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Summary
Within the context of a performance-based design, the maximum kinematic bending moment can be considered a good
descriptor of pile performance under seismic loads as, in the current design, piles are assumed to remain in the elastic domain.
Closed-form expressions for evaluating the kinematic bending moment at the interface of two soil layers have been elucidated
and a new procedure, fully analytical, has been proposed based on the former work of CAIRO et al. [2009b]. This procedure allows computing pile kinematic bending moment by means of formulas and design charts based on a limited number of subsoil
and input motion simple parameters. The subsoil is identified by means of geometrical and mechanical properties, whereas the
input motion is identified by only two parameters: the peak acceleration on rock, arock, together with the mean period, Tm, or
the response spectrum intensity, SI. The peak acceleration on rock is usually provided by the seismic zonation incorporated in
national codes; the latter two parameters may be obtained on the basis of well-consolidated literature indications.

1. Introduction
The evaluation of seismic response of piles is a
complex problem of interaction among piles, soil
and supported structure. Under the hypothesis of
linear elastic behaviour of both soil and structure,
the analysis is usually carried out separating the effects of this interaction into inertial and kinematic
interaction. The former is due to inertia forces developing in the structure during its vibration, the
latter (which is the first to occur) is due to the scattering phenomenon involving the incident seismic
waves and rigid foundations. Whereas the relevance
and the features of the inertial interaction have
started to be recognized form the early works of Jennings and BIELAK [1973] and VELETSOS and MEEK
[1974], and many practical approaches have been
developed during past years [WOLF, 1985, 1994;
CAIRO et al., 1999; STEWART et al., 1999; MARAVAS et al.,
2007], the kinematic interaction has received little
attention by engineers. Most of the studies about
soil-pile kinematic interaction have focused on the
modification of the free-field motion and the evaluation of kinematic response factors relating the absolute value of pile head horizontal displacement to
the horizontal component of the free-field motion
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at ground surface [KAYNIA and KAUSEL, 1982, 1991;
MAMOON and BANERJEE, 1990; FAN et al., 1991; KAYNIA and N OVAK , 1992]. In more recent years, the
bending moments which can be experienced by
piles during earthquakes owing to the solely vibration of the surrounding soil, have been adequately
explored and recognized as a potential mode of failure [TAZOH et al., 1987; KAVVADAS and GAZETAS, 1993;
N IKOLAOU and G AZETAS , 1997; M YLONAKIS , 2001;
NIKOLAOU et al., 2001].
Studies on pile kinematic interaction have been
carried out by several research groups, some having
a long tradition on such a topic [MYLONAKIS et al.,
1997; NIKOLAOU et al, 2001; ROVITHIS et al., 2009],
and others relatively novel. In Italy, for instance,
there has been a big effort on such issue [CAIRO and
DENTE, 2007; SICA et al., 2007; 2009; 2011; CASTELLI
and MAUGERI, 2007a, b; CAIRO et al., 2008; SIMONELLI
and S ICA , 2008; D I L AORA and M ANDOLINI, 2009;
MAIORANO et al., 2009; MOCCIA et al., 2009; DEZI et al.,
2009, 2010] under the auspicious of the ReLUIS
Project (University Network of Seismic Engineering
Laboratories). A theme of the project - termed
“Deep Foundations” - has been devoted to pile
foundations and, in particular, to kinematic interaction. The main research goal was to provide indications for properly applying the new seismic national
code Norme Tecniche per le Costruzioni [M.LL.PP.,
2008].
The kinematic bending moments mainly depend
on the proximity of the frequency content of the
shaking excitation to the fundamental frequency of
the soil, the stiffness contrast between two consecutive layers in stratified soil deposit, the depth of the
interface of the two layers from the pile head versus
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the active length of the pile and the boundary conditions at the head of the pile.
Recent seismic codes (NEHRP, 2003; EC8-part
5 [EN 1998-5, 2005]; Norme Tecniche per le Costruzioni [M.LL.PP., 2008]) have acknowledged that
piles must be properly designed, taking into account the kinematic moments that can occur in soft
soil profile containing consecutive layers of sharply
differing stiffness, in moderate or high seismicity areas, when the supported structure is of high importance class.
Within the context of a performance-based design [KRAMER et al., 2009], the maximum kinematic
moment can be considered a good descriptor of
performance of pile foundations behaving in the
elastic domain. Closed-form expressions for evaluating this bending moment have been developed by
M A R G A S O N and H A L L O W A Y [1977], D O B R Y and
O’ROURKE [1983], MYLONAKIs [2001], NIKOLAOU et al.
[2001], and more recently by MAIORANO et al. [2009].
In the MARGASON and HALLOWAY [1977] relation,
pile bending moments are computed from the curvature of soil displacements with depth, neglecting
pile-soil interaction. The method was developed for
homogeneous subsoil and predicts that the highest
kinematic bending moments are achieved at the
pile head. Conversely, as shown both experimentally and numerically in piles embedded in layered
subsoil, the highest concentration of seismic demand is found in proximity of the interface between
consecutive layers. D OBRY and O’ROURKE [1983],
MYLONAKIS [2001] and NIKOLAOU et al. [2001] deal
with this problem and propose closed-form equations for layered subsoil. Since these equations are
often adopted in practical design and have been utilised for developing new formulations [CAIRO et al.,
2009a; MAIORANO et al., 2009; DEZI et al., 2010; SICA
et al., 2011], details of such equations will be provided in the following section.
The fundamental target of this work is to propose a fully analytical method for determining kinematic pile bending moments, by means of a few
and easily determinable parameters for quantifying
the seismic motion and identifying the pile-subsoil
configuration.

