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Kinematic response analysis of piled foundations
under seismic excitation

Rosa Maria Stefania Maiorano, Luca de Sanctis, Stefano Aversa, and
Alessandro Mandolini

Abstract: This paper presents the results of an extensive parametric study on single piles and pile groups embedded in a
two-layer subsoil profile, and is aimed to evaluate kinematic bending moments developing during earthquakes. A quasi
three-dimensional finite element program has been used to perform dynamic analyses in the time domain. Piles have been
considered as elastic beams, while the soil has been modelled using a linear elastic constitutive model. The aims of the pa-
per are: (i) to evaluate kinematic bending moments in single piles and pile groups with dynamic analyses in the time do-
main, in different subsoil conditions; (ii) to review some existing design methods; (iii) to propose a simplified analysis
procedure to evaluate maximum kinematic bending moments between two subsequent soil layers. The results of the dy-
namic analyses have shown that some of the simplified approaches provided in published literature tend to be conservative
and can predict bending moments at the soil-layer interface with adequate accuracy only within certain depths of the soil
layer interface. On the basis of the obtained results, a modified criterion to evaluate the transient peak bending moments
at interfaces between layers is proposed.
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Résumé : Cet article présente les résultats d’une étude paramétrique extensive sur des pieux simples et groupés insérés
dans un sol de surface composé de deux couches. Cette étude avait comme objectif d’évaluer les moments de torsion ciné-
matiques qui se développement pendant un séisme. Un programme d’éléments finis quasi tridimensionels a été utilisé pour
effectuer des analyses dynamiques dans le domaine temps. Les pieux ont été€ considérés comme des poutres élastiques, tan-
dis que le sol a ét¢ modélisé a 1’aide d’un modele é€lastique constitutif linéaire. Les objectifs de cet article sont :

(i) d’évaluer les moments de torsion cinématiques pour des pieux simples et groupés avec des analyses dynamiques dans
le domaine temps, et ce pour différentes conditions de sol; (i7) de réviser quelques méthodes de conception existantes;

(iii) de proposer une procédure simplifiée pour évaluer les moments de torsion cinématiques maximum entre deux couches
subséquentes de sol. Les résultats des analyses dynamiques ont démontré que certaines approches simplifiées de la littéra-
ture ont tendance a €tre conservatrices et peuvent prédire les moments de torsion a I’interface entre les couches de sol de
fagon précise seulement pour quelques profondeurs de I’interface de la couche de sol. Selon les résultats obtenus, un cri-
tere modifié est proposé qui permet d’évaluer le moment de torsion maximum en régime transitoire a 1’interface entre des
couches de sol.

Mots-clés : interaction cinématique, pieu simple, pieux groupés, €léments finis, comportement sismique.

[Traduit par la Rédaction]

Introduction

Dynamic soil pile interaction is a very complex problem in-
volving a number of factors, such as soil profile, soil proper-
ties, nonlinear soil behaviour, seismically induced pore-water
pressure, inertial effects, and kinematic interaction between
soil and pile. Despite these complexities, engineering practice
is still based on pseudostatic approaches and neglects the ef-
fects of kinematic interaction. In contrast, there is extensive
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research on kinematic interaction, including field measure-
ments (Gazetas et al. 1993; Nikolaou et al. 2001); in addition,
pile damage confirming the role of kinematic bending mo-
ments has been observed after the earthquake events of Mex-
ico City (Mexico) in 1985, Kobe (Japan) in 1995, and Chi Chi
(Taiwan) in 1999. The importance of kinematic bending mo-
ments has been recently recognized by regulations such as
Eurocode 8 (CEN/TC 250 2003b).

Studies on the kinematic response of pile foundations have
been based on both simplified models (Dobry and O’Rourke
1983; Mylonakis 2001; Nikolaou et al. 2001; Sica et al.
2007) and more complex analyses in which the subsoil was
assumed to be linear—elastic (Wu and Finn 1997a; Bentley
and El Naggar 2000; Maiorano and Aversa 2006) or nonlin-
ear (Wu and Finn 1997b; Maheshwari et al. 2005; Maiorano
et al. 2007). Analyses based on simplified approaches have
been essentially performed to define approximate analytical
solutions capable of reproducing kinematic bending mo-
ments at the interface between two layers characterized by
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different shear moduli. On the other hand, studies based on
advanced models have been performed to validate the ap-
plicability of analytical solutions. Most of these researches
have been focused on the single pile problem. Published lit-
erature on dynamic pile group effects is much less extensive
and is essentially dedicated to the elementary cases of shear
modulus that is constant or linearly varying with depth (Fan
et al. 1991; Maheshwari et al. 2004).

This paper reports kinematic pile—soil interaction analyses
of both single piles and pile groups using a quasi three-
dimensional (3D) finite element computer program
(VERSAT-P3D, Wu 2006) to study the influence of a num-
ber of factors, such as the subsoil model and the soil proper-
ties, and to assess the applicability of simplified design
methods available in published literature. Simplified subsoil
conditions are considered, consisting of a two-layer profile
with different values of the stiffness contrast between the
two soil layers, in terms of their respective S-wave velocities
Vo/Vy;. Italian real acceleration-time histories are considered
(Scasserra et al. 2006).

