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Importance of kinematic interaction in the seismic 
vulnerability assessment of pile-supported buildings

Luca de Sanctis,* Raffaele Di Laora**

Summary
This paper reviews some aspects of pile-soil kinematic interaction in light of recent research findings. First, kinematic pile bend-

ing is examined, recalling some of the relevant contributions on the subject, and then comparing available methods with recent 
advanced numerical and experimental studies. A general procedure for the practical application of simplified formulae, taking into 
account nonlinear soil behavior, is discussed, and it is shown that the above formulae compare well with the available benchmarks. 
Based on the accumulated theoretical and experimental evidence, some suggestions for future code revision are also provided. Sec-
ond, the paper focuses on the change of the free-field motion generated by pile-soil kinematic interaction, pointing out that the 
presence of piles usually leads to a reduction of the seismic demand in the structure, and simple procedures to account for this effect 
are also suggested. Slender tall structures supported by small pile groups may represent an exception to this general trend, due to the 
rotational component of the Foundation Input Motion induced by piles. 

1. Introduction

The behaviour of piles under seismic action start-
ed attracting the interest of researchers when a num-
ber of post-earthquake investigations revealed pile 
damage. Successive interpretation of the observed 
phenomena attributed such damage to the develop-
ment of large bending moments at the head of piles 
restrained by rigid caps, even in absence of large soil 
movements such as those induced by liquefaction, 
as well as at depth, where the bending induced by 
the oscillation of the superstructure (inertial inter-
action) should have vanished. The latter moments 
were therefore attributed to the deflected shape that 
pile experienced just because embedded in a sub-
soil undergoing displacement and deformation it-
self due to seismic shaking (kinematic interaction). 
Since then, a number of contributions dealt with the 
development of kinematic moments in pile founda-
tions, confirming the potentially destructive effect 
of the phenomenon. The accumulated experimen-
tal and theoretical evidence (e.g. MARGASON and HOL-
LOWAY, 1977; DOBRY and O’ROURKE, 1983; NIKOLAOU et 
al., 2001; MYLONAKIS, 2001) was therefore recognised 
by seismic regulations. According to most seismic 
Codes, the evaluation of kinematic moments is man-
datory under certain conditions. For example, Eu-

rocode EN-1998-5 (CEN/TC 250, 2004) prescribes 
that: “bending moments developing due to kinematic in-
teraction shall be computed only when all of the following 
conditions occur simultaneously: (1) the ground profile is of 
type D, S1 or S2, and contains consecutive layers of sharp-
ly differing stiffness; (2) the zone is of moderate or high 
seismicity, i.e. the product agS exceeds 0.10g; (3) the sup-
ported structure is of class III or IV”. Nevertheless, whe-
ther kinematic bending effects should be considered 
or not for conditions other than those indicated by 
the Eurocode is questionable and some comments 
on this specific issue are provided later in the paper. 

The problem of pile-soil kinematic interaction 
can be also viewed from another perspective. In fact, 
piles are somehow reluctant to follow the wavy move-
ment of the soil, and, therefore, depending on their 
stiffness and the type of restraint at their head, they 
may experience – and transmit to the superstructure 
– lower displacements and accelerations. Contribu-
tions on this topic started from the works by BLANEY 
et al. [1976], KAYNIA and KAUSEL [1982], FLORES-BER-
RONES and WHITMAN [1982] and GAZETAS [1984]. The 
reduction of the horizontal acceleration at founda-
tion level is commonly referred to as ‘filtering effect’. 
The existence of this filtering in frequency is con-
firmed by the available experimental evidence [KA-
WAMURA, 1977; OTHA et al., 1980; GAZETAS, 1984]. How-
ever, the kinematic interaction also induces a rota-
tional component of the seismic input motion [WOLF 
and von ARX, 1978; KANYIA and KAUSEL, 1982; FAN et 
al., 1991; MYLONAKIS et al., 1997; SEXTOS et al., 2015; 
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DI LAORA et al., 2017], whose effects on the structur-
al response add to those associated to the swaying 
oscillation of the foundation; as a result, under cir-
cumstances where the magnitude of this rocking mo-
tion is particularly relevant and the structure is tall 
enough, the overall seismic response of the build-
ing may be worse than that evaluated under free-
field conditions. According to Eurocode EN 1998-5 
“the foundation motion of the flexibly-supported structure 
will differ from the free-field motion and may include an 
important rocking component of the fixed-base structure”. 
In other words, Eurocode EN 1998-5 prescribes that 
the potential detrimental effect of the rocking mo-
tion has to be taken into account, particularly in the 
case of “slender tall structures”, such as chimneys, wind 
turbines and silos, and “structures supported on very soft 
soils”. 

A sketch of the problem under consideration is 
offered in figure 1, where kinematic interaction is 
shown to produce effects both in terms of modifica-
tion of Foundation Input Motion (a) and bending 
moments along piles (b).

