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ABSTRACT

It is believed that a dynamic analysis is urgently required to provide a more reliable numerical method
for seismic evaluation of a full system, which includes foundation, super structure, and ground in earth-
quake zones such as Taiwan and Japan. A centrifugal model test of pile foundation is simulated numeri-
cally using a three-dimensional finite-element model (3D-FEM) code in this study. In the numerical
simulation, parameters of the sandy soils in tij model that are derived from accumulated experiences in
static tests are first calibrated by centrifugal vibration tests of sandy ground. Model tests of a single pile
foundation installed in grounds of same unit weight of soil as in the static tests are then simulated using
the calibrated parameters. The numerical simulation resulted in a good agreement with the correspond-
ing physical model tests. By comparing the computed and the observed results, one can find and confirm
that it is necessary to employ an appropriate soil model to reproduce dynamic soil behavior due to major
vibration. Representation of pile by beam element in the numerical analysis is applicable when attention
is paid on the response acceleration of top of pile foundation, on soils at some distances to the pile founda-
tion, and on bending moment of the pile in a stiffer ground. Equal-displacement boundary condition for

two-side boundaries is proven to be efficient.
stant damping of viscous matrix is acceptable.

To reduce the computation time, the assumption of a con-
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1. INTRODUCTION

Seismically loaded piles are designed to withstand
not only the inertial forces generated from the oscilla-
tion of the super structure but also the deformations of a
ground caused by the passage of seismic waves through
the surrounding soil. It was noted that structural re-
searchers often tend to use a too simplified model deal-
ing with ground and that geotechnical researchers tend
to use a too simplified model dealing with super struc-
tures. It is believed, however, that a dynamic analysis
is urgently required to provide more reliable simulations
for the evaluation of a full system, which includes
foundation, super structure, and ground, especially in
the earthquake zones such as Japan and Taiwan. Un-
fortunately, dealing with the full system with a dynamic
analysis was usually thought to be difficult when the
nonlinearity of both soil and structure must be taken
into account. Few studies have been done in this field
through either experiments or numerical analyses.

Some methods for direct seismic analysis of pile
foundations were based on linear elastic behaviors, such
as El-Marsafawi et al. [1] who conducted a complete
elastic analysis for pile foundation using 3D boundary
element formulations, in which nonlinear behavior of
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soil and pile are not taken into account. Anandarajah
et al. [2] conducted a 2D finite element analysis to
simulate a pile-supported two-story structure under
earthquake shaking by using the isotropic bounding
surface model to describe the stress-strain relation of the
soils. Fukutake ef al. [3] considered 3D finite element
analysis of the soil behavior described by the Ramberg-
Osgood model with effective stress conditions. Finn
and Wu [4] developed a quasi 3D method to reproduce
the dynamic nonlinear behavior of pile foundations.
Due to the limitations of the constitutive models
adopted for soils, additional assumptions were made by
Finn and Wu to compensate for the insufficiency of the
models, e.g., tension cutoff and shearing cutoff were
applied in order to describe the gapping between the soil
and the piles. Wakai et al. [5] conducted a seismic
analysis of a bridge-ground system using a 3D nonlinear
dynamic analysis based on a total stress with a simpli-
fied soil model. Immura ef al. [6] conducted a series
of centrifuge model tests for understanding the seismic
behaviors of pile groups. Lin ef al. [7] evaluated lat-
eral performance via inclinometer data and comparing
his proposed methodology with other methods in a static
condition. Tokimatsu et al. [8] studied effects of iner-
tial and kinematic interaction on seismic behavior of

389



pile foundation by using both p-y curve and experimen-
tal work involving a discrete spring, which, however, is
conventionally thought to be insufficient to reproduce
behavior of soils. Finn et al. [9] used a finite element
model for soil-pile interaction to simulate experiment
results of a shaking table test with restrictions on the
motion in the vertical direction and in the direction to
that of the pile motion. Kimura and Zhang [10] con-
ducted a series of static and dynamic 3D elastoplastic
finite element analyses on a simplified sway-rocking
model (S-R model) and on a full system to investigate
the dynamic behavior of group-pile foundation during
earthquake. Zhang ef al. [11] numerically simulated a
field test of a real-scale 2-pile foundation subjected to
lateral cyclic loading up to ultimate state with a 3D
elastoplastic finite element analysis, taking into consid-
eration the influence of different constitutive models
adopted for soils. Suggestions for the effect of piled
foundation seismic behaviors due to different soil mod-
els were also discussed by Ye et al. [10].