Simplified design approaches

The simplest method of analysis for kinematic interaction
is to assume that the pile follows the free-field soil motion,
thus neglecting the interaction between pile and soil. Pile
bending moments are then computed from the curvature of
the horizontal displacements of the soil along a vertical line.
This approach has been suggested by Margason and Hollo-
way (1977) and is also recommended in some code provi-
sions (Building Seismic Safety Council 2003). The bending
moment at any depth z and time ¢ can be computed as

1

[1] M(Z’ t) - EPIP R(Z, t)

where E,l, is the pile flexural rigidity and 1/[R(z,0)] is the
curvature of the vertical line. In the particular case of a
homogeneous viscoelastic layer subjected to the passage of
SH-propagating waves, the maximum curvature, according
to Margason and Holloway (1977), is a function of the
free-field soil acceleration, ag = ag(z,f), and of the shear
wave velocity, Vi:

1 agr
12 R(z 1) V32

In the case of layered soils, eq. [1] is inapplicable at inter-
faces between layers of different stiffness as the soil shear
strain at these depths is discontinuous and consequently, the
soil curvature is infinity. Soils are rarely homogeneous, thus
the free-field method is not suitable in the majority of engi-
neering problems. A number of closed-form expressions for
a preliminary assessment of kinematic pile bending at the
interface between two layers is available (Dobry and
O’Rourke 1983; Nikolaou and Gazetas 1997; Mylonakis
2001; Nikolaou et al. 2001). The accuracy of these simpli-
fied criteria has been checked against some experimental
evidence (Nikolaou et al. 2001) and benchmark solutions
(Kaynia 1997; Mylonakis 2001) and at present time, such
methods are commonly thought of as the most suitable
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choice for engineering purposes. However, there are still
significant limitations about their applicability, particularly
under circumstances where the subsoil conditions do not
meet the hypotheses on which the methods are based.

Dobry and O’Rourke (1983) method

Dobry and O’Rourke (1983) developed a simple method
for determining kinematic pile bending moments at the in-
terface of two layers, modelling the pile as a beam on Win-
kler foundation (BWF) and assuming that

(1) the soil in each layer is homogeneous, isotropic, and line-
arly elastic, characterized by their shear moduli G; and G,

(2) both layers are thick enough so that boundary effects
outside the layers do not influence the response at the in-
terface

(3) the pile is long, vertical, and linearly elastic
(4) perfect contact exists between the pile and the soil

(5) each layer is subjected to a uniform static stress field, t,
which generates constant shear strains (y; = /Gy, y» =
7/G,)

(6) displacements are small

The explicit expression for the pile bending moment at
the interface is

[3] M= 1-86(Ep1p)3/4(61)1/47’1F
where

(1= (1 +)
(I4+c)(c P+ 1+c+c2)

is a dimensionless function of the ratio of the shear moduli
of the two layers and

The authors suggested to compute the peak shear strain y,
in the first layer from a free-field response analysis. Alterna-
tively, if the maximum acceleration, ap,ys, 18 specified at
the soil surface, as is usual when a seismic zonation is al-
ready available, the maximum shear strain could be eval-
uated by the approximate expression suggested by Seed and
Idriss (1982):

W F=

o rdlelamax,s

[6] Y1 G,

where p; and H; are the density and the thickness of the
upper layer, respectively, and ry = ry(z) is the well-known
depth factor (Seed and Idriss 1982), that for preliminary de-
sign purposes can be assumed as

7] ra=1-0015;

in which z is the depth in metres from the ground surface. It
is to be noted that eq. [7] is not reliable for a depth in ex-
cess of approximately 15 m.

This method can predict the kinematic effects at any in-
terface of a multi-layered soil profile, provided that the con-
fining layers are thick enough.
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Nikolaou et al. (2001) method

Nikolaou et al. (2001) derived a simplified expression for
kinematic pile bending moments at the interface of two soil
layers underlain by a rigid base. The pile is modelled as a
beam on a dynamic Winkler foundation (BDWF) and the
soil in each layer is assumed homogeneous, isotropic, and
linearly elastic, with a constant soil-damping ratio. The ex-
pression for the interface bending moment has been derived
by means of nonlinear regression of numerical data com-
puted from a comprehensive parametric study carried out
for a two-layer soil profile subjected to harmonic steady-
state excitation.

This can be briefly reported as

L 0.30 E 0.65 V~2 0.50
M = 0.04827cd> (= . =
s w=ooeeed (3) () (72)

where 7 is a characteristic shear stress that is proportional
to the actual shear stress that is likely to develop at the in-
terface, L/d is the pile slenderness, E,/E| is the relative
pile—soil stiffness, and V,/V; is the ratio of the shear-wave
velocities of the two layers. Nikolaou et al. (2001) suggest
to express 7c as a function of the maximum free-field accel-
eration at the soil surface:

[9] TC = Omax,s p1H,

Even though the method has been developed for harmonic
excitations, it can be directly used in the time domain with
the maximum acceleration dp,y s of the soil surface obtained
from a free-field response analysis.

The method does not consider any particular condition
about the thickness of the two layers and is therefore appli-
cable for any depth of the interface. Even though the authors
recognize the importance of soil damping, all the analyses
were performed using a pre-fixed value of D = 10% and no
sensitivity study was performed.

