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CENTRIFUGE MODEL TESTS TO IDENTIFY DYNAMIC PROPERTIES 
OF DENSE SAND FOR SITE RESPONSE CALCULATIONS 

David Stevens Byoungill Kim 
Kleinfelder and Associates Myongji University 
Sacramento, California-USA-95827 Seoul, Korea 
Dan Wilson and Bruce Kutter Ahmed Elgamal 
University of California, Davis University of California, San Diego 
Davis, California-USA-95616 La Jolla, California-USA-92093 

ABSTRACT 

Four centrifuge models, tested on the large centrifuge at UC Davis, are described in this paper. These four experiments involved dense 
profiles of Nevada Sand (D, = 90 to 100%) tested in two different model containers. The purpose of the experiments was to evaluate 
numerical site response procedures by comparison with model test data. In this paper we focus on determining basic material 
properties of one of the models by using in-flight measurements of shear wave velocity and calculations of stress-strain relationships 
using data from an extensive array of accelerometers. Shear wave velocity profiles were measured at centrifuge accelerations of 
approximately 10, 20, and 40 g; and before, during, and after the models were subject to base shaking using the servo-hydraulic shaker 
in an attempt to identify any influence of shaking history on shear wave velocity. The base shaking included realistic earthquake time 
histories scaled in frequency and amplitude to simulate motions with low, medium, and high intensity, and motions that included 
sinusoidal sweeps of different frequencies. A new windowing procedure to compute shear modulus and shear strain amplitude time 
histories from accelerometer array data is briefly described 

INTRODUCTION 

In January 1998, a workshop, organized by Dr. Edward Field, 
was convened at the University of Southern California with 
aim to document how nonlinear seismic soil response 
(unrelated to liquefaction) is perceived by the seismological 
and geotechnical engineering communities. The workshop 
revealed that some seismologists feel nonlinear or even 
equivalent linear analyses may not be necessary; that linear 
site response calculations may be adequate. Geotechnical 
engineers generally recommend that if ground response 
analysis is to be carried out to predict the response to strong 
shaking, then the nonlinearity needs to be taken into account 
by equivalent linear or fully nonlinear analysis procedures. 
One goal of this project is to help establish guidelines as to 
when nonlinear site response analyses are called for and when 
linear or equivalent-linear analyses can adequately predict the 
near-surface accelerations with appropriate accuracy. 

This project is a collaborative effort between UC Davis and 
UC San Diego (UCSD). The UC Davis team has thus far 
focused on performing and documenting highly instrumented, 
repeatable, physical model tests to determine the linear and 
nonlinear behavior of stiff soil sites during small and large 
earthquakes. The team from UCSD has focused on numerical 
simulations of the centrifuge model site configurations. A 

sister paper from the UCSD team in this conference [Elgamal 
et al. (2000)] presents site response calculations compared to 
some of these test results. 

This paper presents shear modulus data deduced from in-flight 
shear (S-) wave velocity measurements and shear modulus and 
degradation behavior obtained by back-analysis of 
accelerometer data. A procedure for computing a time-history 
of shear modulus is introduced. The documentation from the 
experiments, including the data files and model descriptions, 
are available to interested researchers over the Internet 
through the web server of the Center for Geotechnical 
Modeling at http://cgm.engr.ucdavis.edu. 

CENTRIFUGE MODEL CONFIGURATIONS 

Four level-ground sand models (numbered DKS02 to DKSOS) 
were constructed of Nevada Sand and tested on the large 
servo-hydraulic shaking table mounted on the large centrifuge 
at UC Davis (Kutter et al. 1994). The model configurations are 
shown in some detail in Fig. 1. Two models (DKS02 and 
DKS04) were tested in a “flexible shear beam” container. The 
other two were tested in a stiff walled container. Three of the 
models had a depth of about 0.5 m, and the other (DKSOS) had 
a smaller depth (0.245 m). In DKSOS, the sand was placed in a 
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Fig. 1. Model profiles as tested 

smoothly curving basin formed by casting concrete in the stiff- 
walled container, and was instrumented in an attempt to 
document basin effects. Model DKS04 was saturated with a 
viscous pore fluid (hydroxypropyl methylcellulose dissolved 
in water), but all other models consisted of dry sand. 

