak and El Sharnouby 1983; Gazetas
and Dobry 1984; Nogami et al. 1992). Even though it has been reasoned that material non-
linearity overshadows these frequency effects, this has not been verified by direct comparison
of the static and dynamic lateral soil reactions (Ting et al. 1987).

In the realm of the Winkler approach, several models have been proposed for the analysis
of seismic soil-pile interaction, including simplified relations of frequency dependent springs
and dashpots (Dobry et al. 1982; Gazetas and Dobry 1984; Kavvadas and Gazetas 1993) for
linear soil-pile systems as well as rigorous analytical p-y models (Matlock et al. 1978; Nogami
et al. 1992; EL Naggar and Novak 1995, 1996; Badoni and Makris 1996; Boulanger et al.
1999; Gerolymos and Gazetas 2005; Gerolymos et al. 2007), where complex phenomena
such as inelastic soil and pile response, soil-pile separation and/or sliding and soil stiffness
or strength hardening (or degradation) can be adequately reproduced. These complex (though
not rigorous) analytical models usually demand proper calibration of their parameters based
on available experimental or numerical data (Gerolymos and Gazetas 2005).

In this paper, seismic soil-pile interaction is estimated through distributed pile springs and
dashpots computed from p-y loops, which in turn are constructed from recorded pile bending
moments, implementing simple beam theory. Disregarding potential soil-pile gapping and
soil liquefaction, the scope of this study is twofold: (a) to examine the effect of intensity of
the seismic excitation on p-y loops and consequently on pile and structural response and (b)
to predict the seismic response of a coupled soil-pile-structure system by means of a Beam
on Dynamic Winkler Foundation model, utilizing fundamental properties of the derived p-y
loops. Well-documented centrifuge tests (Wilson et al. 1997; Wilson 1998; Boulanger et al.
1999) are employed to validate the proposed procedure while particular emphasis is placed
on the simulation of recorded pile bending with pertinent interpolation functions.

2 Statement of the problem

Under static or cyclic pile-head loading the relation between pile displacement and lateral
soil reaction is described through a non-linear p-y curve depending on the pile diameter,
soil properties, depth below ground surface, geometric failure mechanism and level of water

123



Bull Earthquake Eng (2009) 7:719–736 721

table. Cyclic p-y curves deviate from the static ones when pile deflection reaches a limiting
value due to the cyclic degradation of the soil. The static p-y curve proposed by Matlock
(1970), for piles embedded in soft to medium clays is given by:

p

pult
= 0.5

(
y

y50

)1/3

(1)

where pult represents the ultimate soil reaction and y50 the lateral pile deflection at one-half
of the ultimate reaction. These parameters can be estimated by:

pult = cuDpNp (2)

Np =
(

3 + γ ′z
cu

+ Jz

Dp

)
≤ 9 (3)

y50 = 2.5Dpε50 (4)

In the above expressions, Dp is the pile diameter, Np the lateral bearing capacity factor, γ ′
the average buoyant unit weight, z the depth, cu the undrained shear strength, ε50 the strain
corresponding to a stress of 50% of the ultimate stress in a laboratory stress-strain curve
and J represents a constant term depending on the soil type (0.5 for soft clay and 0.25 for
medium clay). According to Matlock’s recommendations, the depth zcr at which the failure
mechanism translates from wedge type near the ground surface to horizontal soil flow at
greater pile depths equals to:

zcr = 6cuDp

γ ′Dp + Jcu
(5)

For cyclic loading the exponential form of the p-y curve, given by Eq. 1, is retained until a
normalized pile displacement y/y50 = 3, where the soil reaction is considered as 0.72pult,
and then diminishes with increasing displacement for z < zcr or remains constant for z > zcr.

