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Data from the experimental modeling of a pile in a geotechnical centrifuge are

The model pile was subjected to vertical random excitation
with subsequent determination of the compliance function in the frequency domain.
compliance function was found to be consistent with theory.

This
An absorbing boundary was used

to minimize reflected wave energy from the centrifuge container boundaries.

INTRODUCTION

The dynamic response of piles is of increas-
ing interest to the earthquake engineer and
soil dynamicist. Gazetas (1983), in a state
of the art paper, indicates that early work
in the soil-structure interaction field
emphasized solutions for surface foundations
on half space or layered soil media. How-
ever, in recent years research efforts have
been directed more at other complicated
problems such as dynamic soil-pile interac-
tion problems. Novak (1977) and Kuhlemeyer
(1979) have provided theoretical solutions
for a pile subjected to vertical excitation
at ground level. More recently, Pak and
Jennings (1987) have presented a mathematical
solution for the lateral response of a pile
under transverse excitation.

This paper presents results of model experi-
ments conducted in a geotechnical centrifuge.
In the work subsequently described, the
response of a model pile under vertical
excitation was evaluated. Random vibration
techniques and spectral methods were used to
determine the dynamic compliance of the soil-
pile system.

EXPERIMENTAL APPARATUS

The centrifuge, soil and boundary material,
foundation model, exciter system, and instru-
mentation are described in the following
paragraphs.

Centrifuge

The model experiments were conducted using
the 15 g-ton centrifuge at the University of
Colorado centrifuge facility. This machine
can perform to 100 g. The radius to the
base of the swing-up platform is 1.36 m
during operation, while the platform area is
0.41 m by 0.43 m. This centrifuge has been
described by Ko (1988).
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Test materials

The test soil is a U.s.
dry uniform silica sand.
mean grain size of 0.19 mm

Silica Company F-75
This sand has a
per U.S. Silica

specifications. This sand is also known as
“"banding" sand, and is used in 1liquefaction
studies. For these experiments the sand was

rained into a rigid metal container yielding
a uniform soil profile with a relatively
high mass density of approximately

1734 kg/m3. This corresponds to a void
ratio of 0.528 and a relative density of
87%.

Research has suggested, in order to obtain
proper modeling of the wave propagation phe-
nomena for prototype situations, that an
energy absorbing material be placed at the
model boundary to alleviate reflected energy
from returning to the vibrating source.

This approach was shown to be beneficial )by

Coe, Prevost & Scanlan (1985), Weissman
(1989), Cheney, et al (1990) and Lenke, Pak
& Ko (1991) in their respective dynamic

centrifuge experiments. The material that
they found to be particularly useful is
called Duxseal, a Manville Corporation prod-
uct. This material is a non-toxic sealing
material with an oily-putty texture
reinforced with small inert fibers. The
mass density of Duxseal is 1.57 gm/cm3. Its
excellent adhesion allows for easy applica-
tion to the boundary of a centrifuge con-
tainer. The Duxseal was applied in a
uniform thickness of approximately 35 mm to
all internal surfaces of a rigid cylindrical
container 0.38 m in diameter and 0.30 m in

depth.

Model foundation

The model pile was made from stock-drawn
aluminum (6061-T6) tubing of 6.35 mm outside
diameter, 4.57 mm inside diameter and 0.89 mm

wall thickness. The length of pile embedded
in the soil is 127.0 mm which results in an
embedded 1length to diameter ratio (L/D) of
20. The unembedded length of the pile is






terms of seconds and Hertz. As measurement
noise is always present in the data acquisi-
tion system, a more appropriate method for
determining the frequency response function

is to employ the following relation (Bendat
& Piersol, 1986)
G (f)
H(f)=="+ (2
G (f) )

where G,,(f) is the cross-spectral density
function of the input and output and G..(f)
is the autospectral density function of the
input. Equation 2 is used in the determina-

tion of all FRFs using the Tektronix Fourier
analyzer.

For the experiment described, the force is
taken as the input and the acceleration
response is taken as the output. Keeping
the notation of the ideal system without
noise of Eguation 1 for simplicity, the
frequency response function obtained from
these two measurements is termed accelerance,

A(f), and is defined as
X(f)
A(F)=2LL 3
GP) H (3

where X(f) is the acceleration output
response in the frequency. domain and F(f) is
the frequency domain representation of the
force input. This equation has units of
acceleration per unit force (for example
m/s2/N) and is a complex-valued function com-
posed of both real and imaginary components.

The desired FRF is that of compliance (in-
verse of dynamic stiffness) which relates the
displacement output to the unit force input
(for example m/N). This compliance, C(f),
can be easily obtained by operating directly
on Equation 3, by performing double integra-
tion in the frequency domain. Mathemat-
ically, this is represented as

X(f)_ =X

C = F o a2 R

(4)

where X(f) is the frequency domain represen-
tation of the displacement and f is the
frequency in Hz.

Kuhlemeyer (1979) presents his results from a
finite element analysis of a vertically
excited pile as a complex displacement func-
tion which is the ratio of the compliance at
frequency f to the compliance at zero
frequency, i.e., the static case. This will
be referred to as "normalized compliance" for
the remainder of this paper and is defined
as follows
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C(n= (3)

where C(f) is this normalized compliance and
C, is the static compliance. The results
will be presented in the form of Equation 5.

RESULTS

Figure 2 presents the normalized compliance
obtained from the acceleration measured by
the PCB 309A on the pile cap and the force
measurement of the strain gage bridge at
ground level. The measured random force
input was 1.65 N rms, while the measured
response was 1.5 g rms. The real part and
the negative of the imaginary part are
depicted and are compared with Kuhlemeyer's
analysis (1979). The analytical results are
for a length to radius ratio (L/a) equal to
40 with the modulus ratio of the pile to
the soil (£,/E;) as 400. The frequency
band presented corresponds to a dimensionless
frequency, 2nfa/f3, equal to 0.5, where B is
the shear wave speed of the soil. The
experimental data of Fig. 2 was normalized
using a soil modulus (£,) of 95 MPa, a
Poisson's ratio of 0.25 and a shear wave
speed () of 145.6 m/s. It is evident that
the experimental data are generally in 1line
with Kuhlemeyer's results.

One will note that the experimental data
exhibits noticeable regular oscillations which
diminish in amplitude with increasing fre-
quency. This can be attributed to the
existence of some standing wave energy
despite the use of the special Duxseal
boundary. Moreover, it 1is also found that
the cylindrical container tends to focus this
energy even with the presence of the absorb-
ing boundary. A detailed discussion of
various boundary effects can be found in
Lenke et al (1991).

CONCLUSIONS

The vertical compliance of a model pile has
been successfully obtained using random force
excitation and, for the force range employed,
was found to agree reasonably well with
existing numerical results. With some fur-
ther improvements, this experimental modeling
method can be extended to more complex
soil-structure interaction problems such as
the compliance of pile groups.
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Fig. 2 Normalized Compliance of Model Pile
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