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Synopsis

Seismic response of end bearing piles supporting simple structures founded on a
homogeneous dense sand layer over rigid rock is studied using a geotechnical centrifuge
at DPRI-KU. Experiments are carried out under the centrifugal acceleration of 40G. The
pile foundation is excited by a shaking table at the pile tip with and without the
superstructure using sinusoidal waves with different amplitudes and different
frequencies to investigate the inertial effect of the superstructure on the pile response.
Nonlinear dynamic analyses using the 2-D finite element (FE) method are compared to
the recorded responses during shaking in the centrifuge. The soil-pile interaction in 3-D
is idealized in 2-D type using soil-pile interaction springs with hysteretic nonlinear load
displacement relationships. Computed time histories of pile head acceleration and
displacement, except for bending moment, were consistent with those obtained from
experiments. Numerical analysis tends to under-estimate the maximum value of the
bending moment, because of the empirical procedure for the setting of soil-pile

interaction springs.
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1. Introduction

In highly seismic areas such as Japan, seismic
soil-pile-superstructure interaction (SSPSI)
problems have received considerable attention in
recent years. Although, the shortage of data from
actual earthquakes limits the further progress in this
research field, it motivates researchers to perform
centrifuge and shaking table model tests. The use of
centrifuge tests offers the advantages of modeling
complex systems under controlled condition. Also,
numerical models procedures can be calibrated and
improved or modified for phenomena that may not
have been adequately accounted for in a model
(Rayhani and EI Naggar, 2008). Several numerical
and analytical methods have been proposed for the
analysis of SSPSI based on simplified interactions
models such as the beam on dynamic Winkler

Foundation approach (Kagawa and Kraft, 1980;
Allotey and EI Naggar, 2008), as well as those
based on more rigorous FEM (Cai et al., 1996:
Rovithis et al., 2009), or BEM (Padrén et al., 2007),
formulations. These methods utilize either
simplified two-step methods that uncouple the
superstructure and foundation portions (Gazetas
1984; Beltrami et al., 2005) or a fully coupled
SSPSI system in a single step (Kaynia and
Mahzooni 1996; Mylonakis et al., 1997). Although
the former provides insights as to the distinct role of
inertial and kinematic interaction, the latter gives a
direct and more convenient estimation of the
complete system response (Rovithis et al., 2009).
The coupled 3-D FE approach is most
representative of the SSPSI system, but is
computationally intensive and time consuming.
Ozutsumi et al., (2003) proposed a method to
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idealize the soil-pile interaction in 3-D into the 2-D
type using soil-pile interaction springs that connect
pile elements to 2-D meshes of a soil profile.

This article presents experimental results and
analysis of centrifuge tests that were conducted to
investigate the SSPSI then the experimental results
are used to check the applicability of the 2-D FE
program FLIP incropating the interaction spring
proposed by Ozutsumi et al., (2003). A schematic
view of the system under investigation is shown in
Fig. 1. Details of centrifuge models with test results
and the FE models are briefly summarized. Then
the results of the FE and centrifuge models are
compared in terms of time histories of soil and
structural responses. The test results of centrifuge
are presented in terms of prototype unless otherwise

stated.
Superstructure
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Fig.1 A schematic view of the system under
investigation

2. Experimental setups and procedures

The model tests were performed using the
geotechnical centrifuge at the Disaster Prevention
Research Institute, Kyoto University (DPRI-KU).
The centrifuge has a radius of 2.5 m and consists of
a balanced arm with dual swing platforms. The
maximum capacity is 24 g-tons with a maximum
centrifugal acceleration of 200 g. A shake table
driven unidirectionally by a servo hydraulic
actuator is attached to a platform and it is controlled
through a personal computer (PC) on the centrifuge
arm. All the equipment necessary for shake table
control is put together on the arm. The PC is
accessible during flight from a PC in the control
room through wireless LAN and “Remote Desktop
Environment”. The shake table has the capacity of
15 kN, 10g and £ 2.5 mm in maximum force,

acceleration and displacement, respectively (Tobita
et al., 2006). All tests were carried out in the
centrifugal acceleration field of 40g using a rigid
soil container with inner dimension of 0.45 m (L) x
0.15 m (W) x 0.29 m (H).

The model ground in this study was made of
Silica sand No. 7 having the physical and
mechanical properties shown in Table 1 and the
particle size distribution curve shown in Fig. 2. A
dry sand deposit was prepared by air pluvation.
After fixing the pile in a bottom plate in the soil
container base, silica sand was rained in 1 g field
using a hopper fixed at the specified height until the
sand deposit formed 11.6 m thick deposit (290 mm
in model scale). The sand deposit was then
consolidated in 40 g centrifugal acceleration field
for 5 min. By measuring the heights of the ground
surface after the consolidation, relative density was
obtained as 85%. The soil was instrumented with
accelerometers at different depths.

