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Abstract We present results from a prototype experiment in which we actively
induce, observe, and quantify in sifu nonlinear sediment response in the near surface.
This experiment was part of a suite of experiments conducted during August 2004 in
Garner Valley, California, using a large mobile shaker truck from the Network for
Earthquake Engineering Simulation (NEES) facility. We deployed a dense accel-
erometer array within meters of the mobile shaker truck to replicate a controlled,
laboratory-style soil dynamics experiment in order to observe wave-amplitude-
dependent sediment properties. Ground motion exceeding 1¢g acceleration was pro-
duced near the shaker truck. The wave field was dominated by Rayleigh surface waves
and ground motions were strong enough to produce observable nonlinear changes in
wave velocity. We found that as the force load of the shaker increased, the Rayleigh-
wave phase velocity decreased by as much as ~30% at the highest frequencies used
(up to 30 Hz). Phase velocity dispersion curves were inverted for S-wave velocity as a
function of depth using a simple isotropic elastic model to estimate the depth depen-
dence of changes to the velocity structure. The greatest change in velocity occurred
nearest the surface, within the upper 4 m. These estimated S-wave velocity values
were used with estimates of surface strain to compare with laboratory-based shear
modulus reduction measurements from the same site. Our results suggest that it
may be possible to characterize nonlinear soil properties in situ using a noninvasive

field technique.

Introduction

Nonlinear response resulting from large strain deforma-
tions in samples taken from near-surface sedimentary de-
posits has been observed in laboratory experiments for many
years (Seed and Idriss, 1970; Hardin and Drnevich, 1972a, b;
Vucetic, 1994; Guyer and Johnson, 1999; Ostrovsky and
Johnson, 2001). The complicated nature of nonlinearity is
typically characterized by simple curves that relate a change
in elastic modulus and damping to the applied strain level
(e.g., Beresnev and Wen, 1996). Seismic hazard assessments
use these curves to understand how a site will behave during
strong earthquake ground motions, typically reducing the
peak ground motions one would expect if using a linear re-
sponse model (Kramer, 1996).

It is not fully understood how closely the laboratory
measurements reflect in situ nonlinear behavior (Beresnev
and Wen, 1996; Field et al., 1998). In situ observations of
nonlinear ground response during large earthquakes, once
rare, have recently increased in number due to advances
in deploying strong-motion networks (Aguirre and Irikura,
1997; Field et al., 1997; Frankel et al., 2002; Rubinstein

and Beroza, 2004; Bonilla et al., 2005). The lack of experi-
mental control inherently limits the use of large earthquakes
in nonlinear response studies. Earthquakes are unpredictable
and occur infrequently, particularly near a suitable strong-
motion network. The earthquake source and wave propaga-
tion involved produces a complex signal that is difficult to
analyze, is irregular in time, and contains a variety of inter-
acting waves. Such complexities have made it difficult to
unambiguously observe in sifu nonlinear response from
earthquake sources.

A different approach, and one we take in this study, has
the potential to allow researchers an alternative method to
observe and investigate in situ nonlinear seismic wave prop-
agation. The unique dataset collected could provide further
insight into how closely laboratory measurements reflect
in situ nonlinear behavior. In our approach, we generate
strong ground motions capable of producing nonlinear ef-
fects using a large mobile shaker truck that is commonly
employed in active seismic imaging. The shaker truck pro-
duces a controlled dynamic load with uniform amplitude
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over a range of frequencies and is easily driven to a test site.
Dimitriu (1990) was the first to implement this field ap-
proach with mixed results. More recently, the University
of Texas at Austin and the Network for Earthquake Engineer-
ing Simulation (NEES) have advanced the ability to study
in situ nonlinear ground response and liquefaction potential
with the availability of state-of-the-art dynamic mobile sha-
ker trucks (Stokoe, Rathje, et al., 2004).

This article describes our proof-of-concept study con-
ducted at Garner Valley, California, in August 2004. The
study was part of a demonstration project, consisting of five
multidisciplinary experiments, showcasing the use of NEES
shaker trucks in earthquake science and engineering (Gom-

berg et al., 2004). The primary focus for this prototype study
is threefold. First, we test the ability of the NEES mobile sha-
ker truck, called T-Rex, to induce in sifu nonlinear response
in the near-surface sediments. Second, we test the ability of a
surface-mounted strong-motion array to record the strong
ground motions produced by T-Rex. Third, we investigate
how to quantify the nonlinear response using the observed
wave-field characteristics.

The in situ nonlinear response in the shallow sediments
(<4 m) is quantified by changes in the wave propagation
velocity of high-strain seismic waves at different applied
force loads. We find that the waves slow down as the applied
force load is increased and that sediment properties are wave-
amplitude dependent. The near-source wave field is found to

be dominated by Rayleigh surface waves. Thus, we calculate
the Rayleigh phase velocity spectrum at different applied
force loads and invert the dispersion curves to model changes
to the shallow shear (S) wave velocity structure due to the
induced nonlinear response. We conclude with an estimate
of in situ shear modulus reduction as a function of strain
level, and we explore if and how they compare to measure-
ments made with laboratory methods on sediments from the
same site.

Study Area

Our field test site was located at Garner Valley, Califor-
nia, which is an intermountain valley located within the
Peninsular Ranges Batholith in southern California. Garner
Valley contains an ancestral lake bed with soft alluvium in
the upper ~20 m overlaying weathered and competent
granite (Steidl et al., 1996). Soil types in the top ~20 m in-
clude silty sand, sand, clayey sand, and silty gravel (J. Steidl,
personal comm., 2004).