Mylonakis (2001) method

Another simplified method for predicting the kinematic
bending moment at the interface between two layers was de-
veloped by Mylonakis (2001). This method is fundamentally
different from the one by Nikolaou et al. (2001) as it is not
based on a curve-fitting of numerical data, but on the re-
sponse analysis of a mechanistic model. The basic assump-
tions are the same as those of the Dobry and O’Rourke
(1983) method. The improvements with reference to the
Dobry and O’Rourke method are

(1) the seismic excitation is a harmonic horizontal displace-
ment imposed at the bedrock

(2) both radiaton and material damping are accounted for

(3) soil layers are thick, but not unbounded

The maximum bending moment can be compactly expressed
as

(Eply)(ep/y1) ¢ "

o] M= :

where y; is the peak shear strain in the upper layer at the
interface depth, r is the pile radius, and &,/y, is the static
strain transfer function that can be expressed according to
the theoretical solution
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() e

with k; being the soil-spring stiffness according to Kavva-
das and Gazetas (1993)

[12]  k = OE,

where

[13] 5 3 EP —1/8 L 1/8 H] 1/12 Gl —1/30
112 \E d H, G,

where H, is the thickness of lower layer and v is the Pois-
son’s ratio. The coefficient ¢ in eq. [10] is an amplification
factor accounting for the effect of the dynamic nature of the
excitation on the strain transfer function. As highlighted by
Mylonakis (2001), this coefficient is usually less than 1.25.
At a preliminary stage of the study on the kinematic re-
sponse of a piled foundation, this coefficient (¢ = 1) can be
neglected without any particular implication.

If the seismic excitation is specified at an elevation below
the interface, Mylonakis suggests to perform a free-field
analysis to estimate the peak shear strain y;. Alternatively,
it is suggested to use eq. [6] by Seed and Idriss (1982),
which, however, is valid for relatively shallow depths, as it
focuses on liquefaction phenomena more than soil founda-
tion interaction.

Numerical model for dynamic analysis

The numerical model used for the parametric study,
VERSAT-P3D version 2006 (Wu 2006), is an enhancement
of the quasi-3D finite element methods developed by Wu
and Finn (19974, 1997b) including the use of an eight-node
pile element and energy-transmitting boundaries (Lysmer
and Kuhlemeyer 1969).

Under vertically propagating shear waves (Fig. 1), the soil
primarily undergoes shearing deformations in the X-Y plane,
except in the area near the pile where extensive compression
deformations develop in the direction of shaking. The com-
pression deformations also generate shearing deformations
in the Y-Z plane. Therefore, assumptions are made that the
dynamic response is governed by the shear waves in the X—
Y and Y-Z planes and the compression waves in the direc-
tion of shaking, Y. Deformations in the vertical direction
and normal to the direction of shaking are neglected. Com-
parisons with full 3D elastic solutions confirm that these de-
formations are relatively unimportant for horizontal shaking
(Wu and Finn 1997b). Piles are modelled using the ordinary
Eulerian beam theory. Bending of piles occurs only in the
direction of shaking. Dynamic soil pile interaction is main-
tained by enforcing displacement compatibility between the
pile and the soil. An eight-node brick element is used to rep-
resent soil and an eight-node beam element is used to simu-
late the piles.

The global dynamic equilibrium equations are written in
matrix form as
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Fig. 1. Principle of the quasi-3D dynamic analysis of the pile—soil-structure interaction (after Wu and Finn 1997a, 1997b).

Shear

Shear
—

RRTR,
§ § Direction of shaking ?

(14 My} + [CH{v} + [K[{v} = —[M]{I}¥o(r)

in which ¥(¢) is the base acceleration, {I} is a unit column
vector, and {V}, {V}, and {v} are the nodal acceleration, ve-
locity, and displacement, respectively. [M], [C], and [K] are
the mass, damping, and stiffness matrices, respectively. Di-
rect step-by-step integration using the Wilson 6 method is
employed to solve eq. [14].

The damping is of the Rayleigh type, which is both mass
and stiffness dependent. The damping matrix [C] for a soil
element is given by

5] [c] = D(gwl M) + [ff?)

where w; is the fundamental circular frequency of the pile—
soil system obtained by solving the corresponding eigenva-
lue problem and is updated with time. The hysteretic damp-
ing ratio, D, is a function of element shear strain (Seed et al.
1986). Equation [15] provides a damping ratio, D, approxi-
mately constant between two frequencies w; and nw; (n = 4).

The accuracy of the VERSAT-P3D code has been
checked against more rigorous solutions obtained by the
boundary integral method for harmonic-type excitations
(Fan et al. 1991). Finn (2005) has reported a back-analysis
of the dynamic response of a single-pile prototype in a cen-
trifuge test. He found that the code was capable of reproduc-
ing the observed behaviour at a reasonable level.

Parametric study

Kinematic interaction analyses have been performed for
pile groups and isolated piles embedded in an ideal subsoil
consisting of two layers underlain by a rigid base (Fig. 2).
This base was located at a depth H = 30 m while the inter-
face between the layers (H,) was located at variable depths
(5, 10, 12, 15, 17, and 19 m).