Despite the availability of valuable contributions 
on the problem of kinematic interaction between soil 
and piles, in the writers’ opinion the literature on this 
topic is still fragmented and disconnected. The main 
scope of this work is to provide a unified and integrat-
ed picture of this subject. To this end, a review of the 
simplified methods of analysis for kinematic bending 
moments is first provided, pointing out the key as-
pects to be taken into account for their application to 
practical problems. Later on, the attention is focused 
on the effects of kinematic interaction on the seismic 
demand in pile-supported structures. 

2. Kinematic bending

2.1. Simplified formulae for kinematic bending moments

Homogeneous soil

Let us consider a pile embedded into a homo-
geneous soil, as shown in figure 2a. If the pile is mo-
delled as a flexural elastic beam, the bending mo-
ment at a given elevation can be determined from 
the strength-of-materials formula:

 = =
εp

p p pM E E
d

R(I p pI1 2)/  (1)

where M is the pile bending moment at depth z, Ep is 
the pile Young’s modulus, Ip the pile cross-sectional 
moment of inertia, (1/R)p the pile curvature and εp 
the bending strain at the cross-sectional outer fiber. 
From equation (1), it follows that the evaluation of 
bending moments along the pile relies on a proper 
estimation of pile curvature.

The simplest approach for assessing the above 
parameter is to neglect pile-soil interaction altogeth-
er and, thereby, to assume that pile curvature (1/R)p 
equals soil curvature (1/R)s in free-field conditions. 
This assumption was adopted in the pioneering stud-
ies of MARGASON [1975] and MARGASON and HOLLO-
WAY [1977], and was later employed in NEHRP pro-
visions [FEMA 450, 2003]. Under the common as-
sumption of one-dimensional seismic excitation con-
sisting of vertically-propagating shear waves, soil cur-
vature may be determined from the expression:

 = =
ρ

2
z(a )

V s

sR(1 )/
z(a ×)
G s

 (2)

Fig. 1 – Problem under consideration. 
Fig. 1 – Problema in esame.
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shear strains above and below the interface), where-
as a pile – if not broken – always experiences a fi-
nite curvature. Also, this approach may violate the 
boundary conditions of the problem, as it will invar-
iably predict finite bending at the pile head even in 
the absence of a restraining cap.

However, for the case of a fixed-head long pile – 
that is, whose length is larger than its active length 
(see for example RANDOLPH, 1981), typically ranging 
from 8 to 15 diameters – embedded in a soil with 
stiffness constant with depth, DE SANCTIS et al. [2010] 
and, later on, DI LAORA et al. [2013] showed that con-
sidering pile curvature at the top equal to soil cur-
vature at surface yields very accurate results. More 
specifically, DI LAORA et al. [2013] attributes the good 
prediction capability of Margason approach to the 
fact that at low frequencies a flexible pile is unable to 
contrast the movement of the surrounding soil, and 
the dynamic effect due to higher frequency compo-
nents in the earthquake may only slightly reduce pile 
curvature. 

Two-layer soil

When a pile is embedded in a two-layer soil 
(Fig. 2b), bending moment at the top is affected by 
the presence of the deeper (generally stiffer) layer. 
The deviation from the case of a homogeneous soil 
having stiffness equal to that of the first layer is un-
derstandably more pronounced for shallow interfac-
es, large pile-soil stiffness contrasts and strong stiff-
ness discontinuities between the layers. 

However, summarising the results of transient 
dynamic analyses in elastic regime, DI LAORA et al. 
[2013] concluded that considering pile curvature 
equal to soil curvature still yields accurate results, 
provided that the interface is at depths larger than 
6 diameters. No analytical or numerically-based solu-
tions exist so far for a reliable estimation of the bend-
ing moment at the pile head for shallow interface. 

A pile embedded in a two-layer soil may poten-
tially develop significant bending also in the vicini-
ty of the interface. As soil curvature is discontinuous 
at the interface, pile curvature cannot be assumed 
equal to soil curvature in free-field conditions at the 
same location. To overcome this problem, a number 
of simplified procedures has been developed for esti-
mating kinematic bending moments in layered soils. 
A simple model to account for pile-soil interaction 
in a two-layer soil was proposed by DOBRY and O’RO-
URKE [1983], under the assumptions that both soil 
layers are infinitely thick and that soil is subjected to 
a uniform static shear stress field. In the realm of this 
model, DOBRY and O’ROURKE derived an explicit solu-
tion for the pile bending moment at the interface:

 = �3/4 1/4
p p FM E I1.86 ( ) 1 1G( ) ×  (3)

Fig. 2 – Subsoil models for kinematic interaction.
Fig. 2 – Modelli di sottosuolo considerati per l’interazione 
cinematica.

a)

b)

c)

In this formula, a(z) is the depth-dependent soil 
acceleration in the free-field, Vs the propagation ve-
locity of shear waves in the soil, ρs and Gs soil mass 
density and shear modulus, respectively.

It can be readily recognised that this method 
cannot be used in a layered profile, as curvature at 
interfaces separating consecutive soil layers of differ-
ent stiffness is discontinuous (due to the different 



RIVISTA ITALIANA DI GEOTECNICA

50 DE SANCTIS - DI LAORA

where G1 = soil shear modulus in layer 1, γ1 = (uni-
form) soil shear strain in layer 1; F = F(G2/G1) is the 
dimensionless function:

= =-3
1/4

F 1c c2 2cc with
G
1G– 1c +–( ( () ) ),  (4a,b)

The Winkler spring moduli used by DOBRY and 
O’ROURKE are k1 = 3G1 and k2 = 3G2.