2. Methods of analysis
The closed-form expressions of D OBRY and
O’ROURKE [1983], MYLONAKIS [2001] and NIKOLAOU
et al. [2001] are here recalled since they constitute
milestone formulations in the literature to predict
the kinematic pile bending at the interface between
two soil layers.

DOBRY and O’ROURKE [1983] - MYLONAKIs [2001] procedures
The procedure proposed by D O B R Y and
O’R OURKE [1983] permits to compute the kinematic bending moment at the interface between
two layers as:
(1)
where EpIp is the bending stiffness of the pile, γ1 is
the uniform shear strain in the upper soil layer; F is
a function of the ratio c=(G2/G1)0.25, with G1 and G2
being the shear modulus of the upper and lower layer, respectively, and is expressed as:
(2)
The DOBRY and O’ROURKE [1983] formula is capable to take into account, although in a simple way,
the interaction between pile and soil, but it does not
account for the characteristic of the dynamic excitation, since it has been developed under the assumption of a pseudostatic response. D O B R Y and
O’ROURKE [1983] also assumed that: each soil layer
is homogeneous, isotropic and linearly elastic; soil is
subjected to a uniform static shear stress field; the
pile behaves as a linear-elastic semi-infinite beam;
the embedded length of the pile in each layer is
greater than the so-called “active length”1.
M YLONAKIS [2001] improved the D OBRY and
O’ROURKE [1983] formulation by accounting for the
dynamic nature of the input motion. For such a
scope, the pile bending strain was first defined:
(3)
where M is the maximum kinematic bending moment at the interface and d/2 the distance from the
centerline to the outer fiber of the pile cross section.
The kinematic bending moment was then expressed in the following way:
(4)
in which γ1 denotes the soil shear strain at the layer
interface. The ratio between εp and γ1 represents the
“strain transmissibility”, which is strongly frequency-dependent. In quasi-static conditions (ω→0), the
strain transmissibility function takes into account
only pile-soil interaction effects and is expressed as:
(5)
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where H1 and k1 are the thickness and the Winkler spring of the upper layer, respectively.
The effect of frequency may be introduced in
terms of the ratio:

tive number Nc of cycles in the record [SEED et al.,
1975]. Two simplified expressions are given:
(9a)
(9b)

(6)
which is a function of the dimensionless frequency
, with ωinput representing the frequency of
the harmonic input motion and Vs1 the shear wave
velocity of the upper layer. MYLONAKIs [2001] states
that in the frequency range typical of earthquake
engineering, Φ is generally less than 1.25. More recently, on the basis of time-domain results obtained
by the 3-D FEM program VERSAT-P3D [WU, 2006],
MAIORANO et al. [2009] proposed higher values of the
function Φ, varying between 1.30 and 1.39 (the
higher values are valid close to resonance). Conversely, on the basis of BDWF analyses SICA et al.,
[2011] found values of Φ around 1.20 for shear wave
velocity ratios

in the range

SICA et al. [2011] have carried out an extensive
parametric study on single piles in two-layer soil
profiles (with H1 greater than the active pile length
la) by adopting the BDWF approach of MYLONAKIS et
al. [1997] and a data set of Italian accelerograms.
They correlate the parameter η with the ratio T/Tm,
where Tm is the average period of the input motion,
defined as:

(10)

.