Table 1 Physical properties of Silica sand No. 7
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1.19 0.710 0.13 1.875 2.66
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Fig. 2 Particle size distribution curve for Silica

sand No.7
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The pile was placed in the model before the soil
was pluviated, attempting to simulate a pile
installed with minimal disturbance to the
surrounding soil, as may be the case when a pile
inserted into a pre-augered hole. Seven strain
gauges were placed at different locations along the
pile to measure bending moments. The single pile
was supporting a simple structure consisted of pile
cap, column, and superstructure mass as shown in
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Fig. 1. The pile cap and the superstructure mass
were instrumented with LDTs and accelerometers to
measure their displacements and accelerations.
Material properties of model pile, pile cap, column,
and superstructure mass used in this study are
shown in Table 2, Table 3, Table 4, and Table 5
respectively. For the pile cap and the superstructure
mass, the centrifuge scaling relations were applied
based on mass and stiffness.

Four sinusoidal waves as input base
accelerations with different amplitudes and
different frequencies as shown in Table 6 were

Table 2 Properties of pile modeling

Steel tube

Model Prototype  Units
Length 0.29 11.6 m
Outer diameter 10 400 mm
Wall thickness 0.75 30 mm
Young’s modulus 206 206 GPa
Moment of inertia | 2.35x10?> 6.00x10®° mm*
Bending stiffness | 48.41 1.24x10°  MN-mm?

Table 3 Properties of pile cap modeling

applied in series to the system without the
superstructure mass. Then the superstructure mass
was added and the three input base accelerations
were applied to the system with the same previous
manner.

Table 6 Input base motions

Base acceleration Max amplitude (g) Frequency (Hz)

1 0.005 0.1
2 0.084 05
3 0.317 1.0
4 0.136 2.0

Model Prototype Units
Mass 0.3792 24231 kg
Moment of inertia | 9.0x10*  2.33x10*  mm*
Bending stiffness | 1.85x10* 4.75x10°  MN-mm?

Table 4 Properties of column modeling

Steel tube

Model Prototype Units
Length 0.075 3.0 m
Outer diameter 10 400 mm
Wall thickness 0.75 30 mm
Young’s modulus | 206 206 GPa
Moment of inertia | 2.35x10>  6.00x10®°  mm*
Bending stiffness | 48.41 1.24x10%8  MN-mm?

Table 5 Properties of superstructure mass

Model Prototype Units
Mass 0.297 19008 kg
Moment of inertia | 1.41x10*  3.61x10*° mm*
Bending stiffness | 2.90x10°  7.42 x10°  MN-mm?

3. Test results and discussion

Fig. 3 shows the time histories of the pile cap
displacements for all studied cases: the solid and
broken lines correspond to the cap displacements
with and without superstructure, respectively. It is
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Fig.3 Time histories of pile cap displacement; 0.1

Hz (a), 0.5 Hz (b), 1.0 Hz (c) and 2.0 Hz (d)
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worth to note that the effect of the inclusion of the
superstructure on the pile cap displacement is not
the same for all tested cases but it is frequency
dependent. For the first three cases (0.1, 0.5, and
1.0 Hz), the effect of the superstructure is to
increase the pile cap displacement. This effect is
reversed when the frequency of the input motion is
increased to 2.0 Hz.

Fig. 4 shows the maximum amplitudes of pile
cap displacement versus the frequency of input
motions. The variation of pile cap displacement
amplification relative to ground surface (free field)
displacement (Ug,p /Ug) is also shown in Fig.5.
From These two figures, the following trends can be
noted:

1. The fundamental frequency of the system
with the superstructure (approximately
about 1.0 Hz) is smaller than that of the
system without the superstructure (higher
than the range of the studied cases). These
values are consistent with the preliminary
estimation (modal analysis) of the
fundamental frequencies of the systems
with and without the superstructure.
Research is still on going and therefore
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Fig.4 Maximum pile cap displacement variation
with frequency
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Fig.5 Amplification ratios of pile cap
displacement relative to free field displacement
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experimental cases of input motions with
higher frequencies will be conducted later
to confirm this observation.

2. At low frequencies, the pile cap
displacements of both cases with and
without the superstructure is negligable
compared to the free field displacement
due to the high rigidity of the pile that
constrains the pile movement relative to

the soil movement especially at low
frequencies as shown in Fig. 5. This
means that the pile response at low

frequencies is controled by its bending
rigidity rather than kinematic (from soil) or
inertial (from structure) effects.

3. The amplification of the pile cap
displacement (with the superstructure)
initates at low frequency (about 0.5 Hz)
compared to the corresponding pile cap
displacement (without the superstruture)
that intiates from a frequency close to 0.8
Hz as shown in Fig. 5. This difference
between frequencies is due to the inertial
effect, comes from the superstructure mass,
and it tends to increase the pile cap
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Fig.6 Pile cap and superstructure accelerations time
histories; 0.1 Hz (a), 0.5 Hz (b), and 2.0 Hz (c)



displacement relative to the free field
displacement up to 1.0 Hz input motion
(equal to the fundmental frequency of the
system). In this range, its obsarved that the
pile cap and superstructure = mass
accelerations are in phase. After this
frequency (1.0 Hz), the pile cap and
superstructure mass accelerations are out
of phase as shown in Fig. 6 thus the
superstructure mass tends to decrease the
pile cap displacement.