Based on a parametric study involving a num-
ber of pile-soil configurations analysed using a 
Beam-on-Dynamic-Winkler-Foundation (BDWF) 
model, NIKOLAOU et al. [2001] suggested a simple ap-
proximate formula for estimating the maximum har-
monic steady-state bending moment at the interface 
between two consecutive soil layers under resonant 
conditions. The expression is based on a ‘character-
istic’ shear stress c, which is proportional to the ac-
tual shear stress that is likely to develop at the inter-
face, as function of maximum free-field surface ac-
celeration, as :

 τ ρ≈a hc s 1 1 (5)

with r1 and h1 mass density and thickness of the first 
soil layer. The regression formula proposed by NIKO-
LAOU et al. is:

 = 3
0.3 0.65 0.5

M d�0.042max c
L
d( ( () ) )pE

1E
s2V
s1V  (6)

where L/d denotes pile slenderness, Ep/E1 pile-soil 
stiffness ratio, and Vs2/Vs1 ratio between shear wave 
propagation velocities in the two soil layers. The 
above equation indicates that bending moment tends 
to increase with increasing pile diameter, pile-soil 
stiffness contrast and layer stiffness contrast. A weak-
ness of equation (6) is that it predicts infinite mo-
ments for both very slender piles (L/d → ∞) and soils 
with high layer stiffness contrasts (Vs2/Vs1 → ∞), a be-
haviour which is evidently in contrast with the physics 
of the phenomenon. Under transient seismic excita-
tion, the above authors showed that these trends are 
still valid, but with the peak values of transient bend-
ing moments smaller than steady-state amplitudes at 
resonance by a factor ranging between 3 and 5.

An enhanced mechanistic model was proposed 
by MYLONAKIS [2001] to overcome some of the limi-
tations of the original Dobry and O’Rourke formula-
tion. The model offers the following improvements: 
(1) both layers are assumed to be thick (though not 
to an infinite extent); (2) the seismic excitation is 
truly dynamic, imposed at the base of the soil in the 
form of a harmonic displacement of frequency ; 
(3) both radiation and material damping in the soil 
are explicitly accounted for, by using a bed of dis-
tributed radiation dashpots; (4) the geometric and 
inertial properties of the profile are incorporated 
through the properties of the seismic waves propa-
gating vertically in the soil.

To quantify the interaction phenomenon, the 
author introduced a “strain transmissibility” func-
tion relating peak pile bending strain and soil shear 
strain in the first layer at the level of interface, 
(εp/γ1). Under static conditions (ω → 0) this func-
tion is given by: 

= -4
1/4 -1

2c c c– –+st( () )( )p�
1γ

1k
pE ( )1h

d ( )1h
d

1
1 c c–( )1 – 1132

 (7)

where k1 is primarily related to Young’s modulus E1 
through a coefficient δ. The value of this coefficient 
has been discussed in various works (e.g. ANOYATIS et al., 
2013; DI LAORA and ROVITHIS, 2015) and may be taken 
as equal to 2 as a first approximation. The static value 
of transmissibility is then multiplied by a coefficient  
ranging between 1 and 1.5 to take into account dynam-
ic effects. On the basis of dynamic FE analyses, MAIO-
RANO et al. [2009] proposed two modified expressions 
of MYLONAKIS and NIKOLAOU et al. formulae, suggesting 
to employ for both methods the dynamic transient val-
ue of γ1 coming from a ground response analysis; they 
also proposed to adopt  = 1.32 for Mylonakis’ formu-
la and a coefficient 0.071 instead of 0.042 in the Niko-
laou method. Following the same approach, SICA et 
al. [2011], by fitting results from a Beam on Dynamic 
Winkler Foundation (BDWF) model, found the above 
coefficients to be 1.15 and 0.053. 

DI LAORA et al. [2012] highlighted that bending 
moment at interface is made up of two distinct con-
tributions of opposite sign, as shown in figure 3. For 
low-frequency excitation, taking conventionally as 
negative the transmissibility for G2/G1 = 1 (i.e. in ho-
mogeneous soil), an increase in stiffness of the sec-
ond layer furnishes a positive contribution to bend-
ing, so that the overall interface moment in abso-
lute value is lower than that developing in a homo-
geneous soil with the properties of the first layer, ex-
cept for very large stiffness contrasts (G2/G1 ≥ 10). 
The authors proposed the following fitting formula 
based on transient dynamic FE analyses:

 = 0.5
-1 -0.25

– +(p 1� �� ( )pE
1E

1
2 )1h

d c–( )1  (8)

where χ = 0.93 takes also into account dynamic ef-
fects. An average value of  = 1.25, independent of 
the earthquake record, was finally derived, in agree-
ment with the recommendation of MYLONAKIS [2001] 
and close to the value suggested by MAIORANO et al. 
[2009] and SICA et al. [2011].