Under dynamic or seismic loading the force (per unit length of the pile) p to displacement y
ratio of the Winkler medium at every depth, defines the complex-valued frequency-dependent
impedance function (Novak 1974; Novak et al. 1978; Kavvadas and Gazetas 1993):

Sx = p

y
= kx(ω) + iωcx(ω) (6)

where the real part kx(ω) represents dynamic stiffness and the imaginary part ωcx(ω) damp-
ing in the form of wave radiation and hysteretic action (material damping). Based on the
above definition, various dynamic p-y curves have been proposed. Romo and Ovando-Shelley
(1999) introduced a calibrated hyperbolic soil behavior model into the load-displacement rela-
tionship based on experimental data, while Bentley (1999) proposed an analytical dynamic
p-y model by relating static p-y curves with excitation frequency. Along these lines, Hajialilue-
Bonab et al. (2007) obtained experimental p-y loops in dense sand, denoting their practical
importance as a means for estimating dynamic soil springs in a Winkler model. This moti-
vated the present study towards the formulation of a procedure for the evaluation of seismic
soil-pile interaction, by correlating the dynamic soil stiffness, as represented by Eq. 6, with
fundamental properties of p-y loops.

3 Outline of the proposed procedure

The procedure adopted in this study is described schematically in Fig. 1 (Rovithis 2007).
Starting from a set of pile bending moments recorded under seismic excitation, one obtains
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Fig. 1 Overview of the proposed procedure

the distribution of pile moments, as a function of time and vertical distance z along the pile
shaft. Therefore, for each time instance ti, a different bending moment distribution M(z, ti)
is imposed on the pile. From elementary beam theory, the moment M(z, ti) is proportional
to the flexural strain ε (Ting et al. 1987):

M(z, ti)= EpIp
d2ypile

dz2 = EpIp
ε

h
(7)
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where ypile is the lateral pile deflection, z the vertical distance along the pile, h the distance
from the gauge to the neutral axis of bending and EpIp the flexural stiffness of the pile section.

The bending moment M(z, ti) is then double differentiated and integrated to calculate soil
reaction p(z, ti) and lateral pile deflection ypile(z, ti):

p(z,ti) = d2M(z,ti)

dz2 (8)

ypile(z,ti) = 1

EpIp

∫ ∫
M(z,ti)dz (9)

The associated p and ypile time histories along the pile shaft are then obtained by com-
posing the lateral soil reaction p and pile displacement ypile distributions computed at each
time instance from Eqs. 8 and 9 respectively. For seismic loading, the relative displacement
between pile and soil, y, is derived from ypile after subtracting the free field soil deflected
shape ysoil. Hence, back-calculated p-y loops are generated along the pile, representing the
seismic p-y behavior. It should be mentioned that the soil reaction computed in this way does
not include the dynamic pressure due to inertia of the pile element. However, it has been
reasoned (Ting 1987) and experimentally verified (Hajialilue-Bonab et al. 2007) that this
dynamic pressure contribution is negligible with respect to the pressure computed from the
beam theory and can therefore be neglected.

Fundamental properties of p-y loops, namely the area AD and slope of the loop are then
determined by equating the area of the p-y loop with the energy absorbed in one loading
cycle for a viscously damped system excited harmonically. This leads to an estimate of the
damping coefficient cx(ω), according to the expression (Ting 1987):

cx(ω) = AD

πωy2
max

(10)

where ω is the excitation frequency. Consequently, an equivalent viscous damping is derived
from the seismic p-y loop corresponding to the maximum displacement amplitude computed
at each level along the pile shaft. The adopted approach represents actually an overall damp-
ing that is defined by the area of the seismic p-y loop. Thus, the damping component of
the proposed p-y element includes both radiation and hysteretic damping, depending on the
seismic motion characteristics and the soil properties. Accordingly, the associated slope of
the seismic p-y loop is defined as the ratio of the maximum soil reaction pmax to the respective
lateral deflection ymax. Fig. 2 clarifies schematically the aforementioned p-y loop character-
istics. The real part kx(ω) may then be approximated by combining Eqs. 6 and 10, resulting
in (Badoni and Makris 1996):

kx(ω) =
√(

pmax

ymax

)2

−
(

AD

πy2
max

)2

(11)

Thereby, seismic soil-pile interaction is quantified through stiffness and damping coefficients
of the Winkler medium based on back-calculated p-y loops.