Aforementioned papers pointed out the importance of
an advanced model in dynamic numerical analysis and
the need of a reliable numerical tool. However, these
papers were mostly of either pure numerical study or
numerical simulation on one or two case histories. To
show applicability of a numerical model on simulating
dynamic behavior of soil-pile system, a parametric
study of the numerical model or a simulation on case
histories by the numerical tool is thought to be insuffi-
cient, and a more rigorous process for numerical model
calibration and verification is needed.

In this paper, a calibration and verification process
that examines the performance of a numerical code was
proposed. First of all, two types of physical model,
one using grounds that consist of Toyoura sand and the
other using a full system that consists of a mass loaded
single pile in grounds, were introduced for the study.
Next, a 3D-FEM code, which uses tij soil model for
reproducing nonlinear soil behavior and beam element
for representing pile behavior, was employed to simu-
late a series of centrifugal model tests. Finally, the
accuracy of the soil parameters obtained from accumu-
lated experiences on the Japanese standard sand and the
consistency of the numerical code were first confirmed
by simulating the centrifugal tests of grounds-only
model, and then the numerical tool was verified by
comparing the simulation results on single pile founda-
tion in different grounds to the observed results from the
physical model tests. This paper presented the effec-
tiveness of numerical techniques and applicability of the
soil model by comparing the computed and the observed
model tests in a more rigorous procedure.

2. SOIL MODEL

Two types of physical models and two unit weights
of soil are considered in this paper. One type is
grounds that are made of Toyoura sand, and the other
type is a full system that consists of a mass loaded sin-
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gle pile in grounds of the same sand. The two unit
weights of soil are 14.3kN/m’ (i.e. loose) and
15.8kN/m’® (i.e. dense). The four simulation cases are
illustrated in Fig. 1. For convenience sake, the two
grounds-only models of unit weights 14.3kN/m’ and
15.8kN/m’ are referred to as Ground I and Ground II,
respectively, and the two full-system models of unit
weights 14.3kN/m® and 15.8kN/m’ are referred to as
Single pile I and Single pile II, respectively. All sands
in the ground are dry in the physical model; therefore, a
total stress analysis is used here.

Strength and dilatancy of soils are dominated by the
stress and strain increment variables. The stress and
strain relationship controls the performance of soils that
includes passage of waves through this soil medium.
Cam-clay like models that use extended Mises strength
criterion is not able to account for the effect of interme-
diate principal stress properly, and unrealistic strength
under generalized three-dimensional stresses is given
except for triaxial compression condition. Nakai [13]
proposed a modified stress tensor (tij) based on the Spa-
tially Mobilized Plane (SMP) concept that uses Matsu-
oka-Nakai strength criterion to consider the influence of
intermediate principal stress on the strength and the
dilatancy of soils. Matsuoka-Nakai strength criterion
is a convex surface on the m-plane in the ordinary stress
space and satisfies Mohr-Coulomb criterion under axi-
symmetric conditions (triaxial compression and exten-
sion).

The soil model is characterized mainly by the intro-
duction of a modified stress tensor tij and the formation
of a plastic work-like quantity, which forces the flow
rule to be given in the modified stress space. Invari-
ants (ty, ts) of the modified stress tensor lead to the
failure criterion I;I,/I; = constant, where ty represents
the normal stress and tg the shear stress. This strength
criterion satisfies Mohr-Coulomb criterion under axi-
symmetric conditions. To express stress path depend-
ency of the plastic flow, plastic strain increment is de-
composed into two components, of which one is gov-
erned by the flow rule and the other is isotropic and

Loose sand Dense sand
Ground Ground I Ground II
M| e
SRS DO
Ground+ | Single pile I Single pile IT
bilet
super Tirinlggeinie e
structure
Fig. 1 Four simulation cases
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produced only when the normal stress ty increases, and
plastic volumetric strain is used as the hardening vari-
able. For modeling sand, a fabric anisotropy tensor is
incorporated to express inherent anisotropy, and plastic
work is used as the hardening variable. This soil
model is able to satisfactorily account for influence of
intermediate principal stress on the deformation and
strength of soils, dependency of plastic strain directions
on strain path, and positive dilatancy during strain
hardening.