NIKOLAOU et al. [2001] equation
NIKOLAOU et al. [2001] equation has been derived by
non linear regression of numerical data computed by
a Beam-on-Dynamic-Winkler-Foundation (BDWF) approach solved for piles embedded in two-layer soil
profiles under harmonic-steady state input motion.
The resulting expression provides the maximum kinematic bending moment in the frequency
domain:
(7)
where τc is the maximum shear stress induced at the
layer interface, Vs1 and Vs2 are the shear wave velocities
in the upper and lower layer, respectively. NIKOLAOU et
al. [2001] compute the maximum shear stress τc at the
interface according to the following equation:
(8)
where as is the free field acceleration at the soil surface produced by the harmonic motion and ρ1 is the
mass density of the upper layer. In this paper, a simple and fully analytical method has been developed
by the Authors for computing the peak steady-state
acceleration as, once the design peak acceleration
arock at the rock outcrop and the fundamental period of the subsoil are given.
In order to account for the transient nature of
the seismic excitation, NIKOLAOU et al. [2001] have
introduced a reduction factor η depending on the
duration of the accelerogram, in terms of the effec-
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where Tp represents the predominant period of the
ground motion and T the fundamental period of
the deposit.

with fi discrete Fourier transform frequencies between 0.25 and 20 Hz and Ci the corresponding
Fourier amplitudes of the accelerogram [RATHJE et
al., 1998]. By a power regression on almost 300 data, SICA et al. [2011] have found a novel correlation;
the equation of the average regression is:
for T/Tm >1.5

(11)

for conditions that are far from resonance. In such
hypothesis, the factor η is primarily related to the
ratio T/Tm rather than to the parameter Nc adopted
in Equation (9b). Conversely, when the fundamental
period of the subsoil is almost equal to the dominant
period of the input motion (resonant conditions),
the number of effective cycles Nc in the record becomes significant, even under the hypothesis of linear elastic behaviour for soil and pile.
Different applications of the original equation
proposed by NIKOLAOU et al. [2001] have been described in literature. SIMONELLI and SICA [2008] and
MAIORANO et al. [2009] inserted in Equation (7) the
shear stress at the interface induced by different input motions and computed by site response analysis
with the code EERA [B ARDETT et al., 2000]. They
found out Equation (12), that does not provide the
maximum kinematic bending moment in the frequency domain but a value that is close to the maximum bending moment in the time domain for that
particular input:
(12)
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Fig. 1 – Different ways of applying NIKOLAOU et al. [2001] equation. Results refer to the reference scheme S1-6 of Tab. I and
the input motions listed in Tab. II.
Fig. 1 – Modi differenti di applicare l’equazione di NIKOLAOU et al. [2001]. I risultati fanno riferimento allo schema S1-6 di Tab. I e alle
registrazioni sismiche indicate in Tab. II.

In this case, the factor η should not be applied
to the kinematic bending moment computed by
Equation (12). Conversely to Equation (7), the kinematic bending moment computed by Equation (12)
is accelerogram-dependent since it refers to a specific time-history.
CAIRO et al. [2009b] have adopted Equation (7)
computing τc at the interface as:
(13)
where asEERA is the peak acceleration at the surface
level provided by EERA for each input motion. Alternatively, the peak ground acceleration may be
computed from analytical relations available in literature [BOUCKOVALAS and PAPADIMITRIOU, 2003].
The correspondent moment may be written as:
(14)
In this second application, N IKOLAOU et al.
[2001] derived equation will no longer provide the
maximum moment in the frequency domain, but a
hybrid solution which differs from the moment at
resonance, because of the use of asEERA. This latter
makes Equation (14) accelerogram-dependent as
happens for Equation (12) due to the use of τEERA.
The prediction provided by Equation (14) is affected by the approximation in computing τc at the
interface by Equation (13). This equation - as wellknown - fails in the case of deep interface, providing