Notwithstanding the approximation of the physical phenomenon that is introduced in the
realm of a simplified BDWF model, the proposed procedure permits a realistic quantification
of the dynamic soil-pile interaction that is compatible to the intensity level of the seismic
motion. Apparently, in design practice the developed pile bending that constitute the required
input data is not known beforehand. However, the implementation of the procedure for var-
ious seismic loadings (amplitude and frequency), soil conditions and pile characteristics
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Fig. 2 Schematic illustration of
fundamental properties of a
symmetric and perfectly closed
p-y loop

p

yymax

pmax

AD

could provide a basis towards an analytical prediction of springs and dashpots obtained from
appropriate p-y loops.

3.1 Interpolation of pile bending moments

Since the bending moments data are known at discrete locations along the pile, a numerical
scheme is necessary to describe the variation of recorded bending moments and obtain soil
reactions and pile deflections. Two of the most commonly employed interpolation techniques
involve fitting either cubic splines between successive data points (Scott 1980; Finn et al.
1983), or higher order polynomial functions to all data points (Ting et al. 1987, Meymand
1998). An alternative interpolation scheme has been proposed by Wilson (1998) based on
minimizing weighted residuals. The selection of a proper interpolation function constitutes
an important task, especially for the evaluation of soil reactions p(z, ti), since even a slight
deviation in the recorded data becomes significantly magnified during the differentiation
process (Ting 1987). Along these lines, it has been reasoned (Wallace et al. 2001) that the
implementation of cubic splines may lead to non-physical, rapid fluctuations of the dou-
ble differentiated fit function while continuous polynomial functions usually alleviate this
problem, resulting in smoother variations of soil reaction.

3.1.1 Validation of polynomial function under static pilehead loading

The ability of polynomial function to adequately reproduce lateral soil reactions was exam-
ined in this study by means of pile tests under static pile-head loading (Georgiadis et al.
1992). These centrifuge tests were performed at an acceleration level of 50 g (King et al.
1984), aiming at investigating the static p-y response of floating, steel piles embedded in
uniform dry sand (Dr = 60%). The variation of bending moments imposed on two single
piles under a static load equal to H=997 KN and H=1304 KN respectively was recorded
by five pairs of strain gauges distributed along each pile. The piles had a common diameter
D=1 m and length L=9 m while their flexural stiffness was slightly different (EI=2,066
and 2,495 MNm2).

A polynomial function was fitted to the recorded bending moments (Fig. 3a) and was
compared to established results from the literature (Georgiadis et al. 1992). The order of the
polynomial function was defined according to the number of the available data points. Since
the bending moments were measured at five locations, almost evenly spaced, along the pile,
a fourth order polynomial revealed adequate representation of pile response. Indeed, it is
observed in Fig. 3, that the pile shear forces (S), soil reaction (p) and lateral pile deflection
ypile obtained, respectively, from the first derivative, second derivative and double integral of
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Fig. 3 Comparison of polynomial and spline function for interpolating recorded pile bending moments devel-
oped under static pilehead loading

the polynomial function reproduce satisfactorily pile response, in agreement with the solution
of Georgiadis et al. (1992).

4 Seismic response of a soil-pile-structure system

A coupled soil-pile-structure system was subsequently analyzed by applying the proposed
procedure on a series of well-documented dynamic centrifuge tests of a pile-supported struc-
ture on soft ground. Two shaking levels of a real earthquake excitation introduced at the
base of the soil profile were examined to investigate the effect of intensity of seismic motion
on p-y loops. The generated p-y loops were compared to cyclic p-y curves commonly used
in design practice and were then employed for the computation of dynamic soil stiffness.
The seismic response of the coupled system is numerically obtained by means of a Beam
on Dynamic Winkler Foundation model and analysis results are compared to the centrifuge
recordings.