Fig. 7 illustrates the inertial effect of the
superstructure on the peak bending moment profile,
calculated as extreams bending moments at
different depthes along the pile for 0.5, 1.0, and 2.0
Hz cases. The figure declares that the effect of the
superstructure on the bending moment profile is
simillar to its effect on the pile cap displacement.

4. Numerical simulation

The 2-D FE program FLIP (Finite element

analysis program for Llquefaction Process) (lai et al.

1992) is employed in this study. Soil is modeled as
having the multi-shear mechanism. Parameters for
sand used in the FE analysis were determined
referring to the results of laboratory tests on Silica
sand No. 7 as shown in Table 7. The bulk modulus
of the soil skeleton K was determined assuming a
Poisson’s ratio v of 0.33. The pile and the column
are modeled with Bilinear one-dimensional beam
elements. Table 8 defines the model parameters of
pile and column elements. Linear plane elements
with two degrees of freedom per node were used to
model the pile cap and the superstructure mass. The
soil-pile interaction in 3-D is idealized in 2-D type
using soil-pile interaction springs with hysteretic
nonlinear load displacement relationships. While
the conventional spring elements used in the
analysis of soil-pile interactions are embedded in
the same plane of the 2-D FE analysis domain, the
soil-pile interaction spring used in this study is a
spring that connects a free pile to a 2-D cross
section of soil (details of soil-pile spring can be
found in Ozutsumi et al. (2003).

5. Comparison of calculated and recorded
responses
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Fig. 7 Peak bending moment profile: 0.5 Hz (a),
1.0 Hz (b) and 2.0 Hz
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Table 7 Model parameters for soil elements.

Density, p v - Hinax
(t/m3) Gma O ma Z
(kPa) (kPa)  (deg)
1.5 5.1x10* 0.33 57.11 38 0.20

Table 8 Model parameters for pile and column elements.

Initial Flexural
Gs o p flexural rigidity after
(kPa) t/m?) rigidity yield
(kPa) (kPa)
7.75x10°  0.29 7.9 3.64x10° 2.47x10°

Recorded and calculated responses of soil and
pile cap for input motion of 0.5 Hz without the
superstructure mass are compared in Fig. 8. The
computed time histories of ground acceleration, pile
cap aceleration, and pile cap displacement are
consistent with the recorded ones in terms of their
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Fig. 8 Comparison of recorded and calculated
ground and pile cap responses, without the
superstructure, 0.5 Hz

amplitudes and phases. Thus the FE analysis
reproduced soil and pile cap responces reasonably
well.

Recorded and calculated responses of soil, pile
cap, and superstructure mass for the same input
motion after adding the superstructure mass are
compared in Fig. 9. The general trend of ground
acceleration, pile cap aceleration, and pile cap
displacement records was satisfactorily predicted in
terms of their amplitudes and phases. The computed
time history of superstructure acceleration is also
consistent with the recorded one.

Figure 10 plots the peak bending moment
profiles, calculated as extreams bending-moments
at different depthes along the pile for input motions
of 1.0 Hz and for both cases with and without the
superstructure mass. This figure compares the
depths where the maximum moments were
measured and computed. The difference between
the measured and computed depths of the maximum
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Fig. 9 Comparison of recorded and calculated
ground, pile cap and superstructure responses, 0.5
Hz
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bending moment was about 1.5 m. The computed
depths where the bending moment returned to zero
were consistent with the measured ones. The
difference between the measured and computed
depths was within 1.0 m.. For the system without
the superstructure mass, the computed bending
moment profile agreed well with the measured one.
The FE is also successful at predicting the increase
of peak bending moment profile after adding the
superstructure mass but the computed increase of
bending moment differed from the recorded one.
Numerical analysis tends to under-estimate the
maximum value of the bending moment and this
may be due to the empirical procedure for the
setting of soil-pile interaction springs.
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Fig. 10 Comparison of recorded and calculated peak
bending moment profile, 1.0 Hz

6. Conclusions

To study the Seismic response of end bearing
piles supporting simple structures, centrifuge
experiments are conducted. Experimental results
show that the inertial effect of the superstructure on
the pile response is frequency dependent and the
pile response at low frequencies is controled
basicaly by its bending rigidity rather than
kinematic (from soil) or inertial (from structure)

effects. With the increase of the input motion
frequency, the inertial effect of the superstructure
on pile cap displacement strates to appear and the
pile cap displacemnt reaches its maximum value
relative to the free field displacement when the
frequency of the input motion becomes equal to the
fundamental frequency of the system, then the
relative displacement of the cap gradually decrease
because of the reversion of the inertial force
direction.

Numerical analysis based on the effective stress
analysis, FLIP, properly simulated ground surface
acceleration, pile cap acceleration, pile cap
displacement, and superstructure acceleration with a
reasonable degree of accuracy. However, numerical
analysis tends to under-estimate the maximum
value of the bending moment, because of the
empirical/internal procedure for the setting of
soil-pile interaction springs.
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