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ABSTRACT

A series of centrifuge shaking table tests was conducted for investigating the
seismic behavior of single pile attached with various tip masses and embedded in
sloping sand deposits during shaking. Pre-shaking was proposed for the measurement
of the shear wave velocity profile of sand deposit and for the determination of the
fundamental frequencies of both the sand deposit and the pile. The test results show
the pile has two main frequencies. One is the same as that measured in the sand
deposits, that the second one is the rotational mode of the part of pile above the ground
surface. The top part of pile shaft experienced the large bending moments for the pile
embedded in dry sand, while the pile embedded in the liquefying sand all the pile length
suffers the large bending moments. Moreover the pile attached with a larger tip mass
on the pile head would gradually experience the residual bending moments along the
depths and would produce the larger lateral displacement on the pile during and even
after the shaking.
1. INTRODUCTION
Dramatic failure of structures founded on piled foundations has led many
researchers to investigating the seismic behavior of pile-supported foundations in the
liquefiable deposits. The damages rendered the supported-structures becoming
useless or costing expensive to rehabilitate after earthquakes. During shaking the pile
body is prone to suffering severe cracking or even fracture and increasing
displacement of pile cap. In the case that the residual strength of the soil is less than
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the static shear stress caused by a sloping ground or a free surface such as a river
bank, lateral spreading or down slope displacement can exert damaging pressure on
the pile and lead to the pile body failure (Finn & Fujita, 2002). From a design point of
view, there are several basic pile responses that need to be calculated to prevent from
structure or operational failure of the foundation. The maximum bending moment,
maximum shear force developing along the pile and maximum pile deflection on the
pile head both in the shaking period and even after shaking are rather demanding if the
pile is embedded in the level ground or in the sloping ground.
Two different lateral loads resulted from kinematic effects arising from the ground
displacements and inertial effects from superstructure were concerned by researchers
(Abdoun et al. (2003), Tokimatsu et al. (2004)). Knappett & Madabhushi (2009) recently
demonstrated piles carrying large axial loads may become unstable as the lateral soil
restraint was lost owing to earthquake-induced liquefaction. The objectives of the paper
are: (a) developing an efficient nondestructive and routine test for performing the inflight subsurface exploration and the system identification on a soil-pile system; (b)
investigating the seismic response of the pile embedded in liquefiable soils taking into
account both the effects of earthquake shaking and of the lateral pressures from the
lateral soil displacement. A series of geotechnical centrifuge 1-D shaking table tests
was conducted to investigate the seismic effects on the distribution of bending moment
and the pile displacement for the pile attached with a tip mass in the study.
2. GEOTECHNICAL CENTRIFUGE MODELING AND TESTING PROCEDURES
2.1. Testing equipment
This experimental work was undertaken in the Centrifuge at the National Central
University (NCU). The NCU Geotechnical Centrifuge has a nominal radius of 3 m and
equips a 1-D servo-hydraulically controlled shaker integrated into a swing basket. The
shaker has maximum nominal shaking force 53.4 kN with maximum table displacement
of ±6.4 mm and operates at up to 80 g centrifugal acceleration. The nominal operating
frequency range is 0 - 250 Hz. A laminar container with inside dimensions of 711 mm x
356 mm x 353 mm (L×W×H) is constructed from 38 light-weight aluminum alloy rings
arranged in a stack. The laminar container is designed for dry or saturated soil models.
The boundary effects of the laminar container used in the study is minimal; hence the
container permits development of stresses and strains associated with one dimensional
shear wave propagation (Lee et al., 2012; Lee et al. 2011). Fig. 1 shows the laminar
container resting on the NCU Geotechnical Centrifuge Shaker.
2.2. Model pile fabrication and sand bed preparation
Three instrumented model bending piles (L-Pile, B-Pile, and S-Pile) were
fabricated with the same aluminum-alloy tubes of 9.6 mm outer diameter and 8 mm
internal diameter. The embedment depth of model pile was 330 mm. Strain gauges
were placed externally at eight positions to measure the distribution of bending moment
along the pile. Resin was coated on the surface of model pile for waterproofing. The
model piles were designed to replicate 0.77 m diameter circular pile with an
embedment depth of 26.4 m and they have flexural stiffness (EI) of 725848 kN-m2 in
prototype scale. Here E and I are the Young’s modulus and the moment of inertia of the

pile.