4.1 Centrifuge experiments

The tests were performed in a 9-m-radius centrifuge at an acceleration level of 30 g (Wilson
et al. 1997, Wilson 1998; Boulanger et al. 1999). The inside dimensions of the centrifuge con-
tainer are 1.7 m long, 0.7 m deep, and 0.7 m wide. The centrifuge model constitutes of a single
pile supporting a SDOF structure founded on a soft clay layer overlying dense sand (Fig. 4).
Specifically, the lower layer, in prototype scale, is a 11 m thick, dense Nevada sand layer with
relative density Dr = 75−80%, while the upper is a 6 m thick clay layer of reconstituted
Bay Mud with substantially low undrained shear strength. The height of the superstructure is
equal to 4 m while its natural period under fixed-base conditions was measured at 0.29 s. The
pile had a total length of 17 m and a flexural stiffness EI of 417 MNm2. The input motion
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Fig. 4 Configuration of the centrifuge model (after Boulanger et al. 1999) and pile bending moment recordings
for a 0.05 g and b 0.20 g amplitude of the input motion

applied at the base of the soil profile is a strong motion accelerogram recorded in Port Island
during the 1995 Kobe earthquake, scaled to a PGA of 0.05 g and 0.20 g respectively, covering
a relatively wide range of shaking levels. Further details regarding the centrifuge apparatus
as well as the soil and structural properties can be found in the aforementioned publications.
Six pairs of bending/axial strain gauges (five in the soft clay layer and one in the dense
sand layer) recorded the developed pile bending during the experiment. The instrumentation
included also accelerometers attached to the pile-head, the superstructure mass as well as to
various depths along the soil profile to record the free field soil response. Fig. 4 illustrates
pile bending moments recorded at the locations of the strain gauges for each shaking level.
To avoid high frequency noise during the differentiation process, these bending moment time
histories were band pass filtered and were then utilized as input data to obtain back-calculated
p-y loops.

4.2 Derivation of p-y loops

Since the strain gauges were not evenly spaced along the pile, resulting in an insufficient sam-
pling of bending moments at the lower part of the pile embedded in the sand layer, particular
emphasis was placed on the effect of the polynomial function on the predicted pile response.
Wilson (1998) performed a detailed investigation on the same centrifuge tests by interpolat-
ing bending moment profiles with three different methods (weighted residual method, cubic
spline interpolation and polynomial interpolation). In his study three polynomial functions
were examined, leading to the implementation of a non-integer five order polynomial as the
most appropriate. Accordingly, three integer polynomial functions are studied herein, taking
into consideration that bending moments were recorded at six locations along the pile and the
polynomial order should not therefore be higher than five in order to ensure its uniqueness
(Kiusalaas 2005). The effect of polynomial order on the variation of pile bending moments
is depicted in Fig. 5, where the prediction of a third, fourth and fifth order polynomial is
compared to the recorded data at indicative time instances, corresponding to peak recorded
moments. Within the upper, highly instrumented portion of the pile, the results are practi-
cally insensitive to the degree of the polynomial, leading to an almost identical distribution
of bending moments, in agreement with the centrifuge recordings. This verifies that closely
spaced experimental data provides accurate predictions, regardless of the adopted interpola-
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tion method (Wilson 1998). On the other hand, within the lower part of the pile (i.e below
the level of 6 m) where the recorded data is sparse, the variation of the bending moments
presents a strong dependency on the degree of the polynomial. Particularly, it is observed
that increasing the order of the polynomial results in unrealistically large values close to
the pile tip. This abnormal distribution of bending moments associated with higher order
polynomials was found to exist independently of the selected time instance. For this reason,
a third order polynomial was finally adopted, providing the most reasonable approximation.
Thus, the polynomial function M(z,ti) utilized in the analysis of the particular centrifuge
recordings is given by:

M(z,ti) = Atiz
3 + Btiz

2 + Ctiz + Dti (12)

where the constant terms Ati, Bti, Cti, Dti, Eti are defined for each time instance based on a
least squares fit. Introducing the above polynomial in Eqs. 8 and 9 defines soil reaction (p)
and lateral pile displacement (ypile) distribution respectively.