T RRERK:e
Bedrock

The shear-wave velocity of the upper layer, Vy;, was taken
as 50 or 100 m/s, while the ratio of the two shear-wave ve-
locities was set equal to 2 and 4 for both values of V. Fi-
nally, a soil density, p, of 1.94 Mg/m3 and a Poisson’s ratio
v = 0.4 have been assumed, to compare the results with
those obtained by Nikolaou et al. (2001). The well-known
relation between the shear-wave velocity and the small-
strain shear modulus Gy, is

Go(@)

16 Vs(z) =
[16]  Vi(2) )

Table 1 summarizes the subsoil models together with the
geotechnical parameters of the soils and the corresponding
equivalent velocity

30
17 Vezo = =<
7 0 g hil Vi

i=1,n

defined by Eurocode EN 1998—1 (CEN/TC 250 2003a).

The resulting soil profiles can be classified as ground type
D, and sometimes ground type C, according to EN-1998-1
(CEN/TC 250 2003a). Piles with a length L = 20 m, a diam-
eter d = 0.6 m, and a Young’s modulus Ep = 25 GPa were
considered. The pile head was fixed against rotation. A 3 x
3 or alternatively a 5 x 5 pile group was considered. The
pile spacing was taken equal to four diameters. In a few
cases (G4-2 and G4-4) the pile spacing was also set equal
to 2.5d. A number of 144 analyses were performed.

Linear elastic analyses were performed in the time do-
main; a damping ratio D = 10% was assumed for the soil
layers to compare the results with those of the simplified ap-
proaches (Nikolaou et al. 2001). Input acceleration time his-
tories were selected from a database of records of Italian
seismic events (Scasserra et al. 2006). The signals were
scaled to values of a, equal to 0.35¢g that would be expected
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Fig. 2. Cases considered in the parametric study.
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Table 1. Parametric cases and geotechnical parameters of the soils.
Subsoil  Case Va1 (m/s)  Vo/Vg Hi/L Ey/E, Vs30 (m/s) Ground type*

S1 S1-1 50 2 0.25 1841 86 D
S1-2 50 2 0.50 1841 75 D
S1-3 50 2 0.60 1841 71 D
S1-4 50 2 0.75 1841 67 D
S1-5 50 2 0.85 1841 64 D
S1-6 50 2 0.95 1841 61 D
S1-7 50 2 1.00 1841 60 D
S2 S2-1 50 4 0.25 1841 133 D
S2-2 50 4 0.50 1841 100 D
S2-3 50 4 0.60 1841 91 D
S2-4 50 4 0.75 1841 80 D
S2-5 50 4 0.85 1841 74 D
S2-6 50 4 0.95 1841 69 D
S2-7 50 4 1.00 1841 67 D
S3 S3-1 100 2 0.25 460 171 D
S3-2 100 2 0.50 460 150 D
S3-3 100 2 0.60 460 143 D
S3-4 100 2 0.75 460 133 D
S3-5 100 2 0.85 460 128 D
S3-6 100 2 0.95 460 122 D
S3-7 100 2 1.00 460 120 D
S4 S4-1 100 4 0.25 460 267 C
S4-2 100 4 0.50 460 200 C
S4-3 100 4 0.60 460 182 C
S4-4 100 4 0.75 460 160 D
S4-5 100 4 0.85 460 148 D
S4-6 100 4 0.95 460 138 D
S4-7 100 4 1.00 460 133 D

*Classified according to EN-1998-1 (CEN/TC 250 2003a).
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in a zone of high seismicity according to Italian seismic
classification (Presidenza del Consiglio dei Ministri 2003),
and have been applied to the base of the subsoil models. Ta-
ble 2 summarizes the main data (seismic event, magnitude,
peak ground acceleration (PGA), location of the recording
station, distance from the epicentre) of the acceleration time
histories used in the analyses (Fig. 3).

Selected analysis results

Some selected results of the finite element (FE) simula-
tions performed for a small group (3 x 3), with pile spacing

s/d equal to 2.5 and 4 in the case S4-4 and Tolmezzo earth-
quake (A-TMZO000) are reported in Fig. 4. The distributions
of bending moment envelopes are reported for edge piles
(A, D, and E) in Fig. 4a (s/d = 4) and for central pile B in
Fig. 4b (for both s/d = 2.5 and 4).

For comparison, the bending-moment profile computed
for the single pile has been added to both Figs. 4a and 4b.
The maximum deflection and acceleration profiles along the
central pile and a vertical axis located at 4.8 m from the
centre of the foundation are reported in Figs. 4c¢ and 4d, re-
spectively (s/d = 4). A free-field analysis in the same subsoil
condition was also performed by using the EERA code
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Table 2. Acceleration time-histories used in the analyses.

Can. Geotech. J. Vol. 46, 2009

Name Event Station My, Distance (km) PGA (g)
A-TMZ000 Friuli, 1976 Tolmezzo 6.5 23 0.357
E-NCB090 Umbria-Marche, 1997  Norcia Umbra 5.5 10 0.382
Fig. 3. Acceleration time histories and response spectra at the bedrock roof.
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Fig. 4. Results for subsoil S4-4 case (Vio/ Vi1 = 4, Vi1 = 100, and H; = 75%L) and Tolmezzo earthquake. EERA, Bardet et al. (2000).
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(Bardet et al. 2000); the corresponding acceleration profile
is reported in Fig. 4d for comparison.