Fig. 1. Laminar container and the NCU Geotechnical Centrifuge Shaker.
The instrumented bending piles with pin joints at each pile tip were calibrated for
establishing the relation of the output voltage and the bending moment prior to the
model tests. Therefore, the bending moment profile on the pile can be measured during
and after shaking. A tip mass was attached on each pile head to simulate the dead
weight of superstructure. Three different types of tip masses were attached on the pile
heads for simulating seismic responses of the different weights of superstructures.
Table 1 lists the basic characteristic of tip masses attached on the L-Pile, B-Pile, and
the S-Pile. Fig.2 displays the three tip masses used in the study.
Table 1 Characteristics of tip masses on the pile head
Shape
L-Pile
B-Pile
S-Pile
1

cubic
cylinder
cylinder

1

Dimension
(cm)
4.5×4.5×4.5
Ф4.5×4.5
Ф4×4.5

1

Weight
(N)
6.21
4.73
0.67

2

Weight
(kN)
3179.52
2421.76
343.03

3

Rotation inertia
(kg-m2)
1716952
1242363
170029

Model scale; 2Prototype scale;

L-Pile

B-Pile

S-Pile

Fig. 2. Three types of tip masses attached on the pile head.
A fine quartz sand was used to prepare the uniform sand deposit. The
characteristic of the quartz sand is summarized in Table 2. The instrumented bending
piles attached with different tip masses on the pile head were first connected to the
container base with pin joints and then the quartz sand was pluviated with a regular

path into the container from a hopper at a constant falling height and at a constant flow
rate for preparing fairly uniform sand deposits having the relative density of about 60%.
For preparation of saturated sand bed an acrylic plate was used to tightly cover the
container for the saturation process of sand. Air was then simultaneously and
continuously vacuumed out from both the inside and the outside of container and at the
same time de-air water was carefully dripped into the container to saturate the sand
bed until the water level rose to 2 mm above the sand surface. Then the centrifuge was
accelerated at a 10 g per step until it reached the centrifugal acceleration of 80 g. In
each step the model was maintained and lasted for 5 minutes at this g level to ensure
the sand bed reaching full consolidation at the current overburden stress. At 80 g the
shaker was invoked to excite the model with a one-dimensional sinusoidal acceleration
having various maximum amplitudes and numbers of cycle.
2.3. Test setup and testing conditions
Fig. 3 presents a typical test setup to show the dimensions of the tested sand bed,
the position of the piles, and the types and the positions of instrumentation used in the
model tests. Each model contained two piles those which were attached with different
tip masses on the pile heads as listed in Table 1. The thickness of model sand bed is
33 cm in model scale, simulating a 27.2 m thick and a 56.8 m long sand deposit in
prototype scale at a centrifuge acceleration of 80 g. The sand bed was instrumented
with eight vertical spaced accelerometers (A#) to record the shear wave propagating
from the base to the ground surface. At the same elevations close to the array of
accelerometers eight pore water pressure transducers (P#) were instrumented in the
saturated sand beds as well. One LVDT was installed to measure the time history of
surface settlement.
Two LVDTs and two accelerometers were also instrumented on the tip mass for
each pile to measure the horizontal displacements and the accelerations at two
different levels. Consequently the time histories of the angular acceleration and the
angular displacement for the tip masses can be calculated. The bottom of tip mass was
clear of the surface of sand. Thus the model piles had translation fixity but rotational
free at the pile tips and free to rotation and sway at the pile heads as shown in Fig. 3.
Three LVDTs were attached on the side wall of laminar container to measure the
free field soil lateral deformations along the depths due to lateral spreading during
shaking and after shaking. Eight strain gauges on each pile were used to measure the
profiles of bending moment along the pile. This comprehensive instrumentation and
detailed measurements are necessary to evaluate the seismic responses and the
associated excess pore water pressure generation at various elevations for both on the
piles and in the sand deposit during 1-D shaking.
A series of centrifuge shaking table tests was conducted; the test conditions in
prototype for each model are listed in Table 3. Totally seven models were conducted in
the study. P-D-1, P-D-2, and P-D-3 were the dry sand models, whereas P-W-1, P-W-2,
P-W-3 and P-W-4 were the saturated sand models. As indicated in Fig. 3, all centrifuge
models were inclined 2° to the horizontal, thus simulating a very mild infinite sloped
sand deposit. Each model was first subjected to one cycle pre-shaking (E1 Event) with
different frequencies (1Hz, 2Hz, and 3 Hz) in prototype for the in-flight subsurface
exploration to determine the shear wave velocity profile along depths and the