During the integration procedure, two boundary conditions are required. The first one is
determined at the pile head, where the displacement time history was calculated from the
recorded acceleration. The second is obtained at the pile tip where the relative displacement
between soil and pile was assumed to be zero, based on the high stiffness of the sand layer
where pile deformations are expected to follow the displaced shape of soil. Thus, the second
boundary condition was obtained by double integrating the soil acceleration time history
recorded at this level. It is noted that various filtering techniques were implemented during
the integration procedure of the acceleration recordings, based on the signal processing meth-
ods described by Wilson (1998). Mass-processing of the acceleration time histories included
high-pass, low pass as well as band-pass Butterworth type filtering. It was observed that a
band pass filter revealed minor deviation from the procedure proposed by Wilson and was
thus implemented during the integration process of the acceleration recordings.

123



728 Bull Earthquake Eng (2009) 7:719–736

Typical results of computed seismic p-y loops for 0.05 g and 0.20 g amplitude of input
motion are shown in Fig. 6a and 6b respectively. These p-y loops were obtained at 1.5 m,
3 m and 4.5 m within the soft clay layer and at 8.2 m within the underlying dense sand layer.
Note that the p-y loops shown in Fig. 6 correspond to a specific time window of maximum
p-y response (Meymand 1998). It is observed that the slope of p-y loops is increasing with
depth, indicating higher soil stiffness, while the area is decreasing, denoting lower levels of
damping during pile oscillations. This is further established in Fig. 7 where the p-y loops
generated at z =3 m and z =4.5 m are compared to the results of Wilson (1998) computed
at the depth of z =5.14 m. Indeed, at this greater depth the slope of the p-y loop is fur-
ther increased and the area is accordingly decreased, leading to comparable p-y loops. The
observed p-y response should be correlated with the reduction of lateral pile deflections with
depth and the associated linear response prevailing over the nonlinear hysteretic action in the
soil (Hajialilue-Bonab et al. 2007).

Of particular interest is the modification of the p-y loops with increasing intensity of the
excitation. Focusing on the p-y loops generated within the soft clay layer (i.e. z = 1.5, 3 and
4.5 m) it is observed that for 0.20 g, strong nonlinear hysteretic behavior is mobilized as
opposed to the p-y response for the low amplitude (0.05 g) motion, where the soil response
remains essentially in the linear range. Thus, increasing the intensity of excitation results
in substantially softer p-y loops (i.e smaller p-y slope) and significantly higher levels of
damping (i.e larger p-y loop area).

4.2.1 Comparison with cyclic p-y curves

Cyclic p-y curves based on API (1993) are also shown in Fig. 6 with dashed lines. More spe-
cifically, the generated p-y curves within the soft clay layer correspond to Matlock’s cyclic
model, as computed by Eqs. 1–5. The variable ε50 was taken equal to 0.005 based on pub-
lished laboratory test data for this particular soil type (Boulanger et al. 1999) while parameter
J was selected equal to 0.5 according to Matlock’s recommendations for soft clay. For the
underlying dense sand layer, the p-y curve proposed by Murchison and O’Neill (1984) was
adopted. Soil layering revealed minor effect on the p-y curves and the associated structural
seismic response (Boulanger et al. 1999) and was therefore neglected herein.

For particularly soft clay, as the one tested in the centrifuge, it is observed that for the low
amplitude motion, the initial part of the cyclic p-y curve is in agreement with the slope of
the generated p-y loops, providing an adequate estimate of the spring stiffness and leading to
comparable maximum lateral soil reactions. On the contrary, for higher levels of excitation
(0.20 g), the cyclic model tends to overestimate soil stiffness, resulting in substantially stiffer
p-y curves. Apparently, the damping reflected by the area of the p-y loop under seismic
motion cannot be reproduced by analytical p-y curves that have been established for cyclic
pilehead loading. This deviation may be of importance in design when piles embedded in
soft soil deposits are subjected in strong ground motion.