τc values much higher than those by EERA. Hence
Equation (14) is more conservative than Equation
(12), as it can be observed in Figure 1.
Finally, it is worth noting that no significant improvement in the predictions provided by NIKOLAOU
et al. [2001] approach is obtained if the second
member of Equation (13) is multiplied for the empirical factor rd as it is typically done for liquefaction
analyses2, to account for the decrease of the peak acceleration with depth (Fig. 1). This correction was
actually developed for shallow depths, where liquefaction may occur, and becomes no more effective
for higher depths (Fig. 1 refers to a soil configuration with an interface placed at 15 meters).
Equation (14) states that the bending moment
in the pile is linearly dependent on the free-field
peak ground acceleration. While it has been demonstrated to be true for steady-state harmonic motion
[N IKOLAOU and G AZETAS , 1997; N IKOLAOU et al.,
2001], this has not been confirmed for transient motion [CAIRO et al., 2009a]. In order to make a more
accurate evaluation of the maximum kinematic moment with Equation (14), CAIRO et al. [2009a, b] have
introduced a corrective factor δ defined as:
(15)
where M(t)max is the kinematic bending moment
computed at the interface by time-domain BDWF or
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Tab. I – Properties of the soil deposits.
Tab. I – Proprietà dei terreni considerati.

hybrid FEM-BEM analyses. This coefficient should
not be confused with η since δ is a corrective factor
which may be either higher or lower than one: in
fact δ depends on the approximation in computing
τc by Equation (13), whereas η is always lower than
one, since M(t)max cannot be higher than M(ω)max.
The parameter η, if well computed, seems the
proper value to correlate steady-state to transient peak
bending moment at the soil layer interface. For such a
reason, in this paper much effort was devoted to provide design chart where this factor is correlated to simple parameters for quantifying the seismic motion.

3. Two alternative ways of computing the
reduction factor η
The main problem in the evaluation of a dynamic system performance is the prediction of the
ground motion intensity and the system response.
The parameters selected to represent the level of
earthquake shaking are called Intensity Measures
(IMs). They must be predicted quite accurately from
earthquake source parameters, capable of capturing
all the useful information about the potential of the
ground motion; further they must be appropriately
correlated to the response measure, which can be
identified as the Engineering Demand Parameter
(EDP). While in geotechnical analyses displacements are generally considered good performance
descriptors, seismic design of foundation still remains primarily force-based. However, if the behaviour of soils is assumed to be linear elastic, pile
bending strain and bending moment are strictly
correlated (Eq. 3).
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In this paper, the simple equation of NIKOLAOU
et al. [2001] has been used for evaluating the maximum kinematic bending moment; then two different ways of determining the reduction factor η on
the basis of different IMs have been proposed.
3.1. Reduction factor η vs. the frequency content of the input motion
Several analyses have been carried out referring
to a fixed-head pile with length L=20 m, diameter
d=0.6 m, Young’s modulus Ep=2.5·107 kN/m², and
mass density ρp=2.5 Mg/m³ (Fig. 2). The pile is embedded in a two-layered subsoil underlined by a
stiffer bedrock. Soil shear stiffness contrast has been
changed as a function of the shear wave velocities Vs1
and Vs2 of the two layers, in order to reproduce a
subsoil of type D or C (Tab. I). Poisson’s ratio, mass
density and damping ratio of the soil are respectively: νs=0.4, ρs=1.9 Mg/m³, βs=0.10.
The analyses have been performed by adopting
18 Italian accelerograms (Tab. II), scaled in amplitude to 0.35g and applied at the bedrock level.
These records are provided by the database SISMA
[SCASSERRA et al., 2008]. In Table II, the frequency
content of each input motion is quantified through
the mean period Tm parameter.
For the schemes S1-6 and S1-8, the envelopes
of peak bending moments along the pile for 5 seismic records of the database and the maximum
steady-state bending moment that occurs at the
fundamental period of the soil deposit are shown
in Figure 3. The time domain solutions as well as
the frequency domain solution (steady-state) have
been calculated with the hybrid BEM-FEM ap-
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Tab. II – List of the adopted seismic records.
Tab. II – Lista delle registrazioni accelerometriche utilizzate.