At the interface depth, the bending moment envelope ex-
hibits a pronounced peak while the pile-deflection curves are
less affected by the transition from the upper to the lower
layer. It may be seen that no significant differences exist be-
tween the bending moment profiles of the piles belonging to
the group (s/d = 4). The effects of pile spacing also appear
to be negligible. At the same time the response of these
piles is practically coincident with that found for the single
pile. In other terms the (kinematic) group effects can be
considered negligible, at least in the case of small pile
groups and linear elastic behaviour of soil. Such results, and
many similar findings not presented for lack of space, seem
very appealing as they indicate that the kinematic effect of a
pile group can be predicted with reasonable accuracy by
merely performing a single-pile analysis; this implies. in
turn, considerable savings in terms of computational efforts.
This result is in agreement with the field measurements on a
12-storey building in Japan carried out by Nikolaou et al.
(2001) and the analytical studies of Fan et al. (1991) and
Kaynia and Mahzooni (1996).

A synthesis of the results obtained for subsoils S3 and S4
(V51 = 100 m/s), is illustrated in Fig. 5, where the maximum
bending moments at the interface depth (Myr) and at the
pile top (Mcap) are plotted against H,. The continuous lines
refer to analyses performed for a (3 x 3) group of piles
spaced at s/d = 4, and particularly to pile A belonging to
the middle row (see Figs. 4a and 4b), while the dashed lines
pertain to the single pile. The following deductions about
Fig. 5 are worthy of note:

(1) The response of the single pile remains practically un-
changed in the group whatever the value taken by H;.

(2) The bending moments My are strongly affected by the
ratio of the two shear wave velocities.

(3) For both Tolmezzo and Norcia Umbra earthquake, the
plot of Myt is more variable for larger values of V/V;.

(4) The Mcap bending moments tend to converge for in-
creasing values of H,, where the effect of the interface
depth is of minor concern and the bending moment at
the pile cap is essentially governed by the elastic proper-
ties of the upper layer.

The results found for subsoils S1 and S2 (V,; = 50 m/s)
are illustrated in Fig. 6 and lead to similar conclusions.

Analysis results versus simplified methods

In Figs. 7 and 8, the kinematic bending moments at the
interface of the two layers obtained from the FE analyses
are compared with those evaluated through the simplified
methods, for different values of the interface depth H;. Sim-
plified formulas have been applied after performing a free-
field response analysis by the EERA code. The maximum
acceleration at the soil surface provided by the EERA code
has been employed in the expression of Seed and Idriss
(1982) (eq. [6]) to obtain the peak shear strain at the inter-
face y; and then, again, in eq. [9] to derive the maximum
characteristic shear stress tc. For simplicity, the method by
Mylonakis (2001) has been applied with @ = 1.

It is worthy of note that the assessment of kinematic
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bending moments via apn,y s at the soil surface represents the
most widespread application criterion for the simplified for-
mulas, because the maximum acceleration at the soil surface
is usually available in practice, as a result of local seismic
zonation studies or because it is imposed by the existing
seismic codes or classifications.

The comparisons in Figs. 7 and 8 show that:

(1) the simplified solutions do not significantly differ with
each other and tend to be conservative

(2) there are significant discrepancies between the bending
moments predicted by the finite element analyses (M,)
and those evaluated by the simplified expressions (M),
especially for decreasing values of Vi, (or increasing £}/
E;) and increasing values of H;, with a maximum ratio
of M,/M of about 2.4

(3) the bending moments obtained by the simplified expres-
sions increase for increasing values of the interface
depth, whereas those computed by the finite element
analyses exhibit a sort of “plateau”

The simplified expressions could be applied with reason-
able accuracy only for certain depths of the interface be-
tween the two layers (H; < 50%L) and moderate values of
the pile—soil relative stiffness. In contrast, considerable dis-
crepancies are expected for higher values of Hj, i.e., in the
case of end-bearing piles, which is quite frequent in engi-
neering practice.

Modified criterion to evaluate the maximum
kinematic bending moments

The method by Dobry and O’Rourke (1983) is based on a
number of simplified assumptions, such as the nature of
loading that was supposed pseudostatic, and the thickness of
the layers that were considered “unbounded,” so that boun-
dary effects at the pile tip and head do not influence the kin-
ematic response at the interface. It is therefore not surprising
that the method fails to predict the kinematic bending mo-
ments, especially in the case where the interface is located
in the proximity of the pile tip.

The effect of the finite thickness of the two layers was in-
corporated into the improved model developed by Mylona-
kis (2001) and into the parametric studies carried out by
Nikolaou et al. (2001). Indeed, the theoretical solution by
Mylonakis (2001) is based on the assumption of “thick”
layers, i.e., layers with a thickness greater than the so-called
active pile length (Randolph 1981; Pender 1993) allowing
the pile to be modelled as a semi-infinite beam with essen-
tially no error; this is a fundamental hypothesis introduced
by Mylonakis (2001) to ensure a finite response at a large
distance from the interface. On the other hand, the closed-
form expression developed by Nikolaou et al. (2001) is
based on a BDWF model in which the interface was located
at 1/2L or alternatively 2/3L. In both situations, therefore,
the case with the interface in the vicinity of the pile tip has
not been adequately addressed; this may explain, in turn, the
disagreement between the bending moments computed by
the finite element analyses and those evaluated by the
closed-form expressions for H; within the active pile length
or larger than 2/3L. Significant differences, however, have

Published by NRC Research Press



578

Can. Geotech. J. Vol. 46, 2009

Fig. 5. Maximum bending moments in the case Vi1 = 100 m/s (subsoils S3 and S4) for a (3 x 3) pile group and a single pile.
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Fig. 6. Maximum bending moments in the case Vi = 50 m/s (subsoils S1 and S2) for a single pile.
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been also detected for intermediate values of H; and partic-

ularly in the case of

Vi1 = 50 m/s (see Fig. 8).