4.3 Numerical analysis utilizing a BDWF model

The seismic response of the examined soil-pile-structure system was analyzed with the gen-
eral-purpose FE code ANSYS (2000), implementing a Beam on Dynamic Winkler Founda-
tion model (Fig. 8). The pile-structure system was modeled with linear elastic beam elements
and each pile node was directly connected to a Kelvin element. Note that seismic p-y loops
were obtained at the specific locations along the pile where the free field response was
recorded by the vertical array installed within the soil profile. Thus, soil displacement time
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histories obtained by filtering and double integrating the recorded acceleration time histories
were directly imposed at the ends of the Kelvin elements as the input motion. Mention has
been already made regarding the filtering schemes that were adopted during the integration
procedure. Utilizing recorded free field motions reduces the level of uncertainty related to
the selection of appropriate ground parameters in a site response analysis. Any deviation
between computed and recorded pile and structural response can therefore be attributed to
the dynamic p-y analyses (Boulanger et al. 1999).

The real and imaginary part of the complex-valued impedance function Sx Eq. 6 is fre-
quency dependent only through the properties of the seismic p-y loop, namely the area AD and
the slope of the loop. However, the Kelvin elements assigned in the BDWF model demand the
evaluation of stiffness and damping coefficients, kx and cx respectively. In order to character-
ize the frequency content of the input motion with a single parameter and thus calculate the
required stiffness and damping components from Eqs. 10 and 11, two simplified approaches
were examined. The first corresponds to the predominant frequency fo of the seismic motion
that defines the frequency at which the Fourier spectra reaches its maximum value (Makris
et al. 1993). The second one deals with the evaluation of a mean frequency fm, which averages
frequencies in the Fourier amplitude spectrum and weights each frequency by the square of
its Fourier amplitude (Rathje et al. 1998):
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fm =
∑

i C2
i fi∑

i C2
i

, 0.25 Hz ≤ fi ≤ 20 Hz (13)

where Ci represents the Fourier amplitudes and fi the discrete frequencies of the Fourier spec-
trum between 0.25 and 20 Hz. These frequency content parameters were evaluated based on
the Fourier spectra (Fig. 9) of the accelerations recorded in the free field array for each shaking
level of base excitation. Figure 10a shows the distribution of these characteristic frequencies
along the soil profile. It is worth mentioning that increasing the amplitude of base motion
shifts the frequency content of the free field response to lower frequencies, indicating an
associated decrease in soil stiffness, especially within the upper soft clay layer.

Comparative analyses of the examined soil-pile-structure system revealed that the utiliza-
tion of the predominant frequency fo resulted in the most accurate prediction of the recorded
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Fig. 9 Fourier spectra of the free field accelerations recorded within the soil profile for a 0.05 g and b 0.20 g
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response and was thus considered as the single parameter that describes the frequency content
of the input motion. Indicative results of the real and imaginary part of the soil impedance
function obtained along the pile shaft are depicted in Fig. 10b, corresponding to the low
amplitude (0.05 g) base excitation.

4.3.1 Typical sets of recorded and computed response

Having determined the distributed springs and dashpots as well as the free field input motion,
the proposed BDWF model was analyzed for each shaking level of base excitation and
the computed seismic response was compared to the centrifuge recordings. Typical sets of
recorded and computed response are presented in Figs. 11–14 concerning both pile and
structural response.

