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ABSTRACT: The results from a thorough finite element analysis with code PLAXIS are pre-
sented in which both the piles and the soil are modeled in 3D with volume elements. A suitable
plasticity model is employed for treating the nonlinear soil behaviour in cyclic loading after
appropriate calibration of its parameters to match published relationships of shear modulus and
damping ratio curves. The influence of key-model parameters, such as: (a) strong motion inten-
sity, (b) stiffness contrast ratio between the soil layers and (c) relative pile position (corner or
middle pile), on the bending moment distribution along each pile, is investigated and critically
discussed. The extraction of closed-form expressions for the kinematic structural forces not only
in the vicinity of the interface but at the head of the pile as well, is also attempted.

1 INTRODUCTION

The design of piles against kinematic loading is rarely applied in engineering practice. Accord-
ing to seismic codes, kinematic soil–pile interaction should be taken into account only when
the pile is intersected by interfaces with large stiffness contrast of the consecutive soil
layers. Although the last decade a considerable amount of studies has been devoted to this
subject (e.g. Kavvadas & Gazetas, 1993; Nikolaou & Gazetas 1997, Nikolaou et al., 2001;
Gerolymos & Gazetas 2008; Dezi et al., 2009; Sica et al., 2011; Di Laora et al., 2012; 2013;
Kampitsis et al., 2014) only a few of them deal with soil nonlinearity (Dezi & Poulos, 2017),
and, to the best of the author’s knowledge, there is still no published paper that thoroughly
investigates the role of group action on soil-pile kinematic interaction under intense nonlinear
soil response conditions. In the work published by Dezi & Poulos (2017), soil nonlinearity is
treated in an equivalently linear approach. In this study the seismic response of a solitary pile
in a nonhomogeneous granular two-layer soil is parametrically investigated via finite element
analysis with code PLAXIS. The analysis is performed in the time domain through the use of
actual acceleration records and equivalent sinusoidal time histories as input motions. Closed-
form analytical expressions are then derived for the maximum bending moment at the inter-
face and the head of the pile. The response of a typical 3 x 3 pile group is also investigated
shedding light on the role of group effects on the pile kinematic response.

2 PROBLEM DEFINITION

The studied system refers to a floating pile of length L and diameter d, embedded in a two-
layer and vertically inhomogeneous granular soil deposit (Figure 1), underlain by a rigid bed-
rock and subjected to vertically propagating S-waves resulting from the input motion at the
bottom of the lower layer. The pile toe-to-bedrock distance was arbitrarily taken equal to 1d
to avoid fixity conditions. The input motion is either a recorded acceleration time history or a
sinusoidal excitation with varying number of uniform cycles. By applying dimensional analysis
with the use of the Buckingham π theorem, the problem under consideration is reformulated
in the following dimensionless form:
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in which asur/g is the free-field peak ground acceleration at the surface, L/D is the slenderness
ratio of the pile, Ep/Es1 is the relative pile-soil stiffness with respect to the initial (maximum)
elastic modulus at the interface Es1, Vs2/Vs1 is the corresponding initial shear wave velocity
ratio at the interface, h1/L is the relative depth of the interface with respect to the pile length,
Tinp/Tsoil is the ratio of the mean period of the input motion to the first fundamental period of
the soil profile assuming elastic behaviour and N is the number of uniform cycles of the sinus-
oidal base excitation, or the equivalent number of uniform cycles in case of an acceleration
record as the input motion. Finally, M is the maximum bending moment at the head of the
pile and at the interface and γ1 is the unit weight of the first soil layer. The nonlinear soil
behaviour in terms of the stress-strain relationship is described through the Hardening Soil
Model with small strain stiffness (HSsmall), available in the material library of PLAXIS. The
calibration methodology as well as the numerical simulation of the problem is detailed in the
following section.