The point of major concern is probably the evaluation of
the peak shear strain at the interface or the characteristic
shear stress. As an example, Fig. 9 shows the comparison
between the characteristic shear stresses computed via

eq. [9] and the maximum shear stresses at the interface di-
rectly evaluated by the EERA code in the case Vi =
100 m/s. It can be seen that the curves are significantly dif-
ferent. The maximum shear strain at the interface directly
evaluated by a free-field response analysis is almost constant
with increasing values of H; and is very similar in shape to
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Fig. 7. Comparison between bending moments predicted by analytical solutions and those evaluated by the finite element analyses for sub-
soils S3 and S4 (V1 = 100 m/s).

800

600

400

Mint (KN-m)

200

800

600

400

Mint (KN-m)

200

TOLMEZZO (1976)

—+— Nikolaou etal.(2001)
—<— Mylonakis (2001)
— — VERSAT-P3D

NORCIA UMBRA (1997)

—O— Dobryand O'Rourke (1983)
—2— Nikolaou etal. (2001)

~—<>— Mylonakis (2001)
— — VERSAT-P3D

—{3— Dobryand O'Rourke (1983)
—7/~— Nikolaou etal. (2001)

rrrrrrrr ~=o= Mylonakis (2001)
— — VERSAT-P3D

0 5 10 15 20

H, (m)

—{3— Dobry & O'Rourke (1983)
i —— Nikolaou et al. (2001) S
—<— Mylonakis (2001) :
— — VERSAT-P3D

Hy (m)

Fig. 8. Comparison between bending moments predicted by analytical solutions and those evaluated by the finite element analyses for sub-
soils S1 and S2 (Vs = 50 m/s).
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the plot of the bending moments evaluated by the finite ele-
ment analyses (see Fig. 5). This suggests a possible correla-
tion between the bending moments evaluated by VERSAT-

—0— Dobry and O'Rourke (1983)
—/+— Nikolaouetal.(2001)

—<— Mylonakis (2001) :
1 — — VERSAT-P3D """"""""

P3D and the maximum shear stress g (Or strain yyg) com-
puted by the free-field analyses performed via EERA. In
this respect, the original closed-form expression provided
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Fig. 9. Maximum shear stress at the interface between the two layers in the case Vi = 100 m/s.
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by Nikolaou et al. (2001) or alternatively the one by Mylo-
nakis (2001) will be used as the rational basis of this poten-
tial correlation.

The closed-form expression suggested by Mylonakis
(2001) (eq. [10]) can be put in the form

18] Mla = dy,

where @ is equal to 1 in the pseudostatic form of the origi-
nal Mylonakis’ approach and a is a coefficient independent
of the seismic excitation

19 a=(El,) (i—‘i) %

Figure 10 illustrates the plot of the ratio My/a, where My
is the bending moment computed by VERSAT-P3D, against
the peak shear strain yg.

The linear regression in this plane provides @ = 1.30.
Even if there is an evident relationship between My and
Vi, there are cases for which this linear correlation is not
satisfactory. This can be attributed to the hypothesis of thick
layers adopted by Mylonakis (2001) to develop the theoreti-
cal solution synthesized by eq. [10]. As a consequence of
this hypothesis, the method is intrinsically unable to provide
accurate results when the interface between the two layers is
in the vicinity of the pile base or the pile head. As shown in
Fig. 11, a very substantial improvement in the accuracy of
the correlation between My and yg is obtained when con-
sidering only the points corresponding to cases with H;
ranging between L,; and L — L,,, with L,; and L,, being, re-
spectively, the “active pile length” in the upper and in the
lower layer (as defined by Mylonakis 2001). In this case,
the linear regression provides a correlation coefficient @ =
1.32. In the same plane, the curves My/a + o (where o is
the standard deviation) have been also reported for compar-
ison.

The static-to-dynamic transformation factor @ included in
the formula of Mylonakis (2001) (eq. [18]) accounts for the
effect of frequency on the strain-transmissibility. However,
in the model developed by Mylonakis (2001) the dynamic
excitation has the form of horizontal harmonic displace-
ments imposed at the base of the soil profile, while that pro-
posed in the present work (@ 1.32) is an overall
coefficient calibrated by a curve-fitting operation of numeri-
cal data computed in the time domain. In this sense, the am-
plification factor introduced by Mylonakis is not perfectly
equivalent to that included in eq. [18]. For both the Mylona-
kis’ method and eq. [18], the coefficient @ represents the ef-
fect of the dynamic nature of the excitation on the
percentage of y,; that is transmitted to the pile in the form
of bending strain, so that the same symbol may be retained.