In time domain, the computed pilehead and superstructure response (Figs. 11–12)
follows closely the recorded motion, reproducing peak acceleration amplitude and frequency
content of motion. However, for higher levels of base excitation (0.20 g, Fig. 12), the com-
puted response presents a smooth attenuation in time, resulting actually in a harmonic type
of motion with a dominant period close to 2 s. On the contrary, centrifuge recordings are
characterized by lower amplitudes at the end of the shaking. This deviation of recorded and
computed response, which is also observed in the peak spectral accelerations (Fig. 13) could
probably be the result of a more complicated soil response including substantial variations
of the p-y loops properties during the seismic event, radiation damping mechanisms or phe-
nomena related to centrifuge testing modeling (e.g. “box” effect), which apparently cannot
be fully reproduced with a simplified BDWF model, as the one adopted in the present study.

Of particular interest is the effect of intensity of the base excitation on the vibrational char-
acteristics of the system, the magnitude of lateral displacement sustained by the structure,
as well as on the bending moments imposed on the single pile. Based on the acceleration
response spectra obtained for 0.05 g and 0.20 g respectively (Fig. 13), it is observed that
increasing shaking level shifts the peak spectral acceleration to higher periods, indicating a
dominant role of soil compliance on the effective (SSI) natural period of the system. Moreover,
substantial increase of both the peak lateral deflections and pile bending moments (Fig. 14)
was recorded for the strongest shaking event, resulting in considerably higher values than
the ones recorded for the low amplitude motion. Notwithstanding the sharp soil stiffness
contrast at the level of the clay-sand interface (z = 6 m), the peak bending moment occurs
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Fig. 11 Recorded and computed accelerations at pilehead (left) and superstructure (right) for 0.05 g amplitude
of the input motion
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Fig. 13 Recorded and computed acceleration response spectra at pilehead (left) and superstructure (right)

close to the pilehead. This should be attributed to inertial loading transmitted directly to the
single pile foundation as a shear force and bending moment during superstructure oscillations
(Mylonakis et al. 1997; Wilson 1998). Note also that the depth where the maximum bending
moment occurs increases with increasing peak base acceleration. Similar findings have been
reported by Boulanger et al. (1999). The aforementioned soil-pile-structure interaction effects
are well captured by the adopted BDWF model, providing a strong experimental verification
of the proposed procedure over a relatively wide range of shaking levels.

5 Conclusions

An integrated procedure for estimating seismic soil-pile interaction by means of p-y loops
was formulated based on the Winkler approach for modeling dynamic stiffness of soil. Not-
withstanding the complexity of the interaction mechanism, the proposed method resulted
in a simplified yet sufficiently accurate evaluation of distributed pile springs and dashpots
that may be utilized to predict the seismic response of pile-supported structures. The main
conclusions can be summarized as follows:

• The utilization of continuous polynomial functions for interpolating recorded pile bend-
ing moments leads to a sufficiently accurate prediction of p-y response, given that reliable
and closely spaced experimental data are available.
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• The intensity of seismic excitation possesses a dominant role on p-y response, modify-
ing the associated p-y loops, especially for soft soil conditions. Relatively high levels of
shaking (e.g 0.20 g) mobilized significant non-linear hysteretic action in the supporting
soil. In this case, particularly soft p-y loops were generated accompanied with high levels
of damping, as opposed to the essentially linear soil response that was observed for lower
amplitudes (0.05 g) of input motion.

• Existing cyclic models that have been established for soft clays tend to overestimate soil
stiffness under relatively strong ground motion, resulting in stiffer p-y curves compared
to the actual p-y seismic response.

• Utilizing p-y loops as a means for estimating seismic soil-pile interaction was validated
using experimental data, providing a direct and reliable measure of soil stiffness and
damping. Thus, the use of additional physical test data for various soil-pile-structure
configurations and different seismic excitations may lead to an analytical evaluation of
distributed pile springs and dashpots based on p-y loops, denoting a potential implication
of the proposed procedure in pile design practice.

It is worth to mention that the present study was based on the assumptions of single pile
foundation and perfect bonding between soil and pile. Consequently, the above conclusions
may not be valid when geometrical nonlinearities (i.e. soil-pile separation and/or sliding) or
strong pile group effects are activated.
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