fundamental frequencies of both the sand deposit and the piles. Subsequently each
model was subjected to multiple earthquake events for evaluating the seismic response
of the pile embedded in the sloped sand deposit. The time histories of acceleration,
excess pore water pressure, bending moment of pile, and displacement at different
locations and elevations were recorded simultaneously. All the measurements are
presented in prototype units unless specially noted otherwise.
Table 2 Characteristics of fine quartz sand
Gs
Quartz sand

2.65

D50
(mm)
0.193

D10
(mm)
0.147

1

ρmax
(g/cm3)
1.66

1

ρmin
(g/cm3)
1.44

1

The maximum and minimum densities of the sand were measured in the dry state, according
to the method (JSF T 161-1990) specified by the Japanese Geotechnical Society.

Fig. 3. Test setup and instrumentation
3. TEST RESULTS AND INTERPRETATIONS
3.1 Fundamental frequencies of sand deposit and pile
The fundamental frequency of any dynamical system is a fundamental indicator of
the dynamic response characteristics of the system. The seismic response of soil
deposit during shaking is highly dependent on both the frequency of the base motion
and the thickness and the dynamic properties (shear wave velocity) of the soil layer. In
the case of uniform soil stratum the fundamental frequency,  , is a function of stratum
stiffness and stratum thickness. That is:

 =



(1)
where Vs is the average shear wave velocity and H is the thickness of uniform sand
stratum. Therefore the reliable shear wave velocity is required for characterizing the
seismic response of soil deposit.


Table 3 Summary of test conditions
Test
No.
P-D-1

P-D-2

P-D-3

P-W-1

P-W-2

P-W-3

P-W-4

Test
event

amax/frequency/number of cycles
g / Hz / cycles

E1
E2
E3
E4
E1
E2
E3
E4
E1
E2
E3
E4
E5
E6
E1
E2
E3
E4
E1
E2
E3
E4
E5
E1
E2
E3
E4
E1-1
E1-2
E1-3
E2
E3
E4
E5
E6

0.016g / 1Hz /1
0.016g / 1Hz /15
0.016g / 1Hz /15
0.016g / 1Hz /15
0.016g / 2Hz / 1
0.03g / 1Hz / 15
0.12g / 1Hz / 15
0.18g / 1Hz / 15
0.0142g / 2Hz / 1
0.0282g / 1Hz / 15
0.1571g / 1Hz / 15
0.2439g / 1Hz / 15
White noise
White noise
0.03g/ 2Hz/1
0.12g / 1Hz / 15
White noise
0.03g / 1Hz/ 15
0.01g/ 2Hz/1
0.025g / 1Hz / 15
0.1g / 1Hz/ 15
0.14g / 1Hz/ 15
White nose
0.015g/ 2Hz/1
0.12g / 1Hz / 15
White noise
0.15g / 1Hz/ 15
0.0153g/1Hz/1
0.0093g/2Hz/1
0.0144g/3Hz/1
0.0236g / 1Hz / 15
0.1306g / 1Hz / 15
0.21g / 1Hz / 15
White noise
White noise