3 CONSTITUTIVE MODELING AND NUMERICAL SIMULATION

The calibration of the HSsmall model was based on matching the shear modulus and damping
ratio curves for sand (Figure 2) as proposed by Ishibashi & Zhang (1993). The results regard-
ing the optimum values of the model parameters are presented in Table 1.
For the estimation of the maximum shear modulus the following formula (Souliotis & Ger-

olymos, 2016) was applied:

G0 ¼ 1592 pa D
0:65
r

p
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� �0:5

ð2Þ

where Dr is the relative density of soil and p is the mean effective stress. The 3D finite element
models used in the analysis are illustrated in Figure 3. The mesh discretization involves 10-
node tetrahedral elements for both the pile and the soil. For the single pile analysis, fixed head
boundary conditions were assumed, whereas the rotational response of the piles in the group

Figure 1. Problem definition.
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at the connections with the cap was physically restrained by the cap action. Fully bonded
interface conditions for the piles were considered while the contact conditions between the cap
and the soil were deliberately modeled as perfectly smooth to avoid raft-to-pile interaction
effects. Free field boundary conditions were adopted at the lateral sides of the model, perpen-
dicular to the shaking direction, to absorb wave reflections. The plan view dimensions of the
models were large enough (80 m x 20 m for the single pile and 120 m x 20 m for the pile
group) to minimize any undesirable effect arising from slope instabilities and extensive soil
yielding near the free field boundaries that could affect the results. The analysis is performed
in the time domain in terms of effective stress and for dry conditions.

Figure 2. Shear modulus reduction and damping curves of the calibrated model in comparison with

curves suggested by Ishibashi & Zhang for 3 levels of σ’v0=50KPa, 100 Kpa and 200 Kpa.

Table 1. HSsmall model parameters.

Parameter Description Value

E
ref
50 =E

ref

oed Reference secant stiffness/Reference tangent stiffness for primary oedometer loading 1.5

Eref
ur =E

ref
oed Reference unloading—reloading stiffness /Reference tangent stiffness for primary

oedometer loading

3.5

G
ref
0 =Eref

50 Reference maximum shear modulus/Reference secant stiffness 12.5

γ0:7 Threshold shear strain 3x10-4

� Internal friction angle (o) 30

ψ Dilation angle (o) 0

C Cohesion (kPa) 0

K0 Coefficient of earth pressure at rest 0.5

m Power for stress dependent stiffness 0.5

Rf Failure ratio 0.9

pa Reference stress (kPa) 100

Figure 3. 3D Finite element models used in the analyses (a)single pile and (b) pile group.
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4 RESULTS AND CONCLUSIONS

A thorough parametric study was carried out regarding the geometric characteristics of the
piles, mechanical properties of soil and kinematic characteristics of the input motion (varying
from real records to sinusoidal acceleration time histories). Elaborating on the results, two
closed-form expressions were derived for the maximum bending moment at the head of the
single pile and at the interface of the soil layers:
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A brief summary of the main findings of the study are presented in Figures 4 to 8, in the form
of maximum bending moment distributions. Comparison is given with predictions of the devel-
oped expressions of Eqs (3) and (4). Due to lack of space, only results with the seismic motions
from the Aegion (Greece, 1995) and Irpinia (Italy, 1980) earthquakes are presented (Table 2).

Figure 4. Dimensionless (αsurf is also dimensionless with respect to g) maximum bending moment distri-

bution for a fixed-head single pile with Ep/Es1= 34, 60, 20, 15, Tinp/Ts1=1.5, 1.5, 0.75, 0.75, N=15, 6, 3, 15,

Vs2/Vs1=2, 2, 3, 1.5, L/d=10, 20, 10, 10 and h1/L=0.5, 0.5, for subplot a (upper left), b (upper right), c

(bottom left), d (bottom right), respectively. Comparison is given between linear and non-linear soil

behavior. The analysis was performed in the time domain for different sinusoidal excitations and peak

ground accelerations at the bedrock level.
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The following observations are worthy of note:

• The dimensionless kinematic bending moment along a single pile increases with increasing
level of seismic shaking both at the pile head and at the vicinity of the interface (Figure 4).
Furthermore, the larger the PGA the wider the distribution around the interface where the
soil stiffness changes sharply, implying a zone of extensive soil yielding the width of which
extends with increasing PGA and “amplifies” the stiffness contrast. For very small values of
the PGA the nonlinear response curve collapses to the linear one, for all practical purposes.