(16)

Fig. 2 – Reference scheme adopted in the present study.
Fig. 2 – Schema di riferimento considerato nel presente studio.

proach proposed by CAIRO and DENTE [2007]. As
can be seen, these distributions have the same
shape, but the values of the steady-state solution
are considerably larger. The single point displayed
refers to the analytical solution obtained with the
NIKOLAOU et al. [2001] equation, in which the peak
ground acceleration has been calculated from the
peak rock acceleration (arock=0.35g) as:

where max|F(ω)| represents the maximum absolute value of the transfer function (amplification
function) for the site in examination (see appendix).
As can be noticed, Equation (7) provides the maximum kinematic bending moment in the frequency
domain only if the surface acceleration as is computed at resonance.
In order to evaluate the peak kinematic moment utilising the NIKOLAOU et al. [2001] equation,
a novel formulation to compute the factor η was
determined, by defining it as the ratio of the maximum pile bending moment calculated numerically in the time domain (by BDWF or continuum
approaches) to that obtained by Equation (7), in
which the peak ground acceleration is properly
computed by a site response analysis in steadystate condition.
In Figure 4 the reduction factor η, obtained
from the kinematic bending moments computed in
the time-domain by the numerical approach of
CAIRO and DENTE [2007], is shown as a function of
the ratio T/Tm between the fundamental period of
the soil deposit and the mean period of the seismic
excitation. These data can be separated in two distinct groups and adequately interpolated. In the
figure, the mean value of the obtained regression
is displayed with a continuous line along with the
upper bound corresponding to 95 th percentile
(dashed line).
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Fig. 3 – Comparison among the kinematic bending moment computed in the frequency domain (steady-state solution obtained by numerical analysis), the envelope of time-domain moments calculated by numerical analysis and the prediction
of NIKOLAOU et al. [2001] Eq. (7) at the layer interface.
Fig. 3 – Confronto tra il momento flettente cinematico calcolato nel dominio della frequenza (soluzione stazionaria ottenuta con analisi
numeriche), l’inviluppo dei massimi momenti nel dominio del tempo calcolati con analisi numeriche e il valore stimato dall’Eq. (7) di
NIKOLAOU et al. [2001] all’interfaccia degli strati di terreno.

From Figure 4 it clearly emerges that the mean
and upper bound curves are quite close for T/Tm
grater than 2. On the other hand, the dispersion
around the mean value is significant for lower T/Tm
(at least up to 1.5). As previously stated, in this region (i.e., close to resonance) the effect of Nc is relevant and could justify such a dispersion. Finally, it
is worth noting that Equation (17b) is almost corresponding to Equation (10) obtained by SICA et al.
[2011] by means of BDWF results and for T/Tm>1.5.
Equations (17) will be hereafter considered to
compute the maximum bending moment in the
time domain.
Fig. 4 – Factor η vs. the period ratio T/Tm, for the pile-soil
configurations of Tab. I and the input motions listed in
Tab. II.
Fig. 4 – Coefficiente η in funzione del rapporto tra i periodi T/
Tm, relative alle configurazioni palo-terreno di Tab. I e ai moti
sismici indicati in Tab. II.

With reference to the mean value of the regression, the following relations can be furnished:
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for T/Tm ≤1

(17a)

for T/Tm>1

(17b)

3.2. Reduction factor η vs. the response spectrum intensity
SI
The response spectrum intensity SI was defined
by HOUSNER [1959] as:
(18)
where SPV is the pseudo-velocity response spectrum,
β is the damping ratio (usually assumed 5%), T is the
period of the structure, which generally lays within
the range 0.1-2.5 sec. It is worth noting that SI takes
into account in a single parameter the maximum response of a single-degree-of-freedom system, corre-
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parison the maximum kinematic moment at the
layer interface has been evaluated with the numerical BEM-FEM approach by CAIRO and DENTE [2007].
Four significant accelerograms have been considered as input motion in the two-layer system, in
which the thickness H1 of the upper layer varies