Pore
fluid
No

No

No

water

water

water

water

Dr
(%)
63
63.1
64.2
66
64.4
64.4
69.1
72.0
66.2
66.2
70.6
73.4
73.4
73.4
62.9
76.5
76.6
76.6
62.3
63.8
68.2
72.3
72.4
62.4
76.1
76.2
80.6
59.0
59.0
59.0
59.0
73.5
81.6
81.6
81.6

1

Remark
L-Pile &
B-Pile

L-Pile &
B-Pile

B-Pile &
S-Pile

L-Pile &
B-Pile

L-Pile &
B-Pile

L-Pile &
B-Pile

B-Pile &
S-Pile

1

The piles used in the test

Two in-flight shear wave velocity measurement systems were developed in the
NCU centrifuge to explore the profile of shear wave velocity in a centrifuge model. The
bender elements test and the pre-shaking test both provided reliable and consistent
shear wave velocity profiles along the model depths (Lee et al. 2012). The shear wave
velocity for a centrifuge model can be predicted as following equation.
 .
 = (
)

(2a)

The relation between C and the void ratio, e, for the tested sand used in the study is
written as:

 ܥൌ ..
(2b)
where ᇱ  ଵଷ  ௩ᇱ  2 ௩ᇱ  is a mean effective stress, and   1

is the
coefficient of lateral earth pressure at rest. The value of C is 62 for the tested sand (Dr
≅ 60 %) used in the study.
The pre-shaking test used (E1 of each model test as listed in Table 3) has two
benefits to the characterization of seismic response of a soil-pile system. The first one
is the measurement of shear wave velocity profile for the model sand deposit in terms
of the vertical accelerometer array, and the second one is the dynamic system
identification on the soil-pile system from the measured time histories of acceleration at
different depths and at the pile head. A one-cycle small amplitude sinusoidal wave with
around 0.02 g in amplitude and 1, 2, or 3 Hz in frequency in the prototype scale was
used to excite the shaker for E1 event in all the model tests. The acceleration time
histories at different depths were acquired in flight with a sampling rate of 22 k samples
per second using the vertical accelerometer array. The values of shear wave velocity
measured were used to calculate the fundamental frequency of the tested soil deposit
and to estimate the small strain stiffness (Gmax) of the soil according to the following
formula.
௫  ௦ଶ
(3)
where  is the mass per unit volume of the soil.
A band pass filtering between 0.2 and 10 Hz (between 16 and 800 Hz in model
scale) was first performed on all the measured acceleration signals for all the E1 events
to eliminate the high frequency noise and the low frequency drifts. The filtered
acceleration time histories were used to determine the shear wave velocity profile and
the fundamental frequencies of both the sand deposit and the piles attached with
different tip masses in the following section.
Each acceleration signal exhibited a pronounced first peak. The travelling time was
determined by the first peak to the first peak criterion on the adjacent accelerometers.
Accordingly, the average shear wave velocity of the soil stratum between two
accelerometers could be calculated (Lee et al. 2012). Fig. 4 shows the consistency
between the predicted shear wave velocity derived with the bender elements tests
(Eq.2) and the measured shear wave velocity by means of the pre-shaking tests.
Therefore the average shear wave velocity, Vs, of the dry sand models (P-D-2) and the
saturated sand models (P-W-2 and P-W-3) can be calculated and they are around 210
m/sec and 170 m/sec, respectively. Both the tested sand beds have the thickness of
27.2 m, therefore, the calculated fundamental frequency (Eq.1), fn , is 1.9 Hz for the dry
sand beds (P-D-1, P-D-2, P-D-3) and 1.6 Hz for the saturated sand beds (P-W-1, P-W2 and P-W-3).
Once stopping shaking, the piles and the sand deposit would experience the free
vibration. The visible free vibration in the most measured acceleration time histories
lasted more than six seconds. The Fourier amplitude spectra of the measured
accelerations both at the different depths and on the piles in the period of free vibration
are first calculated and shown in Fig. 5(a) and Fig. 5(b) (P-D-2 E1, and P-W-2 E1). It
can be seen that one main frequency is present at 1.7 Hz for the dry sand deposit (P-D∅