• The distribution of the dimensionless kinematic bending moment along an isolated pile for
two recorded acceleration time histories (Aegion and Irpinia records) as the input motion
are depicted in Figure 5 and contrasted with the corresponding results from equivalent
sinusoidal excitations (equivalency with respect to PGA and number of uniform cycles).
The comparison is in remarkable agreement for both records. The predictions of the devel-
oped analytical expressions [Eq (3) and (4)] are also shown in the same figure.

• The influence of group effects on the dimensionless bending moment profiles for three char-
acteristic pile locations (middle, corner and middle-corner pile) in a square 3x3 pile-group
is demonstrated in Figures 6 and 7 for a 0.4g sinusoidal excitation and the Aegion record,

Table 2. Input excitations and associated ground motion parameters.

Record PGA Mean Period Equivalent number of cycles

Aegion (1995) 0.39g 0.54 sec 2.2

Irpinia (1980) 0.22g 0.68 sec 15

Figure 5. Distribution of dimensionless (αsurf is also dimensionless with respect to g) maximum bending

moment for a single pile with a) Ep/Es1=400, Tinp/Ts1=1, Vs2/Vs1=3, L/d=50, h1/L=0.5 (left) b) Ep/Es1=1488,

Tinp/Ts1=0.82, Vs2/Vs1=5, L/d=30, h1/L=0.67 (right). Comparison is given between results in the time

domain for the Aegion and Irpinia records and their equivalent sinusoidal (harmonic) excitations. The pre-

dictions of the analytical expression for the maximum bending moment at the head and the interface are

shown with red circles.
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respectively, as the input motion. Comparison with the corresponding results for the iso-
lated pile is also depicted in the same figure. Despite the expected reduction in bending
moment values due to pile-to-pile interaction (compared to the ones for the solitary pile),
interestingly, the bending moment profiles appear to be insensitive of the pile location in
the group attributed to the “smoothing action” of soil inelasticity.

• The difference in the response when equivalent sinusoidal excitations are used as the input
motion is illustrated in Figure 8 in comparison with the predictions of the analytical expres-
sions for fixed-head isolated piles. The significantly larger bending moment at the pile-to-cap

Figure 6. Distribution of dimensionless (αsurf is also dimensionless with respect to g) maximum bending

moment for three different piles (corner, middle-corner and middle pile) in a 3x3 pile group, with s/d=3.

The analysis has been performed in the time domain considering non-linear soil behavior and a 0.4g

sinusoidal excitation as the input motion. Comparison is given with the corresponding response of a

fixed-head single pile. The parameters are: Ep/Es1=180, Tinp/Ts1=1, N=11, Vs2/Vs1=3, L/d=20, h1/L=0.67.

Figure 7. Distribution of dimensionless (αsurf is also dimensionless with respect to g) maximum bending

moment for three different piles (corner, middle-corner and middle pile) in a 3x3 pile group, with s/d=3.

The analyses has been performed in the time domain for the Aegion acceleration time history considering

non-linear soil behavior. Comparison is given with the corresponding response of a fixed-head single pile

and the predictions by the analytical expressions, in which group effects are not considered. The param-

eters are: Ep/Es1=180, Tpred/Ts1=1, Vs2/Vs1=3, L/d=20, h1/L=0.67.

3971



connections for the sinusoidal excitation imply a rigid cap action and nearly fixed-head
boundary conditions. The satisfactory agreement with the prediction of the analytical expres-
sion reinforces this observation. A far more rotationally compliant response is exhibited for
the “equivalent” Aegion time history as the input motion.
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