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Synopsis

Results of a series of centrifuge experiments to study the dynamic response of pile
foundations under lateral spreading were compared to the results of numerical analysis.
Experiments were carried out under the centrifugal acceleration of 40 G. Piles in the model
foundation were lined up 3 by 3 pattern with a spacing of three pile diameter, and both pile head
and bottom were rotation fixed. Piles were placed in the inclined ground of saturated sands and
applied lateral loads due to the ground deformation. The effective stress finite element analysis was
conducted to simulate these experiments. Computed time histories of pile head acceleration and
displacement were consistent with those obtained from experiments. However, much smaller
surface ground deformation in simulation might cause small amplitude of bending moments. Some
calibration in the numerical modeling may be required to have more consistent results on bending

moments.
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1. Introduction

Many waterfront structures are built on deep
foundations which are vulnerable to lateral loads
especially due to the ground deformation during and after
large earthquakes. Liquefaction-induced lateral spreading
is one of the major causes of that ground deformation.
(e.g., Mizuno 1987; Matsui and Oda 1996; Hamada and
O'Rourke 1992; O'Rourke and Hamada 1992; Tokimatsu
and Asaka 1998). Pile foundations not only support the
inertial loads of the superstructures but also suffer the
lateral loads due to the ground deformation. Therefore,
the dynamic behavior of soil-pile system have been
intensively studied for the last decade. Dynamic behavior
of pile foundations is highly nonlinear and influenced by
numbers of parameters, such as material of a pile and soil,

pile diameter and spacing, natural period of
superstructures and soil-pile system. To study such a
complicated phenomena, full scale experiment, although
cases are limited, have been conducted (e.g., Brown et al.
1988; Peterson and Rollins 1996; Ashford and Rollins
2002). Brown et al. (1987) conducted large-scale tests for
group pile subjected lateral load and proposed the
p-multiplier concept to reshape the p-y curve of single
pile to take into account the group effect. Rollins et al.
(2005ab) conducted lateral loading tests with a full-scale
pile group under blast-induced liquefaction and
developed p-y curve for liquefied ground.

Instead of carrying out those full scale experiments,
numerous small scale model tests have been employed
using shaking tables or the geotechnical centrifuge (e.g.
Tobita et al. 2004). Abdoun et al. (2003), for example,



conducted centrifuge experiments with a slightly inclined
laminar box to study pile response under lateral spreads
of 0.7 t0 0.9 m. One of their results is consistent with the
observation that the maximum permanent bending
moments occurred at the boundaries between liquefied
and non-liquefied ground.

Numerical simulation is also widely used to simulate
the dynamic response of pile foundations (e.g. Reese et
al. 1996; Kitade et al. 2004). Most of two dimensional
model uses p-y curve concept, or soil-pile interaction
spring, that is required to simulate the three dimensional
effects, such as slippage of soils near a pile surface.
Therefore, it is important to properly determine the
soil-pile interaction spring for a reasonable estimate of
pile response. In the present study, the interaction spring
obtained by the method proposed by Ozutsumi et al.
(2003) is used to simulate those afore mentioned three
dimensional effects observed in centrifuge experiments,
and that is of prime objective of this paper.

2. Centrifuge modeling for group pile behavior
under lateral spreading

Experiments were carried out with the geotechnical
centrifuge at the Disaster Prevention Research Institute,
Kyoto University (DPRI-KU). The centrifuge with

Table 1 Soma-Silica sand No. 5.
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Fig. 1 Particle size distribution curve for Soma-Silica
sand No.5.

rotation radius of 2.5 m has dual swing platforms at both
ends of arms. The maximum capacity is 24 G-tons with a
maximum centrifugal acceleration of 200 G. A shake
table unidirectionally driven 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
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Fig. 2 Cross section of centrifuge model.



“Remote Desktop Environment” of WindowsXP
(Microsoft, 2003). Capacity of the shake table is 15 kN,
10G and #5 mm in maximum force, acceleration and
displacement, respectively. Base excitation was given to
a rigid soil box.

The uniform model ground was made of Soma-Silica
sand No. 5 having the physical properties shown in Table
1 and the particle size distribution curve shown in Fig. 1.
To study the behavior of pile foundations under lateral
spreading, the model ground surface was inclined with
the target inclination of 26.6° to the horizontal
(vertical/horizontal=1/2) as shown in Fig. 2 and Photo 1,
thus simulating rather steep slope which might be
encountered in port facilities. The ground had flat part in
downstream to simulate the sea floor. Sands were slowly
sprinkled over the soil box filled with a viscous fluid.
The target relative density of the ground was set to be
40 %. However, slightly lower values were obtained for
all the cases as shown in Table 3. During the preparation
of inclined ground, some fraction of surface soils were
slowly moved downward due to the gravitational force,
that might caused a development of the loose surface
deposit.

