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Centrifuge model tests on seismic behavior of piled raft foundation
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ABSTRACT: Dynamic centrifuge model tests on a piled raft foundation with soil-cement
column walls (DMWs) were conducted in the 50 g field in order to investigate the sectional
forces on piles during large earthquakes by which the DMWs can be partially failed. The mini-
ature DMW model was made of soil-cement. The vertical load sharing ratio of piles was
about 20 % before and after the shaking and also during the shaking. On the other hand, most
part of the lateral inertial force was transferred to the DMWs due to the friction between the
raft and the DMWs. Therefore, the lateral load sharing ratio of piles was considerably small,
only about 1 % in a small earthquake and about 10 % even in a large earthquake. After the
shaking tests, the DMWs were observed, the result of which indicated that several cracks were
locally induced in the walls.

1 INTRODUCTION

A piled raft foundation is recognized to be a considerably economical foundation system to
control the settlement of a foundation to an acceptable level without compromising the safety
and performance of the foundation by using piles as settlement reducers, and this type of
foundation system was applied in various countries (Poulos 2001 and Yamashita et al. 2011).
Normally piled raft foundations cannot be applied to soft clays or liquefiable ground without
any ground improvements. Recently piled raft foundations combined with grid-form soil-
cement column walls /deep mixing walls (DMWs), which are one of the most efficient counter-
measures against liquefaction, have been applied to the real buildings. The field measurements
of long-term and seismic behaviors of the buildings supported by piled rafts with DMWs were
also performed to confirm the validity of their foundation designs (Yamashita et al. 2012).
Furthermore, Tanikawa et al. (2015) proposed a mechanical joint adding dents and bumps at
the top surface of DMWs in order to ensure transmission of large lateral forces such as
unsymmetrical earth pressure or seismic inertia force of a superstructure into the DMWs.
Some researchers conducted numerical analyses using elasto-plastic models to investigate

the seismic behaviors of grid-form DMWs (Namikawa et al. 2007, Shigeno et al. 2017 and
Yamashita et al. 2012), and concluded that the local failures of the DMWs were not the
causes of the reduction in the potential for liquefaction mitigation. However, the local failures
of the DMWs are not acceptable in the existing method of allowable stress design. If a local
failure can be appropriately taken into account, the DMWs can be designed more rationally,
using a performance-based seismic design method (Yamashita et al. 2018). Up to the present,
a lot of shaking table tests on cement mixing walls have been carried out by using centrifuges
(e.g. Babasaki et al. 1992). Most of them have used acrylic resin models, the shear modulus of
which is equivalent to that of real soil-cement in order to investigate the effect of preventing
liquefaction during earthquakes. Several researchers recently conducted centrifuge model tests
on grid-form DMWs using real soil-cement models (Tamura et al. 2015, Khosravi et al. 2016
and Hamada et al. 2017). Khosravi et al. (2016) used soil-cement with an unconfined compres-
sive strength of 450 to 770 kPa and investigated the effect of the area replacement ratio and
improved depth on the global responses of the soft clay ground. Hamada & Honda (2017)
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investigated the failure behavior of soil-cement walls in the liquefiable sandy ground using
soil-cement with an unconfined compressive strength of about 4000 kPa which supported the
superstructure’s weight of 206 kPa. These results show no significant change of the natural
period and settlement even if the soil-cement was locally cracked.
This paper offers dynamic centrifuge model tests on a piled raft foundation with soil-

cement column walls (DMWs) supporting a plate-shape building on the soft clayey ground.
The plate-shape buildings, which have high aspect ratios, cause large lateral force and large
varying axial force in the foundations. The intensive interactions among the piles, the struc-
ture and the ground will occur. However, only a few model tests have been carried out on pile
foundations in the clayey ground (Kohama & Sugano 2004 and Zhang 2017) because it was
troublesome and time-consuming to prepare model grounds from slurry clay. This paper
employs a new procedure using loam, where a wet tamping method was adopted to reproduce
the soft clayey ground with a shear wave velocity from 100 m/s to 200 m/s (Okumura et al.
2019). The DMWs support a part of the vertical dead load and vertical incremental load
during an earthquake caused by rocking motion of a plate-shape building. Therefore, the ver-
tical load and lateral load at piles during earthquakes can be reduced. The tests were con-
ducted in order to investigate the sectional forces on piles during large earthquakes by which
the DMWs can be partially failed.