Inhomogeneous soil

DI LAORA and ROVITHIS [2015] have considered 
the case of a fixed-head pile embedded in a subsoil 
whose stiffness varies continuously with depth ac-
cording to the generalised power law function:
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 = +s
z
dG sd

n

G a az –( () )1  (9)

where Gs (z) is the depth-varying soil shear modulus, 
a = (Gs0 / Gsd)1/n and n are dimensionless inhomo-
geneity factors, Gs0 and Gsd being the shear modulus 
at ground surface (z = 0) and at the depth of one pile 
diameter (z = d), respectively (Fig. 2c).

By employing the novel concept of “effective soil 
curvature”, according to which soil curvature con-
tributes to pile curvature at the head only up to a 
certain depth, they found out by numerical analyses 
that pile curvature at the top may be accurately ex-
pressed as:

 =
=

R
s aG L 2z

(
( )

)1/
/

s s�a
 (10) 

where La is the active pile length, to be calculated ac-
cording to an iterative procedure. KARATZIA and MY-
LONAKIS [2016) highlighted that La may be expressed 
in closed form as:

= + + –n 4 1a
p

sd
L d a a –a( () )( )1
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π
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4

4+n
41

4
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where Esd refers to soil Young’s modulus at the 
depth of one diameter. Equation (11) clearly re-
veals that the kinematic bending moment at pile 
head induced from an inhomogeneous soil is equal 
to that occurring in an equivalent homogeneous 
soil of stiffness Gs(z = La/2), which means, in prac-
tical terms, that the stiffness ruling the interaction 
phenomenon is the one at depth of 3-4 diameters. 
It is therefore evident that, for the same value of 
equivalent shear wave velocity Vs,30, the inhomoge-

neous soil will always provide more severe kinemat-
ic moments.

2.2. Simplified formulae vs. numerical and experimen-
tal data

MARTINELLI et al. [2016] examined the kinemat-
ic response of piles embedded in a two layer soil 
modelled through a series of three dimensional FE 
analyses employing an advanced plasticity soil mod-
el [DAFALIAS and MANZARI, 2004]. A fully coupled in-
teraction between the soil skeleton and the pore flu-
id was also considered. Results of this study showed 
that kinematic interaction effects can be predict-
ed with adequate accuracy assuming that the soil 
behaves like a viscoelastic material with properties 
compatible with the level of shear strain mobilized 
by the passage of seismic waves under free-field con-
ditions. As a result, a satisfactory prediction of kin-
ematic bending effects may be achieved by employ-
ing a good estimate of the soil response parameter, 
that can be obtained via a simple linear-equivalent 
ground response analysis, provided that the level of 
mobilized shear strain is not larger than 0.4% [KAK-
LAMANOS et al., 2013]. 

For selected cases, corresponding to a medium-
dense and a dense sand subjected to two differ-
ent earthquake signals, a comparison with simpli-
fied methods was also carried out, employing in the 
formulae results coming from a one-dimensional 
ground response analysis. Table I shows the compar-
ison in terms of interface moment and the associat-
ed error with respect to the rigorous FEM results. 
The predictions of a number of simplified formulae 

Fig. 3 – Mechanism of development of kinematic bending at interface.
Fig. 3 – Meccanismo di sviluppo del momento cinematico all’interfaccia.
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are herein shown, some of them already considered 
in the original paper. The methods of MAIORANO et al. 
[2009] and SICA et al. [2011] are modifications of MY-
LONAKIS (a) and NIKOLAOU (b) methods.

The comparison shows an overall good perfor-
mance of the methods, although the formula pro-
posed by Di Laora et al. and the methods derived 
from Mylonakis’ model seem to provide more ac-
curate results. The method by Nikolaou et al., in its 
original form, underestimates interface kinemat-
ic bending, probably because it employs surface ac-
celeration that poorly describes soil response in the 
vicinity of interface, while it performs much better 
when the shear strain at the interface depth is evalu-
ated through a ground response analysis. 

CHIDICHIMO et al. [2014] performed a number of 
shaking table tests on models of piles in a two-lay-
er soil. They interpreted the results of this work by 
means of a non linear lumped parameter model 
developed to this aim. Both pile and soil are repre-
sented by a group of vertically aligned media with 
lumped masses coupled via pertinent springs and 
dashpots obeying a hyperbolic force-displacement 
law.

Figure 4a shows the results of a test carried out 
by applying a sine-dwell input signals with frequen-
cy varying between 5 and 35 Hz. A group of three 
piles restrained at the top is considered, and results 
are available for two out of the three piles. Interface 
is located at about 15 diameters from soil surface. 
Further details on soil stiffness and experimental 
setup are available in the original work. It is argued 
from this figure that: (a) experiments confirm the 
absence of significant group effects, as known from 
previous numerical studies [FAN et al. 1991; KAYNIA 
and MAHZOONI, 1996; MAIORANO et al. 2009; BILOTTA et 
al., 2015]; (b) the numerical results in nonlinear re-
gime obtained by the authors are in very good agree-
ment with the experimental evidence.