A viscous fluid made of Metolose (Type: SM-25
Shin-Etsu Chemical Co.) was used to properly simulate
pore water pressure dissipation during and after shaking.
Metolose is water-soluble cellulose made of organic
material. After preparing in the room temperature, the
fluid was tested using a viscometer to achieve the
specified viscosity (40cSt for 40g centrifugal
acceleration) before pouring sands. There might be slight
difference between the room temperature and the
temperature in the centrifuge pit during flight but the
effects of the difference was considered negligible
because the duration of flight is about 20 to 30 min
before the dynamic loads were applied.

A pile with a 7 mm diameter brass tube simulated a
prototype diameter pile of 0.28 m at 40 G. Other
dimensions and mechanical properties of a model pile
are shown in Table 2. As shown in Fig. 2, group piles
were lined up 3 by 3 with a spacing of 3 times a pile
diameter. Both the pile top and bottom were set in
rotation fixed condition. To achieve the fixity condition
at the pile head, each pile in group was squeezed into a
hole on an aluminum plate of 2 mm thickness, then a
mass of 2.7 kg was placed on top and tied up with the
plate. The weight of mass was determined so that the
natural period of soil-pile system becomes about one

Photo 1 Side view of the model ground.

Table 2 Model pile properties.

Model  Prototype Un

Length 0.25 10 m
Outer diamter (D) 7 280 mn
Wall thickness 0.9 36 mn
Young's modulus (E) 101 101 Gp.
Moment of inertia of area (1) 82 2.1x10° mm
Bending stiffness (El) 8.2 2.1x10°  MN-n

Table 3 Experimental condition.

Input Dr (%)
Cs1 Sin 35.4
CSs2 Near Field 36.0
CS3 Plate Boundary 35.5
CS8 Plate Boundary 40.5

second. The bottom of each pile was plugged into a hole
on a hottom plate.

In a series of model tests, 6 accelerations, 2
displacements and 15 strain gage readings of a pile, and
4 pore water pressures were measured as shown in Fig. 2.
A laser displacement sensor was used to measure pile
head displacement. Accelerometers of strain gage type
and pore pressure transducers of semi-conductor type
were used. Total four cases are presented in this study as
listed in Table 3, CS1: sinusoidal input with 40 Hz, CS2:
synthesized near-field earthquake, CS3: synthesized plate
boundary earthquake, and CS8: duplicated test of CS3.
Input accelerations measured at the base of soil box are
shown in Fig. 3. In what follows, units are all in
prototype, unless otherwise noticed.

2.1 Ground Deformation After Shaking

Tracing the shape of the ground surface before and
after shaking, and vertical markers attached on the inside
of soil box, the ground deformation pattern is drawn as
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Fig. 4 Ground deformation after shaking.
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Fig. 3 Input acceleration in centrifuge experiments.

shown in Fig. 4. Large ground deformation of 2 to 4 m
was occurred after shaking. It is clear that duration of
shaking, i.e., 10, 60, and 100 seconds for CS1, CS2 and
CS3/CS8, and the magnitude of surface displacement
proportionally increase, and as duration becomes longer
the ground surface tends to become flat. For CS1,
compared with other cases the ground at deeper depth

was mobilized and the surface displacement is about 3 m.

While for CS2 and CS3/CSS8, the surface displacements
are, respectively, about 2 and 6 m, and the ground at
shallower depth was mobilized. The pattern of the
ground deformation of CS8 is consistent with the one of

CSs.

2.2 Pile Head Acceleration, Pile Head Displacement

and Excess Pore Water Pressure

Results of a series of centrifuge experiments, CS1, CS2,
and CS3, are shown in Fig. 5. Piles had no permanent
deformation after experiments and therefore were within
an elastic range. Initial vertical effective stress drawn in
Fig. 5 is computed based on the vertical depth of the
sensors (P1) from the ground surface. Comments for
each case are as follows:

CS1: Compared with the input acceleration shown in
Fig. 3, the peak of measured pile head acceleration in
Fig. 5 seems to be reduced with the development of
excess pore water pressure. The pile head is shifted
downward about 400 mm after about 5 seconds and
the residual displacement of 300 mm is measured.
CS2: Compared with the input acceleration shown in
Fig. 3 (b), pile head acceleration is amplified about
100 %, even after the soil is liquefied. The pile head is
moved downward with the maximum displacement of
600mm, and the residual displacement of about 80
mm is observed.