2 CENTRIFUGE MODEL TESTS

Centrifuge model tests were performed at an acceleration of 50 g using a 7 meter radius centri-
fuge at Takenaka R. & D. Institute. Figure 1 shows a schematic view of the test model. The
scaling ratio is 1/50. The inner dimensions of the laminar shear box are 1000 mm long, 300
mm wide and 550 mm high. A 2 mm-thick membrane was attached inside the box to make it
watertight.
The superstructure was modeled after a 13 story residential building of 40 m height. Model

piles reproduced prototype precast concrete piles with a diameter of 0.8 m. Four piles made of
aluminum pipes with a diameter of 16.0 mm and a thickness of 1.0 mm were connected to a
slab plate through pile caps. The building model was made of steel parts to reproduce axial
force on a column (9330 kN), and the natural period of the superstructure was 0.412 s at the
1st mode in a prototype scale.

Figure 1. Schematic view of plate shaped building model with DMWs and soft clayey ground.
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2.1 Setting up soft clayey ground model

Cement-treated silica sand with an unconfined strength of about 1400 kN/m2 was used as the
bearing stratum under the pile tips (the layer thickness was 60 mm). After setting of the model
piles in a laminar shear box, the model ground was made of Kanto loam soil as to be soft
cohesive ground, with a shear wave velocity of about 100 m/s. The soft clayey ground was
made from loam, volcanic sandy silt and clay. The advantage of using loam was that it was
easy to control shear stiffness and strength because it had a wide range of water content due
to a wet tamping method. Table 1 shows the physical and mechanical properties of the loam
for the centrifuge models (Okumura et al. 2019). The velocities of the P and S waves in the
specimens for cyclic triaxial tests were also measured under several stress conditions (Table 2).
We used water as pore fluid, instead of viscous fluid with a viscosity of 50 cSt to save time in
the consolidation process of a centrifuge field out of consideration that this substitution
would not affect the permeability during shaking tests because of the loam’s very low perme-
ability (9.0E-07 m/s).

2.2 Setting up soil-cement wall model

Models of improved soil-cement walls were made from Iide silica sand, kaolin clay and blast-
furnace slag cement type B, with a W/C of 60%. After setting a clayey ground model, continu-
ous holes with a diameter of 18 mm (0.9 m in prototype scale) are created in the model ground
by using a drill machine and poured soil-cement into the holes and tamping it as shown in
Figure 2a and b. Figure 2c shows the soil-cement walls after a series of the shaking tests. The
model longitudinal wall was set at the center of the laminar shear box in order to avoid an
effect of the shear box’s boundary.
The unconfined compressive strength of the soil-cement is 6330 kPa on the test day. Sand-

paper was attached beneath the steel structure model (slab plate) to increase the friction
between the structure model and the DMWs.

Table 1. Physical and mechanical

properties of loam used in centri-fuge

model.

Wet density, ρt (g/cm
3) 1.538

Void ratio, e 1.756

Water content, w (%) 63.1

Degree of saturation, Sr (%) 93.4

Cohesion, c’ (kN/m2) 23.5

Friction angle, φ’ (deg.) 35.7

Table 2. Results of PS logging and undrained cyclic triaxial

tests for measuring nonlinear property of loam.

σ’a σ’r σt Vp Vs ν Gd

kN/m2 kN/m2 g/cm3 m/s m/s MN/m2

1 25 25 1.577 461 99 0.476 15.5

2 50 50 1.592 474 102 0.476 16.6

3 100 100 1.594 608 152 0.467 36.8

4 200 200 1.593 833 174 0.477 48.2

Figure 2. Procedure of setting DMWs model and photo after the series of shaking.
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2.3 Setting up transducers

Figure 1 also shows the arrangement of transducers. Piezoelectric accelerometers and pore
water pressure gauges with ceramic filters were used. Eddy-current displacement meters were
installed to measure the vertical displacements at the raft and ground surface.