From numerical data it is also possible to apply 
the above simplified formulae. Figure 4b shows nu-
merical results in comparison with method by DI 

LAORA et al. [2012] and two methods derived from 
Mylonakis’ model. It can be noticed that simplified 
formulae compare well with numerical and experi-
mental results. The good agreement is evident even 
for high frequencies, and this fact confirms results 
obtained by DI LAORA et al. [2012] showing that the 
global transient dynamic factor  is independent 
of the predominant frequency of the seismic excita-
tion. 

2.3. Pile-soil kinematic interaction: state of art vs. Codes 
provisions

The assumption that curvature at the top of a 
fixed-head pile is equal to soil curvature at surface is 
quite realistic if soil stiffness may be assumed as con-
stant within few diameters below surface. This means 
that pile curvature due to kinematic loading may be 
very severe for soft soils, even in absence of consecu-
tive layers with strong stiffness mismatch. It has also 
been shown that a stiffer layer may be even beneficial 
to reduce bending at that location. Thus, contrari-
ly to Codes prescriptions, soil layering does not nec-
essarily represent the worst condition for kinematic 
bending effects. Instead, care must be taken in the 
case of soft soils. 

Another important point to be considered when 
designing piles in soft soils with nearly constant stiff-
ness is that kinematic moment increases with the 
fourth power of pile diameter (from Eq. 1), while 
the moment transmitted by the structure increases 
with diameter raised to an exponent of about 2 and 
section capacity increases with d3. This means that, as 
diameter increases, kinematic moment will exceed 
sectional moment capacity (i.e., the pile becomes 
progressively more vulnerable to kinematic action) 
and tends to dominate over the inertial one. From 
the above it follows that large-diameter piles should 
deserve particular attention when designed to resist 
seismic actions, and that kinematic bending cannot 
be disregarded.

Case FEM
Dobry and 
O’Rourke 

(1983)

Mylonakis 
(2001)

Nikolaou et 
al. (2001)

Di Laora et 
al. (2012)

Maiorano et 
al. (2009) a

Maiorano et 
al. (2009) b

Sica et al. 
(2011) a

Sica et al. 
(2011) b

A01 1283
1069 1205 494 1312 1272 1893 1109 1413

(-16.7 %) (-6.1 %) (-61.5 %) (+2.3 %) (-0.8 %) (+47.5 %) (-13.6 %) (+10.1 %)

A07 1826
1475 1699 1022 1826 1794 2521 1563 1882

(-19.2 %) (-7 %) (-44 %) (0.0%) (-1.7 %) (+38.1 %) (-14.4 %) (+3.1 %)

A08 1094
994 1121 398 1220 1184 1787 1031 1334

(-9.1 %) (+2.5 %) (-63.6 %) (+11.5 %) (+8.2 %) (+63.4 %) (-5.7 %) (+21.9 %)

A09 2824
2008 2254 865 2471 2380 3308 2074 2469

(-28.9 %) (-20.2 %) (-69.4 %) (-12.5 %) (-15.7 %) (+17.1 %) (-26.6 %) (-12.6 %)

Tab. I – Comparison between simplified formulae and benchmarks from FEM. Moments are expressed in kNm.
Tab. I – Confronto tra formule semplificate e analisi FEM. I momenti sono espressi in kNm.
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3. 

Change of seismic input motion generated by 
pile-soil kinematic interaction

3.1. Available evidence

The inertial interaction analysis of a structure 
founded on piles is conventionally performed by im-
posing that the Foundation Input Motion is merely 
that of the free-field, thus neglecting the kinematic 
interaction between piles and soil generated by the 
passage of seismic waves. On the other hand, the dis-
placements of the top of piles may differ substantial-
ly from the free-field motion, especially for soft soils, 
where piles are frequently needed to increase the 
bearing capacity and/or to reduce foundation settle-
ments [RANDOLPH, 1994; VIGGIANI, 2001; RUSSO et al., 
2004]. The existence of frequency filtering is proved 
by the available experimental evidence. 

KAWAMURA et al. [1977] have reported the case of 
a 7-storey pile-supported residential building in Ja-

pan. Comparing the records available at free-field 
and at foundation level during 20 earthquakes, they 
found that the maximum acceleration at the ground 
surface was about 1.5 times that recorded at the slab 
of the building. They also plotted the recorded Fou-
rier spectral ratio of the acceleration recorded at 
foundation level over that recorded at free-field. 
For structural periods smaller than 0.3 s, the ratio 
of the pile acceleration over that of the free-field is 
0.5 as an average. The authors attributed this phe-
nomenon to the fact that high frequency (low pe-
riod) components of the seismic input are filtered 
out by piles. 