Tab. III – Parameters of regression (19).
Tab. III – Parametri della regressione (19).

lated to the amplitude and the frequency content of
the ground motion. The values of SI for the seismic
records considered in this paper are shown in Table
II.
The recent works of BRADLEY et al. [2008, 2009]
have shown that, among various parameters used to
describe the level of the seismic motion, SI can be
considered an optimal IM for forecasting the seismic performance of piles. On this basis, an alternative reduction factor η as a function of SI is defined
and plotted in Figure 5. In particular, Figure 5a refers to the subsoil with Vs,30 less than 180 m/s (soil
type D, according to subsoil classification of Eurocode 8 and NTC-2008) while Figure 5b refers to the
subsoil with Vs,30 in the range 180-360 m/s (soil type
C). By carrying out a linear regression of these data
for the two subsoil profiles, the obtained lines show
approximately the same inclination (Fig. 5c). In
particular a higher mean value of η corresponds to
a stiffer soil deposit. This suggests to carry out a
multiple regression of the data with the response
spectrum intensity and the equivalent shear wave
velocity of the soil deposit. The relation utilized to
describe this function can be expressed as:
(19)
with the coefficients β0, β1 and β2 reported in Table
III, SI and Vs,30 measured in cm and m/s, respectively, ση is the standard deviation (=0.0898), ε the residual random variable assumed to be lognormally
distributed (for instance, the value ε=1.6448 corresponds to a 5% probability of exceedance). In Table
III, the 90% confidence intervals of the above coefficients are also included.
The comparison between the reduction factors
η calculated by the numerical procedure of CAIRO
and DENTE [2007] and those predicted by the above
regression equations (mean values) is shown in
Figure 6. It can be noticed that, with the exception
of A-TMZ270 record (SI=129 cm), all the predictions seem to be acceptable.
The two alternative formulas proposed for the
reduction factors have been applied to the
NIKOLAOU et al. [2001] equation, in which the peak
ground acceleration has been determined in steadystate condition, as shown in Equation (16). For com-

Fig. 5 – Factor η vs. HOUSNER [1959] intensity SI of the input motion for the pile-soil configurations of Tab. I and
the input motions listed in Tab. II. In (a) data refer to soil
type D; in (b) to soil type C; in (c) regressions refer to both
soil type C and D.
Fig. 5 – Coefficiente η in funzione della intensità di HOUSNER
[1959] SI dei terremoti indicati in Tab. II e per le configurazioni
palo-terreno di Tab. I. In (a) sono presentati i risultati relativi a
sottosuoli di tipo D; in (b) quelli per sottosuoli di tipo C; in (c) le
rette di regressione si riferiscono ai sottosuoli di tipo C e D.
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Fig. 6 – Factor η vs. the HOUSNER [1959] intensity SI of the input motion (a) and the Vs,30 of the subsoil (b).
Fig. 6 – Coefficiente η in funzione della intensità di HOUSNER [1959] SI dei terremoti (a) e della Vs,30 del deposito di terreno (b).

Fig. 7 – Comparison among the time-domain kinematic bending moments obtained by numerical analyses and the predictions provided by Eqs. (17) and (19), for 4 different accelerograms.
Fig. 7 – Confronto tra i momenti cinematici nel dominio del tempo calcolati con analisi numeriche e i valori forniti dalle Eqq. (17) e (19)
per 4 differenti accelerogrammi.

from 5 to 15 meters. The depth of the bedrock varies from 30 to 45 m. The shear wave velocities of the
deposit are 100 m/s and 400 m/s for the upper and
lower layer, respectively. The results are plotted in
Figure 7.
As can be seen, the mean value calculated with
Equation (19), which takes into account both SI of
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the earthquake and the equivalent shear wave velocity Vs,30 of the soil deposit shows a quite good accordance with the rigorous solution, except for the
A-TMZ270 input motion (Fig. 7a) and A-STU270
for the highest H1 value (Fig. 7d). Also Equation
(17) compares well with the numerical solution, with
the exception of A-STU270 input motion for the
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highest H1 value (Fig. 7d). Further analyses and
comparisons will be necessary to better evaluate the
effectiveness of the proposed equations. Albeit the
present results seem quite encouraging, the proposed approximate relations should be adopted
with reservations, as they may sometimes underestimate the kinematic bending moments.