2 E1) and at 1.5 Hz for the saturated sand deposit (P-W-2 E1). This main frequency
may be defined as the fundamental frequency of the sand deposit.
In contrast with the measured fundamental frequency of sand deposit, two main
frequencies as shown in Figs. 6(a), and 6(b) for the L-Pile, B-Pile, and S-Pile those
which were embedded in dry sand deposit are observed. The fundamental frequency of
S-Pile has the highest frequency (around 3.2 Hz), B-Pile next (around 1.0 Hz) and the
fundamental frequency of L-Pile is lowest (0.82 Hz). The other frequency is around 1.7
Hz which is nearly the same as the fundamental frequency of dry sand deposit as
described in the previous paragraph. The fundamental frequencies inferred from P-W-4
are shown in Fig. 7. The fundamental frequencies of both B-Pile and S-Pile are nearly
the same those obtained from the sand deposit, while the other frequency (1.5 Hz) is
the fundamental frequency obtained from the saturated sand deposit. Thus there are
two main frequencies for the pile embedded in the deposit as list in Table 4.
The main frequencies of the sand deposit are approximately consistent with the
calculated fundamental frequencies derived from the measured average shear wave
velocity (Eq.1). The first main frequency of the piles embedded in dry sand deposit is
around 1.7 Hz as shown in Figs. 6(a) and 6(b), and that embedded in the saturated
sand deposit is around 1.5 Hz (Fig. 7). The first main frequency of these piles (L-Pile,
B-Pile, and S-Pile) is the same as those main frequencies of the sand deposit where
the pile embedded in. Therefore we can conclude that the piles vibrate as the
supporting soil does during shaking. The second main frequency of each piles, fpile, is
different and may be defined as the fundamental frequency of the pile. The L-Pile
attached the largest tip mass has the lowest fundament frequency, the B-Pile has the
second low fundamental frequency, and the S-Pile attached the smallest tip mass has
the highest fundamental frequency.
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Fig. 4 Profiles of shear wave velocity. Fig.5 Fourier spectra of the measured time
histories of acceleration in the period
of the free vibration: (a) P-D-2 (E1) (b)
P-W-2 (E1).
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Fig. 6 Fundamental frequencies of model piles: (a) P-D-1; (b) P-D-3
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Fig. 7 Fundamental frequencies of model piles on P-W-4: (a) B-Pile; (b) S-Pile
The fundamental frequency, ω, of the system consisting of a mass, , attached to
the end of a cantilever beam is given by




 =  =  

(4)

in which  = 3/ =stiffness of a cantilever beam; and L= length of cantilever beam.
Substituting the measured fundamental frequencies of pile,  = 2 , into Eq.4, the
corresponding lengths of cantilever beam, Leq, are calculated and the values are 6.38
m, 6.15 m, and 5.36 m for the L-Pile, B-Pile and S-Pile, respectively. These lengths are
approximately equal to the distance between the mass center of tip mass and the point
of the maximum bending moment of pile during shaking. Thus the pre-shaking method
and the related data processing procedures proposed in the study is an efficient

nondestructive testing for performing the in-flight subsurface exploration and the
system identification on a soil-pile system.
Table 4 Summary of measured fundamental frequencies

*

Test
No.

Main frequency of
sand deposit (Hz)

P-D-1
P-D-3
P-W-2
P-W-4

1.6 (1.9)
*
1.7 (1.9)
*
1.5 (1.6)
*
1.5 (1.6)

Calculated with Eq. 1;