For cases where the hypothesis of “thick layers™ is satis-
fied, it may be convenient to perform separate curve-fitting
for resonant and nonresonant conditions. The condition of
resonance corresponds to the case where the fundamental nat-
ural period of the deposit falls within the range of predomi-
nant periods of the excitation. In this respect, this interval of
periods has been defined on the Fourier amplitude spectrum

as that corresponding to the range over which 1/ \/E times
the maximum Fourier amplitude spectrum is exceeded
(Kramer 1996). For the earthquakes employed in the analy-
ses, resonance occurs for subsoil profiles belonging to group
S4 (Vg1 = 100 m/s, Vg,/Vs; = 4) and particularly for H,/L
ranging between 0.25 and 0.85 (see Table 1).

A new fitting is then been performed for the nonresonant
profiles. This gives a correlation coefficient @ equal to 1.30,
which is slightly lower than the value of 1.32. For resonant
subsoil profiles, the linear correlation between Mvy/a and vy
gives @ = 1.39, which is slightly larger than 1.32.

The same procedure adopted for the Milonakis’ method
(Mylonakis 2001) can be applied for the closed form expres-
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Fig. 10. Plot of Mv/a against yis.
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Fig. 11. Plot of Mv/a versus yis with the exception of the cases for
which H; is within the active pile length La; or Lyo.
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sion of Nikolaou et al. (2001). Indeed, eq. [8] can be put in
the form

o] Y-

— = Br.

b
where B = 0.042 in the original expression of Nikolaou et
al. (2001) and b is a coefficient independent of the earth-
quake excitation

IN® E NS ()03
e e=2(5) (2) ()
d E, Vsi

In Fig. 12, the ratios My/b are plotted against the peak
shear stress tg. In this case, all data can be fitted with satis-
factory accuracy by the linear regression

My

[22] 7 = 0 07 1 Tt

The curves My/b + o have been also reported for compari-
son. It appears beneficial, again, to account for the effect of
frequency by distinguishing between resonant and nonreso-
nant conditions. The linear correlation coefficient g is slightly
smaller than 0.071 for nonresonant profiles (8 = 0.069). For
resonant profiles, this coefficient is slightly larger (p =
0.075), as was expected. At a preliminary stage it may be suf-
ficient to assume B = 0.071 as an average dynamic coefficient.

A modified criterion for assessment of the kinematic pile
bending moments at the interface between two layers is
therefore suggested. This involves the following steps:
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Fig. 12. Plot of Mv/b versus the maximum shear stress at the inter-
face tigr.
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(1) Perform a preliminary analysis of the free-field response
to evaluate 3 at the interface.

(2) Establish whether resonance does or does not occur.

(3) Evaluate the maximum bending moment at the interface
with the following equation (adapted from Nikolaou et
al. 2001)

L 0.3 E 0.65 1% 0.5
_ a3t Zp rs2
= (G) (2) (7))

As shear stress tends to saturate with increasing level of
shaking, thus being an inappropriate quantity to describe in-
elastic soil behaviour, it may be convenient to express the
bending moment as a function of actual peak shear strain
yi¢r- Equation [23] can be then put in the form

L 0.3 E 0.65 Vo 0.5
4] M=pGd (=) (= —=
[24] BG (d> (E1> <V51 Vi

Finally, rearranging eq. [24] gives

0.5 N3 /g 035 Vo 0.5
25 M=—""8dE,|- _P =
25] 1+v BdE, (d) (El) <Vsl Vet

with B being a coefficient that depends on the occurrence of
resonance.

The bending moment values My, normalized to the quan-
tity (bGy), have been plotted in Fig. 13 against the actual
peak shear strain y;¢.

A calculation example for both eqs. [18] and [25] is re-
ported in Appendix A.

Conclusions

Seismically loaded piles are traditionally designed to re-
sist only the inertial bending moments generated from the
oscillation of the superstructure, thus neglecting the effect
of kinematic interaction between the pile and the soil. It is
only in recent times that the kinematic effects have received
adequate attention by code and provisions such as Eurocode
EN1998-5 (CEN/TC 250 2003b) and the new Italian regula-
tion (Consiglio Superiore dei Lavori Pubblici 2008). Based
on the studies carried out on BDWF models, a number of
simplified procedures are available in published literature
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Fig. 13. Plot of Mv/bG versus the actual peak shear stress at the
interface yiyr.
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for a first evaluation of kinematic bending moments at the
interface between two layers.

A comprehensive parametric study was presented for kin-
ematic bending moments of piles in layered soil deposits.
The study has focused on somewhat simplified conditions,
such as vertically propagating SH waves, two-layer subsoil
underlain by a rigid base, linear-elastic soil behaviour, and
shear-strain-independent soil damping. Despite these as-
sumptions and the limited number of earthquake events em-
ployed in the analyses, the paper highlights a number of
fundamental issues about the kinematic response of piles
under transient earthquake excitations.