Conclusions
In this paper the evaluation of the maximum
bending moment exhibited by piles subjected to
seismic shaking has been reviewed in the light of the
criteria of the performance-based design (PBD)
method. The approximate expression of NIKOLAOU
et al. [2001] has been adopted as a suitable simple
relation to calculate the peak kinematic moment
(EDP) in the case of harmonic steady-state motion,
since it captures all the salient features regulating
kinematic interaction between pile and soil. This
equation needs the maximum acceleration at the
free surface of the soil deposit to be known, assumed
that the peak acceleration at the rock outcrop is
given. An analytical amplification function has been
furnished to easily calculate the free-field response
in correspondence of the fundamental period of a
two-layer soil deposit, which can be computed by
HADJIAN [2002] expressions.
In order to correlate steady-state and transient
peak responses, a reduction factor has to be used. It
can be related to key parameters that take into account the level of the ground motion and the properties of the soil. On the basis of previous studies,
two alternative reduction factors have been defined
related to a few selected variables, such as the mean
(or, predominant) period of the earthquake compared to the fundamental period of the soil, and the
response spectrum intensity SI along with the equivalent shear wave velocity Vs,30 of the soil.
Finally, it should be acknowledged that the
whole study has been developed in the assumption
of linear elastic behaviour for pile and soil. Accordingly, the proposed approximate relations may not
hold in cases deviating significantly from the hypothesis here assumed.

ical procedure has been developed in the present
study, as illustrated in the following.
A quite simple but very common approach
adopted to perform ground response analysis is
based on the use of transfer functions. Transfer
functions are employed for harmonic motion and
are generally defined as the ratio of horizontal displacement amplitudes at any two points in the soil
layer. This method assumes that the response of the
soil layer is predominantly caused by SH-waves
propagating vertically towards the surface. The soil
interfaces are considered to extend infinitely in the
horizontal direction. The resulting horizontal harmonic displacement can be written as [K RAMER ,
1996]:
(20)
where ω is the circular frequency of the motion, k
the wave number

, A and B the amplitudes of

waves travelling in the –z (upward) and +z (downward) directions, respectively. Moreover, t is time
and
. Soil damping is considered by introducing the complex shear modulus, i.e. the complex shear wave velocity:
(21)
In the case of a horizontally layered soil, the generic amplitudes A and B can be determined imposing that no shear stress exists at the ground surface,
or compatibility and continuity of stresses at the interface between two adjacent layers. In this way, the
amplitudes Aj+1, Bj+1 for layer j+1 can be related to
the amplitude Aj, Bj of layer j. The transfer function
F(ω) relating the displacement amplitudes at any
two interfaces in the layered deposit can be easily
determined using a recursive procedure [KRAMER,
1996].
If we consider a two-layer soil deposit resting on
a rigid bedrock, and assume that soil densities and
damping ratios are the same for the two layers, by
applying the aforementioned approach, the following transfer function relating the harmonic displacement amplitude at the top of the deposit to the
rock outcropping motion can be found:

Appendix
The main feature of the simplified approach
presented in the paper is that it allows a preliminary
assessment of kinematic pile bending moments,
without performing any dynamic analysis. The approach utilises the NIKOLAOU et al. [2001] expression, which requires the steady-state peak ground
acceleration at the surface of the soil deposit to be
determined. To such a scope, a proper fully analyt-

(22)
where α1 is the impedance ratio
(23)
and k1 and k2 wave numbers given by:
(24a)
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(24b)
As the transfer function is defined for harmonic
motion, it can be applied to displacements, velocities or accelerations in the same way. It should be
pointed out that the transfer function of Equation
(22) is a complex number, the modulus of which is
called amplification function. The frequencies that
correspond to the maximum values of the amplification function are the natural frequencies of the
soil deposit. In particular, the higher value of the
amplification function is attained at the first or fundamental frequency.
Using the Werner formulas and the hyperbolic
functions, the amplification function of Equation
(22) can be expressed as:

(25)

in which
(26a)
(26b)
(26c)
(26d)
All these terms consist in real quantities.
The fundamental period of a two-layer soil deposit resting on a rigid bedrock can be computed by
means of the approximate relations proposed by
HADJIAN [2002]. For the sake of completeness, these
equations are summarized in the following.
Defining the decoupled fundamental periods of
the two layers in the deposit as:
(27a)

(27b)
if T2/T1≤0.1, the fundamental period of the soil deposit can be calculated as:
(28)
On the contrary, if T 2 /T 1 >0.1, two different
equations are provided. The following analytical solution:
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(29)
has to be used if H1>H2, and
(30)
with
(31a)
(31b)
for H1≤H2. These solutions are restricted to the case
where the layer densities are equal.
In order to avoid any dynamic analysis and provide a simplified approach that can be applied in
the current practice by means of a hand calculator,
the peak steady-state acceleration as at the ground
surface can be calculated by multiplying the design
peak acceleration arock at the rock outcrop for the
amplification function of Equation (25) in which
ω=2π/T, where the fundamental period T of the deposit has been determined with H ADJIAN [2002]
equations.
In Figure 8 the present approach has been applied in four cases of the adopted reference
schemes. In particular, the amplification function
has been calculated by a numerical dynamic analysis of the free-field condition and the analytical
solution described by Equation (22). The results
are presented in terms of the dimensionless frequency
(32)
Furthermore, the value of the amplification
function corresponding to the fundamental period
of the soil deposit, calculated using Equation (25)
and HADJIAN [2002] expressions (approximate solution), is shown. It can be noticed that the agreement
of the proposed analytical approach with the rigorous harmonic steady-state solutions (both numerical
and analytical) is very satisfactory.

Notes
1

This was computed according to RANDOLPH
[1981] formula: la =1.75 d (Ep/E1)0.25.

2

The following relation has been adopted:
rd =1-0.015z, where z represents the depth in
meters below ground level.
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Fig. 8 – Amplification function versus dimensionless frequency for the reference schemes labelled as S1-6 (a), S5-27 (b), S212 (c), S1-4 (d). Comparison among the approximate analytical approach proposed and the dynamic analyses carried out
with Eq. (22) and the numerical approach of CAIRO and DENTE [2007].
Fig. 8 – Funzione di amplificazione al variare della frequenza per i depositi di terreno indicati negli schemi S1-6 (a), S5-27 (b), S2-12
(c), S1-4 (d). Confronto tra il metodo analitico approssimato proposto e le analisi dinamiche effettuate con l’uso dell’Eq. (22) e la
procedura numerica sviluppata da CAIRO e DENTE [2007].
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Relazioni a più variabili per la
valutazione semplificata degli effetti
dell’interazione cinematica palo-terreno
Sommario
Nell’ambito della progettazione di tipo prestazionale, il
valore massimo del momento flettente di natura cinematica può
essere considerato un valido indicatore delle prestazioni dei pali
sotto azioni sismiche, se si assume che essi rimangano in campo
elastico lineare, come peraltro prescritto dalle norme vigenti. Nel
presente lavoro sono dapprima rivisitate criticamente le
espressioni in forma chiusa, disponibili in letteratura, per la
valutazione del momento flettente cinematico in corrispondenza
dell’interfaccia tra due strati di terreno; è quindi proposta una
nuova procedura, completamente analitica, che trae origine da
un precedente lavoro di CAIRO et al. [2009b]. Tale approccio
permette di calcolare il momento cinematico nel palo mediante
formule ed abachi, che contengono pochi parametri che sono
rappresentativi sia del sottosuolo sia degli input sismici. Il
terreno è caratterizzato dalle sue proprietà geometriche e
meccaniche, mentre il moto sismico è definito da due soli
parametri: l’accelerazione di picco su roccia, arock, ed il periodo
medio, Tm, oppure, in alternativa a quest’ultimo, l’intensità dello
spettro di risposta, SI. Nelle applicazioni di tale approccio,
l’accelerazione massima su roccia può essere acquisita dalla
zonazione sismica prevista dalle normative nazionali; gli altri
due parametri possono essere ottenuti con l’ausilio di indicazioni
di letteratura ben consolidate.
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