*

#

st

1 main frequency (Hz)
L-Pile
B-Pile
S-Pile
1.62
1.60
1.74
1.78
1.5
1.5
1.5
1.5

# nd

2 main frequency (Hz)
L-Pile
B-Pile
S-Pile
0.82
1.01
0.96
3.2
0.80
0.96
1.0
3.2

The fundamental frequency of pile

3.2 Comparison of time histories of acceleration at different depths during liquefying in
sand deposits
Fig. 8(a) and 8(b) are the time histories of acceleration of P-D-2 and P-W-1, those
which were measured at the corresponding depths, respectively. Fig.9 is the measured
time histories of excess pore water ratio of P-W-1 at different depths and shows the top
10 m depth of the sand deposit becoming liquefying during shaking. After comparing
the acceleration time histories the soil responses of these two models are quite
different although nearly the same amplitude of input base acceleration. A single
parameter that includes the effects of the amplitude and frequency content of the
acceleration time history is the root mean square acceleration (RMS acceleration),
defined as:




  =  ∫ [()] 


(5)

where Td is the duration of the acceleration and dt is the time interval of the
acceleration time history. The larger the RMS acceleration value the higher the energy
input to the sand deposit. An acceleration amplification factor is defined as the ratio of
the RMS acceleration value measured at different depths to the base input RMS
acceleration value. Fig. 10 presents the RMS acceleration amplification factors, those
which were calculated from the acceleration array; provide a comparison of
amplification factor profiles along the depths for P-D-2 and P-W-1 subjected to base
shaking. There were considerable amplifying on the surface following shear wave
propagate from base to the surface on P-D-2, but no amplification of ground response
on the top 10 m of deposit on P-W-1 was observed because of occurrence of soil
liquefying blocking up the shear wave propagation.
3.3 Comparison of time histories of acceleration at the tip mass on piles
The L-Pile, B-Pile, and S-Pile were installed in the center line of model container
and the distance between two piles were far away enough (40 times pile diameter) to
prevent from any interaction between two piles during the base shaking. Those piles
with the different fundamental frequencies were subjected to the same frequency of 1
Hz base shaking. Figs. 11(a), 11(b), 11(c), to 11(d) demonstrate the seismic responses
of the tip mass on the L-Pile, B-Pile, and S-Pile those which were embedded in the dry
sand deposit or in the saturated sand deposit, respectively, including the measured
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Fig. 8 Time histories of acceleration at different depths: (a) P-D-2 (E3), (b) P-W-1(E2)
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Fig.9 Time histories of excess pore water
pressure ratio at different depths (PW-1(E2))
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Fig.11. Response of tip mass on pile heads subjected to 0.12 g base shaking for L-Pile,
B-Pile, and S-Pile: (a)P-D-2 (E3); (b) P-D-3 (E3); (c) P-W-3 (E2); (d) P-W-4 (E2)
Thus the piles embedded in the non-liquefiable sand deposit would suffer the larger
shaking that is transmitted from the surrounding sand deposits. (2) The piles attached