The parameters in this soil model include R, (stress at
failure), A (compression index), k¥ (swelling index), Dy
(gradient of strain ratio at critical state), o (stress-
dilatancy parameter), m (ratio of volumetric strain to
mean effective stress), v (Poission’s ratio), e, (Void ra-
tio), and p (soil density). v, A, k, R, m and D, can be
obtained by using conventional triaxial compression
tests, where the first four parameters are the same as
those in Cam-clay model, and o is obtained by trial and
error to get the best fit between the measured results of
the stress-dilatancy curve for different stress paths.
Detailed discussion on how to determine these parame-

ters can be referred to corresponding references [13~15].

The values of the parameters, determined from the ac-
cumulated experiences on Toyoura sand [15,16], are
provided in Table 1.

3. PHYSICAL MODEL TESTS

Geotechnical centrifuge tests have been observed to
be very effective means for investigating problems in
soil mechanics under the prototype stress conditions
proposed by Schofield [17], Scott [18], Prevost and
Scanlan [19], and others. Facility for the model tests
in this paper is developed by Mitsubishi Heavy Industry
in Japan. The arm radius of the centrifuge to the bas-
ket platform is 2.5m for dynamic tests. An electro-
magnetic shaking table of 369mm in height, 510mm in
length, and 330mm in width is put on the centrifuge
simulator. The laminar container consists of rectangu-
lar hollow frames made of square steel tubes. Linear
bearings are installed to reduce friction during shaking.

For the two unit weights of 14.3kN/m’ and
15.8kN/m’, dry Toyoura sand is arranged to have rela-
tive densities of 30% and 73% and void ratios of 0.85
and 0.68, respectively, in the container for grounds in all
physical model tests. To present the mass on a super-
structure for single pile foundation model, 45mm X
45mm x 20mm SUS (Stainless Used Steel) block
weighing 273g is fixed at the top. The aluminum pile
of 386mm in length, 20mm in diameter, and 1lmm in
thickness is used in the physical model test for a single
pile foundation. The bending stiffness of pile is
191.2N-m?. The pile is installed down at the bottom of
the container, of which horizontal movements of the toe
is fixed. Table 2 shows the dimensions of physical
model and its corresponding prototype.
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Table 1 Material parameters of ground
Soil | Title |v |Df|m| a e |Re|A(C) | x(Co
3D(§(; Ground 1]0.30|-0.6|0.3]0.85]0.85[4.05/0.01045]0.004295
(4
];)31‘; Ground 11}0.30|-0.6{0.3]0.85(0.68[4.05| 0.0095 | 0.0039
(4

Table 2 Parameters of single pile foundation

Items Unit| Physical model Prototype
Dimension 45mm X 20mm | 2.025m X 0.9m
Mass M 267g 24.3ton
SUS block Elevated height | L, 120mm 5.4m
Material — SUS —
Diameter D 20mm 0.9m
Thickness t 1mm 45mm
. Embedded length| L, 369mm 16.6m
e Stiffi El| 1912N-m? 7.842x
iffness 2N-m 10°N - m?
Material - Aluminum -

The same physical model tests conducted by Oogawa
et al. [20], in which 45g centrifugal acceleration was
applied on the in-flight shaker with seismic input, are
used in the study. Measurements consist of the re-
sponse acceleration in Ground I and II and the response
acceleration and the bending moment in Single pile I
and II. The locations of the gages on piles and
grounds are illustrated in Figs. 2 and 3. The response
accelerations in Ground I and II are measured by ACC4,
ACC3, and ACC2 located at 31mm, 133.5mm, and
209mm beneath the ground surface in the physical
model, respectively, as shown in Fig. 2(a) and at the
center of the plane view of ground as shown in Fig. 2(b).
On the other hand, the response accelerations in Single
pile I and II are measured by GA5, GA4, GA3, and
GA2 located at 28mm, 75mm, 128mm, and 188mm
beneath the ground surface, respectively, and the strain
gages BM4, BM3, BM2, and BM1 are installed in be-
tween those locations as shown in Fig. 3(a) to measure
the bending moment. Figure 3(b) illustrates the di-
mensions of the SUS block installed at the top of single
pile foundation.

The seismic input, recorded at Port-island of Kobe
during the Hyogoken-Nambu earthquake in Japan, used
on the shaker is shown in Fig. 4. This seismic wave is
also employed in the numerical simulation introduced in
the next section. The maximum acceleration of this
seismic event is 687 gal in a horizontal direction.