2.4 Setting up 50 g field and initial conditions

Figure 3 shows the time history of settlements of the ground surface and structure with centri-
fugal acceleration increase up to 50 g. The settlements at the structure’s right and left sides
(DSR and DSL) were about 6.5 mm, whereas those at the ground surface were about 5.7 mm.
A series of the shaking tests were conducted after waiting for about four hours until the centri-
fuge consolidation settled. Figure 4 shows the profiles of pore water pressure after the centri-
fuge consolidation. The water table was observed at GL-7.5 m.

2.5 Earthquake waves and test cases

Shaking table tests were carried out, increasing the acceleration level of the input motion step
by step. Table 3 shows the test step numbers and the corresponding peak accelerations at the
base (2E, E+F), ground and structure at each step. Figure 5 shows an example of twice the
input motion defined as 2E. The input maximum accelerations for the seismic design level, for
example 0.2 m/s2 for Level 1 and 0.35 m/s2 for Level 2 in Japan, are usually used for 2E namely,
the seismic waves at the outcrop. However, the input motion composed of the upward and
downward waves (E+F) was necessary to control the shaking table. Therefore, seismic response
analyses were executed using a one dimensional wave propagation method, SHAKE according

Figure 3. Time histories of centrifugal acceleration and

settlements of ground surface and structure.
Figure 4. Profiles of pore water

pressure after consolidation.

Table 3. Peak accelerations used in shaking table tests.
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to the 2E magnitude level. Table 3 shows the relationship between 2E and E+F. The 2E waves
were controlled so that the peak accelerations might be between 0.5 and 6.0 m/s2.

A series of the shaking table tests were conducted in the order of the step numbers after a
small sine sweep motion. Thereafter, the test results were converted into the prototype scale.
Though peak acceleration levels and corresponding waveforms of the waves used for the tests
were selected so that the levels might be gradually increased (from the lowest to the highest)
step by step, several small input waves were provided at the steps 1, 6 and 9 as intermediate
steps in order to check the changes of the ground’s natural period which occurred according
to softening of the ground and/or the DMWs. At the steps 7 and 8, the large input waves over
6.0 m/s2 of 2E were tuned by the same waveform of E+F as estimated at the step 5.

3 TEST RESULTS

Table 3 also shows the residual settlements of the ground and structure. The values in paren-
theses are the integrated values from the beginning of the step 1 (input acceleration of 0.41 m/
s2). The settlements of the structure reached over 70 mm after the step 5 (input acceleration of
4.39 m/s2).

Figure 6 shows the vertical load sharing ratio which is the sum of the measured axial loads
of four piles against the structure’s gross weight. About 20 % of the weight was supported by
piles, and the rest was supported by soil-cement walls and the original ground. The vertical
load sharing ratio of piles slightly decreased just after the shaking. However, the ratio
recovered at the starting of the next step.
The acceleration response spectra (linear elastic, 5 % damping) for the measured motions in

the steps 1, 5 and 6 are shown in Figure 7. At the step 1 (2E=0.05 m/s2), the response at the
ground surface was amplified at a period of around 0.7-0.9 s, whereas the predominant period
was around 1.4 s at the step 5 (2E=6.0 m/s2) and 1.0 s at the step 6 (2E=0.05 m/s2). The
responses of the raft were almost the same as those of the ground surface at a period over
0.6 s. Namely, the input loss occurred at a period under 0.6 s by the interaction between the
structure, ground and DMWs. The response at the top of the superstructure was amplified at
a period of about 0.5 s which was a natural period of the structure.
Figures 8 shows the time histories of the measured accelerations, horizontal displacements,

settlements and sectional forces of piles amplified between 25 and 45 s including the main
shock at the step 5 (600gal-1). The horizontal displacements at the ground and structure were
calculated by the double integrations from the measured accelerations. The sectional forces of
the piles were calculated by using the strains measured with a couple of strain gauges. The

Figure 5. Example of input motion with a peak acceleration of 3.5 m/s2 defined as 2E.