Group effects due to kinematic interaction have found to
be negligible, in agreement with analytical studies and field
recordings published in literature. The study has been there-
fore focused on the kinematic response of single piles. It has
been shown that the simplified methods available in litera-
ture may not be suitable for all subsoil conditions examined
in the present paper. Two modified criteria to evaluate the
maximum pile bending moment at an interface between two
soil layers have been suggested (eqs. [18] and [25]). These
are based on modified expressions of the methods proposed
by Mylonakis (2001) and Nikolaou et al. (2001). The crite-
rion modified from Nikolaou et al. (2001) is fundamentally
different from the original method as it requires a prelimi-
nary assessment of the peak soil shear strain via a free-field
site response analysis. While the criterion adapted from the
mechanistic model developed by Mylonakis (2001) may lose
accuracy when the hypothesis of thick layers is not satisfied,
the criterion modified from Nikolaou et al. (2001) (eq. [25])
has general applicability to engineering problems and can be
considered a rational enhancement of the simplified methods
available in published literature.
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free-field soil acceleration

base rock acceleration

maximum acceleration at any given depth
maximum acceleration at the soil surface
coefficients independent of the earthquake excita-
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foundation width

damping matrix

ratio of shear moduli of the soil layers

hysteretic damping ratio

diameter of pile

Young’s modulus

Young’s modulus of soil layer 1

Young’s modulus of pile

dimensionless function of the ratio of the shear
moduli of two layers

small strain shear modulus of soil

shear modulus of soil layers 1 and 2, respectively
depth of the bedrock roof

thickness of soil layers 1 and 2, respectively
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unit column vector

inertia of pile
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soil spring stiffness

soil spring stiffness for layer 1

length of pile

“active pile length” in the upper and lower layer,
respectively

pile bending moment

mass matrix

maximum bending moment at the pile top
maximum bending moment at the interface depth
maximum bending moment at the interface ob-
tained by FE analyses

magnitude of seismic event

number of layers

curvature

squared correlation coefficient

pile radius

depth factor

pile spacing

time

horizontal displacement

shear wave velocity of soil

shear wave velocities in layers 1 and 2, respec-
tively

equivalent velocity

shear-wave velocity of layer i

the nodal acceleration, velocity, and displacement,
respectively

base acceleration

depth from the ground surface

linear regression factor

shear strain in the upper and lower layer, at the in-
terface depth

maximum shear strain computed by the free-field
analyses
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8 dimensionless parameter relating k and E
p Ppile bending strain
0 variable to improve the stability and the accuracy
of the integration method
v Poisson’s ratio
p soil density
py density of upper layer
@ frequency factor
o standard deviation
T maximum shear stress computed by the free-field
analyses
T static shear stress of the soil
7c characteristic shear stress
w circular frequency
w; fundamental circular frequency of the pile—soil sys-
tem

Appendix A. Calculation example

Consider the subsoil profile S3-4 (see Table 1), the 1976
Tolmezzo earthquake, and a pile 0.6 m in diameter with a
length of 20 m. Let the Poisson’s coefficient v be 0.4 for
both the upper and lower layers. The calculation will be per-
formed for both eq. [18] adapted from Mylonakis (2001) and
eq. [25] modified from Nikolaou et al. (2001). The kine-
matic bending moment computed by VERSAT-P3D (Wu
2006) is equal to 240 kN-m.

For the case under examination

Ep = 25 x 10* MPa

Ip = 0.00636 m*

Cc = (Gz/Gl)IM = \/5
The active lengths of the upper and lower layer are, re-
spectively:
Ly =417m and Ly = 295m
The interface H, falls between L,; and L — L,, and there-
fore, based on the results summarized in the graph of
Fig. 11, eq. [18] can be certainly considered appropriate.

From eqgs. [13] and [12], respectively, it is possible to cal-
culate § and k;

8 = 254

ki = 138 MPa

Substituting into the pseudostatic expression of the strain
transmissibility (eq. [11]) gives

eply; = 0.082

The maximum shear strain at the interface level computed
from the free-field analysis is

Can. Geotech. J. Vol. 46, 2009

Yige = 0.4%

The fundamental natural period of the deposit (7p = 0.80 s)
falls outside the range of the predominant periods of the sig-
nal (Tp; = 0.26 s and Tp, = 0.53 s), thus, for this subsoil there
is no resonance. The dynamic coefficient @ can therefore be
set equal to 1.30.

In this case, eq. [18], adapted from Mylonakis (2001),
gives

M = 254 kN-m

As there is no resonance, the correlation coefficient S can
be set equal to 0.069. The actual peak shear strain has al-
ready been computed for eq. [18] and is i = 0.4%. By
substituting this in to eq. [25], the maximum kinematic
bending moment is

M =229 kN-m
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List of symbols

¢ ratio of shear moduli of the soil layers
E Young’s modulus
E, Young’s modulus of pile
G|, G, shear modulus of soil layers 1 and 2, respectively
H, thickness of soil layer 1
I, inertia of pile
k soil spring stiffness
ki soil spring stiffness for layer 1
L length of the pile
L.y, L,y “active pile length” in the upper and lower layers,
respectively
M pile bending moment
T, fundamental natural period of the deposit
Ty1, Ty predominant periods of the signal
B linear regression factor
y1 shear strain in the upper layer at the interface depth
yief maximum shear strain computed by the free-field
analyses
8 dimensionless parameter relating k and E
&p pile bending strain
v Poisson’s ratio
@ frequency factor
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