4. NUMERICAL SIMULATION

A series of dynamic analysis of the physical models
using 3D numerical modeling is conducted to simulate
the mechanical behavior in a seismic event. A direct
integration method of Newmark-f3 is adopted. The
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finite element mesh for Ground I and II and that for
Single pile I and II are shown in Figs. 5 and 6, respec-
tively. The size of the ground is 23m in length, 11m
in thickness, and 16.6m in height. The number of
nodes is 2280, and the number of 8-node isoparametric
elements is 1764 for Ground I and II. Ten more
nodes are used for Single pile I and II to represent the
superstructure with a nodal mass loaded on top. The
24.9 ton mass is elevated at 5.4m above ground surface
to represent the position of inertial force in prototype
scale test for Single pile I and II, for which the struc-
ture is simulated by linear elastic beam bending ele-
ments with consistency mass. All of the finite ele-
ment meshes introduced in here are expressed in a
prototype scale.

The boundary conditions are as follows: (a) the bot-
tom of the ground is fixed; (b) the vertical boundaries
parallel to the XOZ plane are fixed in the y-direction
and free in the x and z-directions; and (c) an equal-
displacement boundary condition is used between the
two-side boundaries, whose normal direction is parallel
to the x-direction to simulate the infinite boundary in
real situation (Kimura and Zhang [10] proved the effec-
tiveness of this method by using a numerical tool).
The boundary condition of toe of the pile in the nu-
merical model is fixed in the x-direction as in the
physical model tests. No interface elements are em-
ployed among any structure and soils in this research.
The initial stress condition of the ground is due to the
gravity.

In calculating the viscous matrix, an eigenvalue
analysis for the full system is conducted to evaluate the
first two eigenvalues. The eigenvalue analysis con-
ducted with a hybrid of Jacobian and subspace methods
shows that the first two eigen-periods are 0.803sec and
0.448sec for the ground with unit weight of 14.3kN/m’
and 0.766sec and 0.431sec for the ground with unit
weight of 15.8kN/m’. However, it should be pointed
out that in the case of nonlinear analysis, eigenvalue
analysis is only related to the initial stiffness. A
Rayleigh-type damping is adopted, and the damping
coefficients of the structures and the ground are as-
sumed to be 2% and 10%, respectively, in the dynamic
analysis of the full system. Although the stiffness of
the ground, the piles, and the upper structure may
change because of the nonlinearity of these materials,
the viscous matrix calculated from the Rayleigh-type
damping is assumed to be constant irrespective of the
changes in the stiffness matrix in this study.

The tij model parameters for Toyoura standard sand
are well defined in many related studies published in
Japan, and they are, except for the stress-dilatancy pa-
rameter o, obtained in static loading tests. However,
they should be reviewed closely in a dynamic analysis.
Therefore, the soil parameters of Ground I and II are
first calibrated by centrifugal vibration tests, and then
the physical model tests of Single pile I and II are
simulated using the same calibrated parameters. Ac-
curacy and consistency of the applied numerical tool
can thus be proven after such process.
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Fig. 5 Finite element mesh for Ground I and II
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Fig. 6 Finite element mesh for Single pile I and II

5. RESULTS AND DISCUSSIONS

5.1 Ground I and II Cases

The response acceleration time histories for Ground I
and II are plotted in Figs. 7 and 8, respectively. The
numerical results agree well with the physical model
test measurements obtained at ACC4, ACC3, and ACC2
located at 3.51m, 5.76m and 8.46m beneath the ground
surface in prototype scale. A reasonable agreement
between the computed and the observed results in those
figures shows that the equal-displacement boundary
condition used between the two-side boundaries is able
to keep the marked points away from the disturbances
induced by the two-side boundaries in the numerical
simulation. This type of numerical boundary condition
is a more efficient but simple way to take into account
the boundary effect in coding a dynamic FE analysis
than absorbing boundary condition that may be more
complex. However, the reason causing the obvious
discrepancy of magnitudes and time of peak accelera-
tions could be the soil model over estimated the stift-
ness of the grounds during phase transformation.

Stress-strain relationship of the soil elements which
is Sm beneath ground surface in Ground I and II are
reproduced in Fig. 9 using the numerical tool. It illus-
trates that the deformation of the softer ground is larger
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than that of the stiffer one. Also, the two hysteretic
loops show that the dynamic response of the soils has
reached plastic state in this seismic event and that the
attention must be paid to the need for an appropriate
elasto-plastic model in order to take into account soil
behaviors in large vibration than just a simple model.
Although the numerical simulation for ground behavior
under a major earthquake should consider the nonlin-
earity due to changing stiffness of ground, a constant
viscous matrix is proven to be effective.