Figure 6. Vertical load sharing ratios of piles before and after each step.
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bending stiffness, EI, and axial stiffness, EA, of the piles were assumed to be 11.42 MNm2 and
32327 MN, respectively. Those values were incremental from the beginning of the shaking.
The response peak acceleration at the top of the superstructure reached 5.85 m/s2, whereas
those at the raft and ground surface were 2.36 and 3.58 m/s2, respectively. The acceleration at
the raft was similar to that at the ground beneath the raft. Furthermore, the relative displace-
ments at the raft and at the ground beneath the raft were almost the same, which means that
the raft behaved almost with the ground around the raft. Besides, a phase difference was not
observed between the ground and the structure as also shown in Figure 8. The reason is con-
sidered that the natural period of the structure, which was 0.4-0.5 s, was shorter than that of
the ground, which was 1.5 s. The settlements of the ground surface and structure occurred
during the main shock: The structure settled about 30 mm which was larger than the settle-
ment of the ground surface, which was about 18 mm. The dashed lines at Times A and B indi-
cate the times when the inertial forces of the structure were large, i.e., the time of 34.89 s
(Time A) and the time of 37.34 s (Time B). The relatively large bending moments (P1-7 and
P2-7) occurred at the pile head when the inertial forces were large. The structure was tilting to
the left side and to the right side at Times A and B, respectively. The incremental compression
force acted on the pile P1 (left), and the incremental tension force acted on the pile P2 (right)
at Time A. The large bending moment of the piles occurred at the intermediate depth (the
depth of the DMWs toe) at Time C (35.63 s) when the ground displacement was large though
the inertial force of the structure was small.
Figure 9 shows the profiles of the bending moments of the pile_P2 at Times A, B and C with

the peak values. The measured values, which were incremental, were connected by using spline
curves. Figure 10 shows the relationship between the inertial force of the structure and the total
shear forces of the piles at the pile heads. The inertial force of the structure was estimated from
the measured accelerations at the structure multiplied by each slab’s mass. The shear forces of
the piles were estimated from the bending moment gradients near the pile heads by using a
spline function. The lateral load sharing ratio of the piles was considerably small, only about 1
% in a small earthquake and about 10 % even in a large earthquake due to the non-linearity of
the DMWs and original ground. It is considered that most part of the lateral inertial force from
the structure was transferred to the DMWs due to the friction between the raft and the DMWs.
Figure 11 shows the measured incremental axial forces of the piles P1 and P2 against the esti-
mated incremental axial forces of the piles plus the subgrade reactions around the piles, R_P1

and R_P2. The values were estimated from the observed overturning moment of the superstruc-
ture, MOTM, and the bending moments of the piles at the pile heads (M_pi,(i = 1 to 4)) as fol-
lows; R_P1 = - R_P2 = - (MOTM + ΣM_pi (i = 1 to 4)) /2L, L = 12m. I this case, ΣM_pi was
negligible because it was remarkably small as compared with the MOTM. Therefore, the R_P1

was almost - MOTM/2L, which was the column’s axial load above the pile. The maximum incre-
mental axial force, 8831 kN, was extremely large, which was almost the same as the columns’
average load before the shaking, which was 9330 kN. The vertical load sharing ratio of the piles
on the compression side during an earthquake was about 20 % that was almost the same as the
ratio before and after the shaking, whereas the ratio on the tension side was larger than that on
the compression side. After the shaking tests, the DMWs were observed, the result of which
indicated that several cracks were locally induced in the walls as shown in Figure 12.

Figure 7. Acceleration response spectra

2792



Figure 8. Time histories of accelerations, displacements and sectional forces of piles at step 5

(600gal_1).

Figure 9. Bending moments at

Times A, B and C (600gal_1).

Figure 10. Piles’ lateral load

sharing.

Figure 11. Piles’ axial load

sharing (600gal_1).
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4 CONCLUSIONS

The vertical load sharing ratio of piles was about 20 % before and after the shaking and also
during the shaking. On the other hand, the friction between the raft and the DMWs caused a
transfer of the lateral inertial force from the structure to the DMWs in most parts. Therefore,
the lateral load sharing ratio of piles was considerably small, only about 1 % in a small earth-
quake and about 10 % even in a large earthquake due to the non-linearity of the DMWs and
original ground. After the shaking tests, the DMWs were observed, the result of which indi-
cated that several cracks were locally induced in the walls.
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Figure 12. Observed cracks in DMW model after shaking tests
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