Each model was instrumented with extensive horizontal and 
vertical arrays of accelerometers, as shown in Fig. 1. 
Instruments for which data are presented in this paper are 
labelled with instrument numbers. Longitudinal horizontal 
arrays (in a row along the direction of shaking) were included 
to enable quantification of end effects. Transverse arrays, also 
noted in Fig. 1, were included to be sensitive to side effects 
and torsional response of the model. Vertical accelerometers 
were included in each model to record accelerations due to 
cyclic dilatancy, basin effects, and undesired rocking of the 
container/centrifuge bucket. 

Different prototype soil depths were simulated by shaking 
each model while spinning at centrifuge accelerations of 10, 
20, and 40 g. Air hammers were used as S-wave sources to 
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measure S-wave velocity profiles at various stages of the 
centrifuge tests. 

SHEAR WAVE VELOCITY MEASUREMENTS 

Bender elements have been used by others as S-wave sources 
for laboratory tests, but in the centrifuge environment models 
are fairly large and ambient vibrations produce mechanical 
noise that tends to overwhelm the small waves produced by 
bender elements. To resolve this problem, air hammers have 
been developed as simple alternative S-wave sources. An air- 
hammer consists of a small-diameter metal tube with a Teflon 
piston. Regulated air pressure is ported to either side of the 
piston through a four-way valve. Firing the hammer involves 
pressurizing one side of the chamber and venting the opposite 
side, which shoots the piston from one end of the chamber to 
the other. The piston hitting the end of the chamber imparts a 
P-wave off the end of the chamber and S-waves propagating 
radially away from the longitudinal chamber walls. The S- 
wave particle vibration is thus parallel to the chamber length. 
An external air hammer was developed and attached to the 
bottom of the base plate at the centerline in DKS02 as shown 
in Fig. 1. The source waves, though useful, were not as clean 
as desired. In later tests, internal mini-air hammers 
(Arulnathan et al. 2000) were used as S-wave sources, as 
indicated in Fig. I 

Fig. 2 shows the high quality S-wave propagation data 
produced by internal mini-air hammer tests in the central 
vertical array of test DKS03. The “hit” labels in Fig. 2 show 
the location and time at which hammer impact occurred. The 
first hit occurred for the hammer located at a depth of about 
15 m at a time of approximately 0.04 s. The S-wave can be 
tracked up through the soil profile, and reflecting off the 
container base and back up through the soil profile. The 
second hit (at a time of approximately 0.26 s, due to a bounce 
of the same hammer) produces a similar signature. The hit at a 
time of 0.38 s was from a shallower hammer at a depth of 
about 7 m. 

Each model included over 75 hammer hits to measure S-wave 
velocities in various locations. Some data was interpreted by 
hand, as indicated in Fig. 2, but this was time consuming. A 
more automated procedure using cross-correlation functions 
was developed to determine the time lag between instruments. 
The velocities from all air hammer tests on model DKS03 are 
plotted as a function of the vertical effective stress in Fig. 3. 
The velocities are normalized by the velocity of a compression 
wave in water (1550 m/s) and stresses are normalized by 
atmospheric pressure (101.3 kPa). The data are broken into 
“set 1” and “set 2”. Set I data includes only normally 
consolidated soil profiles, before the models were subject to 
large (greater than 0.1 g prototype) base shaking events. Thus 
set 2 includes effects of overconsolidation and seismic history 
on the shear modulus. As expected, seismic history and 
overconsolidation increase (albeit slightly) the S-wave 
velocity. Changes in lateral earth pressure could be the 
predominant factor causing the increase in shear modulus. The 
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