OTHA et al. [1980] and GAZETAS [1984] have de-
scribed the case of an 11-storey building in Japan 
supported by a 2x14 cast-in-situ piles embedded in al-
luvial deposits consisting of alternating layers of sand 
and silt. Pile diameter is 1.4 m, while pile spacing 
along the weak direction, s, is about 6d (Fig. 5a). The 
foundation system response was monitored during 7 
earthquakes through 27 accelerometers, placed on 
the pile building axis and on a far-distant axis rep-
resenting free-field conditions. Figure 5b shows the 
complete field recordings in the form of Fourier am-
plitude spectrum of the foundation over that of the 
free-field. As outlined by GAZETAS [1984], the compo-
nents with frequency in the range between the fun-
damental frequency of the soil deposit, f1, and the 
fundamental frequency of the superstructure, fst, are 
amplified due to pile-soil-structure interaction. In ad-
dition, high-frequency components are filtered out 
by pile-soil structure interaction, while low frequen-
cy components are not affected by both the piles and 
the structure. To confirm the above interpretation, 
figure 6 shows the results of in-situ monitoring in the 
form of ratios between the peak acceleration at the 
pile head, ap, and the free-field acceleration, aff. For 
small magnitude, near field events (ML ≤ 5 and R < 
40 km), the above ratio is about 0.6, while for large 
magnitude, far field events (ML ≥ 5 and R > 65 km), 
the same ratio is about 1.0. This is due to the fact 
that near field-events are usually very rich in high fre-
quencies [GAZETAS, 1984] and pile-soil kinematic in-
teraction filters out the high frequency components 
of the input signal. 

These works may be considered as an 
experimental proof of the existence of kinematical-
ly-induced filtering effect. Successive contributions 
tried to investigate the phenomenon analytically, 
providing simple expressions to quantify the reduc-
tion in acceleration transmitted to the structure. 

3.2. The mechanism of filtering effect

For a fixed-head pile embedded in a homoge-
neous soil, DI LAORA and DE SANCTIS [2013] proved 
that the kinematic interaction factor Iu, defined as 

Fig. 4 – Experimental study by CHIDICHIMO et al. [2014]: a) 
comparison between numerical and experimental results 
and b) performance of simplified formulae against nume-
rical results.
Fig. 4 – Studio sperimentale di CHIDICHIMO et al. [2014]: a) 
confronto tra risultati numerici e sperimentali e b) previsione 
delle formule semplificate rispetto ai risultati numerici.

a)

b)
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the ratio of the orizontal acceleration at the top of 
pile, ap, over that of the free-field, aff, can be ex-
pressed through the following equation: 

 = +1u
p

s
I ( )1

20
ω�
V

4 -1

 (12)

where:

 =p
s

d( )
1
4�

E
pE

 (13)

is a characteristic pile wavelength, ω is the circular 
frequency of the excitation. Equation (12) clear-
ly highlights the parameters governing the filter-
ing effect and offers an insight into the physical in-
terpretation of the kinematic interaction mecha-
nism. The dimensionless parameter ωλp/Vs is the 
ratio between the characteristic pile length, λp, and 
the wavelength in the soil, proportional to the ra-
tio Vs/ω by a factor of 2π. When this ratio increases, 
the pile is progressively unable to follow the wavy 
movement of the soil, associated to shorter and 
shorter wavelengths, due to its larger stiffness, lead-
ing to smaller values of kinematic interaction factor 
Iu. Equation (12) is plotted in figure 7 against the 
dimensionless parameter ωλp/Vs. For comparison, 
literature results from FAN et al. [1991] and those 
obtained by DI LAORA and DE SANCTIS [2013] via 
FE analyses are also reported. As per bending mo-
ments, the validity of equation (12) can be extend-
ed to the case of multi-layered soils, provided that 
the thickness of the upper layer is larger than the 
active pile length. Noticeably, for fixed-head condi-
tions kinematic interaction always leads to a reduc-
tion of the horizontal component of the free-field 
input motion and is more pronounced for large-di-
ameter piles in soft soils. 

3.3. Reduction factors for acceleration design spectra

DI LAORA and DE SANCTIS [2013] also performed 
transient dynamic Finite Element analyses of kine-
matically-stressed piles in a two-layer soil, thus ana-
lysing the ratio of the acceleration spectra of pile 
over that of soil motion in free-field conditions. The 
results of this parametric analysis were condensed 
into mean acceleration spectra by averaging over 9 
different earthquakes. Some results are plotted in 
figure 8 in the form of ratios between filtered and 
free field spectral accelerations for different subsoil 
conditions. All these functions have a square-root 
shape; three critical points can be recognized: (i) 

Fig. 5 – Case history: a) Plan and section of the building; b) Recorded ratios of Fourier amplitude spectra atop the pile and 
at the free-field ground motion (modified from GAZETAS, 1984).
Fig. 5 – Case history: a) pianta e sezione dell’edificio; b) rapporti sperimentali tra le ampiezze degli spettri di Fourier del moto in testa al 
palo e di quello in condizioni di campo libero.