5.2 Single Pile I and II Cases

The response acceleration time histories for Single
pile I and II are plotted in Figs. 10 and 11, respectively.
The physical model test measurements were obtained at
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GAS, GA4, GA3 and GA2 located at 1.26m, 3.51m,
5.76m, and 8.46m beneath the ground surface in proto-
type scale. It is evident that except from Ssec to 10sec,
the numerical prediction of the accelerations for Single
pile I is relatively accurate at most of the time when
compared to the physical test results. The discrepancy
may be due to the pile volume effect in the physical
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model test that is not considered in the numerical model,
and it shows that the volume of pile has more signifi-
cant effect in the softer ground and during the period of
large vibration. On the other hand, the pile volume
may not affect as much in the case of Single pile II in
which the ground is consisted of denser sandy soils.
However, it is necessary to point out that the computed
and the observed response accelerations agree well with
each other on the top of Single pile I and II regardless of
the pile volume effect.

The bending moment time histories for Single pile I
and II are plotted in Figs. 12 and 13, respectively. The
physical model test results were obtained from BM4,
BM3, BM2, and BMI1 located at 1.26m, 3.51m, 5.76m,
and 8.46m beneath the ground surface in prototype scale.
It can be seen from the figures that the calculated bend-
ing moments agree relatively well with the observed
ones mostly during the time period of less than 7sec.
It may be the reason that the damping of the prototype
structure was different from that used in the analysis.

5.3 Further Analysis of the Results

Comparing the bending moment time histories for
Single pile I and II, the amplitude of the computed and
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the measured bending moments on pile head in Single
pile II is larger than that in Single pile I due to the
denser ground. The results also provide some level of
confidence for the parameters employed and the nu-
merical techniques applied in the analysis, and it indi-
cates indirect validity for the experimental and the
measurement techniques.

It needs to be pointed out again that the pile in the
physical models is represented numerically by beam
element that is not able to take into account either the
actual shape or the volume of the pile in a numerical
model. The comparisons between the computed and
the observed responses of both bending moment and
acceleration of the pile demonstrate the validity of em-
ploying the method with some level of confidence.
However, the volume and shape of pile must be consid-
ered if the attention in future study is paid on the soils
closer to the pile foundation or/and in a relative soft
ground, and the elements such as plate element, shell
element, or solid element could be used to represent pile
volume if more accurate bending moment responses of
the pile are to be obtained.
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Also, soil density is modeled as the control factor in
this paper, and it was observed that simulations for
Ground II and Single pile II that are installed in denser
sandy ground exhibit a better agreement than that of
Ground I and Single pile I with looser sandy ground.
The reasons for such results could be (1) the limitations
of the soil model for prediction of behavior of loose
sandy soils or (2) the density control effect for loose
sandy ground in the physical model tests.

6. CONCLUSIONS

By comparing the results of a numerical three-
dimensional analysis to that of centrifuge tests, the fol-
lowing conclusions are obtained.

1. By examining the proposed numerical tool using a
series of physical tests, the numerical code is proven
to be consistent, and the soil model parameters are
confirmed in a rigorous way.

2. The numerical predictions of Ground I and Single
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pile I, of which the ground consists of softer soil, and
Ground II and Single pile II, of which the ground
consists of harder soil, exhibit a reasonable agree-
ment with the experimental work. The results show
that the employed soil constitutive model, tij sand
model, is able to properly reproduce seismic re-
sponse of different grounds.

3. In this study, methodologies that employ constant
viscous matrix and equal-displacement boundary
condition in dealing with a complicated dynamic
analysis for soil-pile-superstructure system are ex-
plained, and their effectiveness is demonstrated by
comparing with the physical model tests.

4. It is possible to use a beam element for pile repre-
sentation without considering its shape and volume
in a numerical simulation to measure the response
acceleration when attention is paid on the pile head
and on the soil away from the pile foundation.
However, when attention is paid on the soil close to
the pile, which is thought to be strongly influenced
by the pile foundation especially when the grounds
are soft, the shape and volume of pile should be con-
sidered with a good consideration in future study.

5. With an assumption that the pile and the surrounding
soil bond perfectly with each other during shaking,
no interface element was employed in the study. At
the level of shaking employed in this study, such
assumption may be acceptable.

6. The numerical tool is better at simulating the models
with denser sandy soils than those with soft ones
possibly due to the limitations of the soil model
and/or the density control effect on loose sandy soils.
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