CS3: The pile head acceleration is amplified similarly
to CS2. Maximum displacement is 600 mm in
downstream, and residual displacement is about 80
mm. Compared to the ground deformation of about 6
m as shown in Fig. 4, the residual displacement is
small. This is because liquefied soil is soft enough to
pass through the space between the piles.
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Fig. 5 Time histories of pile head acceleration (a) and pile head displacement (b) and excess pore water pressure ().
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Fig. 6 Duration of shaking and pile head displacement

The relation between the duration of liquefaction and
the pile head displacement obtained from a series of the
experiments is summarized in Fig. 6. It is clearly shown
that the residual pile head displacement becomes smaller
as duration of liquefaction becomes longer, although, as
mentioned earlier, the ground deformation contrary
becomes larger. This is because liquefied soils are soft
enough to pass through the space between piles. From
the residual displacement of CS2 and CS3, the resistance
force of pile and lateral force of the deformed ground
may be in equilibrium at the pile head displacement of
80 mm.

3. Numerical simulation

Two dimensional effective stress finite element
analysis, FLIP (lai et al. 1992), is employed. Research is
still on going and therefore results of CS2 only are
presented. Physical properties of soil corresponding to
the SPT value of 5 were assumed because of the lack of
experimental results of the soil used in the centrifuge
tests. Soil is modeled as having the multi-shear
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Fig. 7 Liquefaction strength curve.

mechanism and piles are modeled with elastic beam
elements. No joint elements but soil-pile interaction
springs are implemented between soil and pile elements.
The liquefaction strength curve in simulation is shown in
Fig. 7. The meshes before and after the shaking are
shown in Fig. 8. Compared to the one shown in Fig. 2,
the pattern of ground deformation is similar but the
magnitude of deformation is computed small. Pile head
acceleration and displacement are compared in Fig. 9.
The shape and amplitudes of both acceleration and
displacement are consistent with the results of the
experiment, except high spikes on the measured
acceleration, and the amplitude of displacement which is
computed smaller than the measured when piles moved
downward.

Time histories of excess pore water pressure of P1 and
P2 shown in Fig. 10 agree with experiments, however,
for those of P4 and P5, simulation gives build up of
pressure about one to two seconds earlier. Simulated
pore pressure adjacent to piles may depend strongly on
the response of piles. The elements to plot P4 and P5 are
adjacent to the pile and therefore they may be subject to
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Fig. 10 Comparison of excess pore water pressure: CS2.

large shear compared to the elements of P1 and P4
surrounded by soil elements.

Time histories of bending moment for the downstream
pile (GD1, GD3, and GD5) are plotted in Fig. 11.
Computed bending moments from GD1 and GD3 are
consistent with measured in terms of their amplitude and
phase. As shown in Fig. 2, however, those are located
above the ground surface. For the bending moments
located under ground, GD5, computation gives smaller
amplitude after 8 seconds than the ones measured in the

experiment, This may be attributed to the small ground
deformation in simulation, and require some calibration
in the numerical model. Bending moments in depth is
plotted in Fig. 12 for the time of 5.6 sec (a) and 41.8 sec
(b). In Fig. 12(a) at t=5.6 sec, the trend of the curve is
similar each other, however, at time 41.8 sec shown in
Fig. 12(b) piles above the ground surface were mostly
bent in computation.

4. Conclusions
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Fig. 11 Comparison of time history of bending moment of downstream pile: CS2.
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To study the dynamic response of pile foundations
under liquefaction-induced lateral spreading, centrifuge
experiments are conducted with inclined ground surface.
Experimental results show that the duration of
liquefaction is inversely proportional to the residual pile
head displacements because liquefied soils are soft
enough to flow between piles and give less lateral force
and enough time for piles to be unloaded. This may
possibly be observed in pile supported waterfront
structures. However, the piles have to survive large
lateral force that gives the maximum pile head
displacement.

Numerical analysis based on the effective stress
analysis, FLIP, properly simulated pile head acceleration,
pile head displacement, and bending moment above the

ground surface with a reasonable degree of accuracy.
However, the ground deformation and the bending
moments of piles under ground were simulated to be
small compared to the one in the experiments. Further
calibration is required numerical model.
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