Fig. 6 – Ratio of peak acceleration at foundation level over 
the one at free-field as function of epicentral distance.
Fig. 6 – Rapporto tra l’accelerazione di picco a livello della 
fondazione e quella in condizioni di campo libero in funzione 
della distanza epicentrale.

a)
b)
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the spectral acceleration ratio at T = 0, ξ0, which 
is a purely kinematic interaction factor, being the 
ratio of the maximum pile and soil acceleration; 
(ii) the point corresponding to the minimum val-
ue of the spectral acceleration (Tmin, ξmin); (iii) the 
structural period after which the filtering effect be-
comes negligible (Tcrit, ξcrit). The upper bound of 
these curves corresponds to the homogenous case 
and can be therefore adopted for design purposes. 
Approximate expression of these curves have been 
provided by DI LAORA and DE SANCTIS: 
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It is worth mentioning that, as per prediction 
formulae for kinematic bending moments, the 
shear wave velocity in equations (14,16) has to be 
intended as that corresponding to the mobilized 
shear stiffness Gmob. As a first approximation, for 
peak ground acceleration greater than 0.3 g the 
above mobilized shear stiffness can be assumed to 

Fig. 7 – Pile-soil acceleration ratio as function of dimen-
sionless frequency parameter p/Vs.
Fig. 7 – Rapporto di accelerazione palo-terreno in funzione della 
frequenza adimensionale λp/Vs.

Fig. 8 – Mean spectral ratios for the subsoils considered in 
the parametric study. In all cases, Vs2/Vs1 = 4.
Fig. 8 – Rapporti spettrali medi per i sottosuoli considerati nello 
studio parametrico. In tutti i casi, Vs2/Vs1 = 4.

a)

b)

be 1/3 of that corresponding to low-strain stiffness 
(EN 1998-5, 2003). When the soil stiffness at shal-
low depths is nearly constant, equations (18a,b) 
provide a useful tool to take into account the re-
duction of seismic demand due to pile-soil kinemat-
ic interaction. 

3.4. Effect of soil inhomogeneity 

KAYNIA and KAUSEL [1991] showed that piles 
in inhomogeneous media filter to a greater ex-
tent than in homogeneous medium. ROVITHIS et al. 
[2017] explored the effect of soil inhomogenei-
ty on the elasto-dynamic response of a fixed head 
pile with reference to a continuously inhomoge-
neous soil (Fig. 2c). Particularly, soil stiffness was 
assumed to vary according to equation (9). Four 
subsoils conditions were considered referring to 
a constant (n = 0), a linear (a = 0.5, n = 1), a pa-
rabolic (a = 0, n = 0.5) and a proportional (a = 
0, n = 1) distribution of soil stiffness with depth 
z. Different soil-pile configurations were analysed 
by considering a pile diameter d = 1 m or 1.5 m, 
whereas the average shear wave velocity Vs,30 was 
set equal to 100 and 200 m/s, corresponding to a 



RIVISTA ITALIANA DI GEOTECNICA

56 DE SANCTIS - DI LAORA

soil type D or C according to EC8. To account for 
soil stiffness degradation under seismic motion, 
kinematic interaction analyses were carried out 
with reference to the mobilized shear stiffness, 
which was taken equal to 1/3 of the low strain val-
ue, as suggested by EC8 recommendations. Figure 
9 summarizes the results of this parametric study 
in the form of ratios between mean spectral accel-
erations, by averaging over the results of the same 
earthquakes selected by DI LAORA and DE SANCTIS 
[2013]. It can be noticed that the inhomogene-
ous soil always leads to a substantial reduction of 
the seismic demand compared to that obtained for 
constant soil stiffness. For example, for a Gibson 
soil with Vs,30 = 100 m/s, which may be represent-
ative of a soft clay soil, the filtering action exerted 
by piles causes a reduction of the spectral acceler-
ation up to 60-80% for structural periods varying 
in the range (0.1÷0.5 s). 

3.5. Importance of the rotational component of the Foun-
dation Input Motion

The kinematic interaction between the piles 
and the surrounding soil also generates a rotation-
al component of the input motion, as well as the 
embedment of a shallow foundation. This kinemat-
ic-induced rotation may contribute for an important 
part of the total drift of the structure. As outlined 
before, Eurocode EN 1998-5 (CEN/TC 250, 2004) 
prescribes that the potential negative consequences 
of the rocking motion of the foundation should be 
taken into account. 

DI LAORA et al. [2017) have investigated the effect 
of the rotational component induced by kinematic 
interaction on the seismic response of a structure. 
Particularly, they supplied a novel analytical closed 
form solution in the frequency domain for both the 
translational and rotational motion of a group of 
(evenly or unevenly) distributed identical piles, rig-
idly connected at the top and excited by the passage 
of vertically propagating seismic waves. They also 
provided a new transfer function from the free field 
to the top of a SDOF (Single Degree of Freedom) in-
corporating both the rotational and translation com-
ponents of the Foundation Input Motion generated 
by kinematic interaction. 

The proposed approach was applied to the case 
study of the 11-storey building described by GAZETAS 
[1984] and already illustrated in figure 5a. Results 
undertaken in the frequency domain by the applica-
tion of the above analytical solution were then trans-
ferred into the time domain by an FFT algorithm. 
Figure 10 shows the results obtained for the natu-
ral recording of Nocera Umbra (1997, Central Ita-
ly), mainly characterized by high frequency com-
ponents. The filtering action generated by piles, in-
tended as the reduction of the horizontal accelera-
tion of the base motion, is particularly evident at low 
oscillation periods. However, the rotational compo-
nent induced by piles always leads to an increase of 
the seismic demand compared to the case where this 
component is disregarded. At the oscillation period 
of the fixed-base building, the spectral acceleration 
increases by 10% of that corresponding to the free-
field conditions. However, the selected case is a rath-
er tall building, supported by only two alignments of 
piles, where the rotational component was expected 
to be relevant. Since the magnitude of the rotation 
at foundation level decreases B2 [see again DI LAORA 
et al. 2017], this effect is usually irrelevant for large 
piled rafts. 