with the larger tip mass and embedded in dry sand model (L-Pile and B-Pile) would
experience the large angular acceleration, however, they experienced the smaller
angular acceleration in the saturated sand model. The S-Pile attached with the smallest
tip mass still experienced the larger acceleration but the smallest angular acceleration.
Thus the small tip mass has the less participation in the vibration of pile-tip mass
system compared to the L-Pile and B-Pile.
3.4 Time histories of bending moment along piles
Fig. 12(a), (b), (c), and (d) show the time histories of the measured bending
moment from the pile tip to the pile head for the L-Pile, B-Pile, and S-Pile on P-D-2 (E3),
P-D-3(E3), and P-W-3 (E2), P-W-4(E2). The pile embedded in the dry sand deposit
experienced much higher bending moments than its counterpart embedded in the
saturated sand deposit as a result of the higher acceleration on the tip mass for the pile
in the dry sand deposit. Both the L-pile and the B-Pile experienced nearly the same
magnitude of bending moment (Fig. 12(a)). The S-Pile experienced the smallest
bending moment due to the smallest inertial force induced by the smallest tip mass on
the pile head. In addition, only the top part of pile shaft (from the ground surface to the
depth of 10 m) experienced the larger bending moments for the piles embedded in the
dry sand deposit. Fig. 12(a) and 12(b) demonstrates the profiles of bending moment
along the depths at different instant times for P-D-2. The piles at the depth of around 10
m, where behave to be like a fixed end, were hold by the surrounding soil.
In contrast to the piles embedded in the dry sand the L-pile embedded in the
liquefying sand during shaking gradually experienced the larger bending moment along
the depth for L-pile, which was attached with a large tip mass (Fig. 12(c)). At the
beginning of shaking (0.7840-1.136 sec) the profiles of bending moment is very similar
to those obtained from P-D-2, while at the ending of shaking the profiles of bending
moment reveals a large amount of residual bending moment on the pile, and these are
quite different from those obtained from P-D-2. Here we conclude that residual bending
moment results from the occurrence of lateral residual horizontal displacement induced
by soil liquefying. No fixed end mechanism as that observed on the piles embedded in
the non-liquefying sand is observed as shown in Fig. 12(a) and 12(b), therefore, the
larger horizontal pile displacements are expected.
3.5 Time histories of lateral displacement in the sand deposit and on the pile head
Figs. 13(a), 13(b), 13(c), and 13(d) display the time histories of lateral
displacement of laminar ring at the different depths on the side of laminar container for
P-D-2 (E3), P-D-3 (E3), P-W-3 (E2), and P-W-4 (E2). The larger residual down slope
lateral displacements (lateral spreading) were observed in the saturated sand deposit.
These downward movements would induce the larger residual bending moments on the
pile as shown in Figs. 11(c) and 11(d). Figs. 14(a), 14(b), 14(c), and 14(d) display the
time histories of lateral displacement of tip mass on the pile head for P-D-2 (E3), P-D-3
(E3), P-W-3 (E2), and P-W-4 (E2). The piles embedded in the saturated sand deposit
and attached the larger tip mass would suffer the larger horizontal displacement.
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Fig.11. Time histories of bending moment for L-Pile, B-Pile, and S-Pile subjected to
0.12 g base shaking: (a)P-D-2 (E3); (b) P-D-3 (E3); (c) P-W-3 (E2); (d) P-W-4
(E2)

(b)

(a)

(d)

(c)

Fig. 12 Profiles of bending moment along depths at the different instant times: (a) L-pile
for P-D-2 (E-3); (b) B-pile for P-D-2 (E-3); (c) L-pile for P-W-1 (E-3); (b) B-pile
for P-W-1 (E-3).
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Fig.13. Time histories of lateral displacement measured at the side of container at 0.12
g base shaking: (a) P-D-2 (E3); (b) P-D-3 (E3); (c) P-W-3 (E2); (d) P-W-4 (E2)
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Fig. 14 Time histories of horizontal displacement measured at the tip mass: (a) P-D-2
(E3); (b) P-D-3 (E3); (c) P-W-1 (E2); (d) P-W-4 (E3)
CONCLUSION
Seven centrifuge shaking table tests were conducted at a centrifuge acceleration
of 80 g to examine the seismic response of pile attached with various tip masses on the
pile head during shaking. “Pre-shaking” proposed in the study was first conducted for
subsurface exploration of tested sand bed. The profiles of shear wave velocity along
the model depths were determined in terms of the vertical accelerometer array. Use of
the time histories of acceleration measured at various depths of sand deposit and on
the piles in the period of free vibration, the fundamental frequencies of the sand deposit
and of the piles can be calculated. Thus the “pre-shaking method” and the related data
processing procedures proposed is an efficient nondestructive testing for performing
the in-flight subsurface exploration and the system identification on a soil-pile system.
The test results show that the pile attached with different tip masses has different
fundamental frequency. The top part of pile shaft (from the depth of 10 m to the ground
surface) experienced the large bending moments for the pile embedded in dry sand,
while the pile embedded in the liquefying sand all the pile length experienced the large
bending moments. Moreover the pile which was attached with a larger tip mass would
gradually experience the residual bending moments along the depths and produce the
larger lateral displacement on the pile during and after the earthquakes. The magnitude
of horizontal acceleration and of angular acceleration on the tip mass of P-D-2 and PD-3 (dry deposit) were much larger than those measured at P-W-2 and P-W-4
(liquefiable deposit).
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