The above analytical tool may be therefore 
useful in the case of slender structures, such as 
bridge piers, wind turbines, chimneys or silos sup-
ported on small pile groups, for which the kine-
matically-induced rocking motion might be not 
negligible. 

Fig. 9 – Mean spectral acceleration ratios defined as the 
average response spectrum of the pile-head motion (Sa,p) 
over the average response spectrum of the free-field mo-
tion (Sa,s).
Fig. 9. Rapporti fra le accelerazioni spettrali medie in testa al 
palo (Sa,p) e quelle in condizioni di campo libero (Sa,s).

b)

a)
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Conclusions 

This work has examined the problem of pile-
soil kinematic interaction induced by earthquakes 
and its implications in the seismic performance of 
pile-supported structures. 

First, the successful comparison with experimen-
tal and numerical data proves that earthquake-in-
duced kinematic bending moments can be predict-
ed with reasonable accuracy by the use of existing 
simplified formulae if strain-compatible soil stiffness 
is employed. 

In a two layer soil, the key point for a reliable 
prediction of the kinematic bending effect at the 
layer interface is the evaluation of the shear strain 
at this location. At the pile-head, the main ingredi-
ents are the maximum acceleration at soil surface 
and the soil stiffness of the upper layer. For subsoil 
conditions where stiffness varies continuously with 
depth, soil stiffness is much lower than that associ-
ated to the equivalent homogeneous soil, thus lead-
ing to higher values of pile curvatures. In this case 
the kinematic bending strain at the pile head is gov-
erned by soil stiffness at depths of 3-4 diameters. As a 
general conclusion, kinematic bending is important 
for large-diameter piles in soft soils. 

The second part of this paper has concentrated 
on the alteration of the free-field motion generated 
by pile-soil kinematic interaction. The available ex-
perimental and theoretical evidence on the filter-
ing effect, intended as the reduction of horizontal 
acceleration at foundation level due to pile-soil kin-
ematic interaction, has been synthesized. A reduc-
tion factor for acceleration design spectra based on 
upper bound curves of spectral ratio functions has 
been suggested. This can be conveniently adopted 
as a first approximation to assess the beneficial effect 
associated the pile-soil kinematic interaction when 
the upper layer is characterized by constant stiffness. 

Soil inhomogeneity may lead to a further reduction 
of the horizontal motion of the foundation. 

The interaction between a group of piles and the 
surrounding soil also generates a rotational compo-
nent of the FIM. A novel closed-form solution for the 
evaluation of both the translational and rotational 
components of a group of piles rigidly connected by 
a cap has been recently developed by the writers and 
discussed herein. The effect of the rotational compo-
nent may be significant for slender structures found-
ed on small pile groups and can be disregarded for 
large piled rafts and/or large-diameter end-bearing 
piles. 

In summary, large-diameter piles in soft soil have 
the potential to decrease the seismic demand in the 
structure, yet the price to pay is to attract internal 
forces on themselves.

As a final remark, concepts and conclusions re-
ported above may require revision when strong non-
linearities occur due to high-amplitude seismic shak-
ing and/or in presence of large displacements in-
duced by soil liquefaction. 
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Importanza dell’interazione cinematica 
ai fini dell’analisi di vulnerabilità 
sismica di edifici fondati su pali

Sommario
L’articolo si sofferma su alcuni recenti sviluppi della ricerca 

sul tema dell’interazione cinematica pali-terreno. Si esamina in 
primo luogo il problema dei momenti flettenti nei pali di fondazione 
generati dal passaggio di onde sismiche, presentando un confronto 
fra i metodi semplificati di letteratura e i risultati di analisi svolte 
di recente con modelli costitutivi avanzati e di studi a carattere 
sperimentale. Viene così mostrato come le formule semplificate 
consentano una previsione sufficientemente accurata degli effetti 
flessionali di natura cinematica nei pali di fondazione, purché 
si tenga conto delle non linearità di comportamento dei terreni. 
Nella seconda parte dell’articolo ci si sofferma invece sul tema della 
modifica del moto sismico in condizioni di campo libero dovuta 
all’interazione cinematica, evidenziando come la presenza dei pali 
conduca generalmente ad una riduzione delle accelerazioni spettrali, 
specialmente nel caso dei terreni molto deformabili. Si suggerisce 
inoltre una metodologia semplificata per tenere conto dell’azione di 
filtro esercitata dai pali. Nel caso di edifici snelli su piccoli gruppi 
di pali, tuttavia, l’interazione cinematica può essere addirittura 
sfavorevole, a causa della componente rotazionale del moto sismico 
indotta dai pali.