Experimental Equipment and Configuration

Figure 1 is a field photo taken during data collection. It
shows the key experimental equipment used in our study.
T-Rex is a triaxial mobile shaker truck capable of produc-

Figure 1.

Photo of the experiment. Shown is the NEES mobile shaker truck, T-Rex. Adjacent to T-Rex is the accelerometer array installed

to record the induced high-strain seismic waves. Each three-component K2 accelerometer has an external battery and solar panel attached.
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ing harmonic vibrations in three directions (two horizontal
and one vertical) at variable ground forces ranging up to
60,000 1b vertically and 30,000 1b horizontally. Nominally,
T-Rex produces a constant force output for frequencies be-
tween 5 and 180 Hz for horizontal motions, between 12 and
180 Hz for vertical motions, and the force response falls off
quickly outside of those ranges (Fig. 2). In practice, the force
response is commonly observed to be site specific and to be a
function of the stiffness of the soil beneath the baseplate. Cal-
culated values of applied ground force suggest that the the-
oretical force response curve is reasonable for our test site.

The strong ground motions created near T-Rex were re-
corded on an adjacent surface array of nine Kinemetrics K2
accelerometers. Figure 3a is a schematic of the accelerometer
array showing the station identification numbers used in the
field, in the archived data, and referred to later in this article.
Each accelerometer recorded three components of motion at
200 samples per second with a full scale of +2¢ of ground
acceleration. The array spanned the width of the baseplate
(2.4 m) and extended 4 m away from T-Rex in the radial
direction. Three of the accelerometers were installed as close
to T-Rex as possible without risking harm to the instruments
(~0.2 m and ~0.5 m to the edge and center of each accel-
erometer, respectively). Each accelerometer in the array
was firmly bolted to a concrete pad (~0.25 m in diameter
and ~0.05-m deep) that was secured to the ground with three
0.5-m-long metal tubes driven into the ground (Fig. 3b). To
decrease the possible impedance contrast between the con-
crete instrument pad and the surrounding soil, low-density
lava rock was used in the concrete mix. The concrete was
allowed to cure fully for a month before the experiment.
The array design and construction was intended to increase
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Figure 2. T-Rex force output in units of pounds as a function of

frequency (Stokoe, Rathje, et al., 2004).
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Figure 3.  (a) Schematic diagram showing the layout and station
identifications of the surface-mounted accelerometer array located
adjacent to T-Rex. Radial and transverse directions of motion are
defined. (b) A cartoon cross section of the concrete instrument
pad used for each station.

the chance of observing nonlinear ground response by with-
standing and recording on scale the largest ground motions
T-Rex could produce. We feel we were successful in that re-
gard because after the experiment was concluded, the instru-
ment pads were found to be unharmed and intact with the K2
accelerometers still bolted firmly in place.

Ground Motions and Wave Propagation

We will focus on the data from a vertically excited har-
monic step-sweep signal at five increasing applied force
loads (approximately 12,000, 24,000, 36,000, 48,000, and
60, 000 1b). A step-sweep signal is one where the frequencies
are incremented (or, in our case, decremented) in discrete
intervals using multiple cycles at each frequency step. The
step-sweep signal we used starts at 30 Hz and downsweeps
to 5 Hz at a step of 0.125 Hz. Approximately 20 cycles are
used at each discrete frequency step. This produces a signal
~6.5 min in duration.

The three-component ground motions recorded at sta-
tion 08 are shown in Figure 4. Also shown in Figure 4 is
the recorded ground force signal produced by T-Rex. The
ground force signal is a derived product from NEES acceler-
ometers mounted on the shaker mechanism, the mass of the
entire system, and forcing from the hydraulic driving system.
The ground force time series represents the force exerted by
the pad onto the ground, in this case in units of pounds. The
five increasing applied force loads used (approximately
12,000, 24,000, 36,000, 48,000, and 60,000 1b) are clearly
seen in Figure 4 through increasing amplitude of the sweep
waveforms on the four traces. Waveforms in Figure 4 are
typical for all stations, though note that station 04 experi-
enced data loss during the experiment for the 48,000 Ib force



—_~ [ I —
‘@ 50,000 - T_Rex Ground Force

S 0 u
o

L _50,000 ! i

500 1000 1500 2000
(b)
T T T
1000 - Station 08 Vertical

Z. Lawrence, P. Bodin, C. A. Langston, F. Pearce, J. Gomberg, P. A. Johnson, F.-Y. Menq, and T. Brackman

(@)

v

<« -1000 - | |
&) 500 1000 1500 2000
3 (c)
= T
E 1000 - Station 08 Radial 7
s o .
©
@ -1000 | | | 1 -
(0]
g (d) 500 1000 1500 2000
< T T T
1000 = station 08 Transverse 7]
-1000 | | | -
500 1000 1500 2000
Time (sec) Area for Figure 5

Figure 4.

Sample of recorded waveforms. Shown is the 30-5-Hz step-sweep signal at the five applied force loads (at approximately

12,000, 24,000, 36,000, 48,000, and 60,000 Ib). (a) The ground force signal produced by T-Rex. (b) The vertical ground-motion acceleration
at station 08. (c) The radial ground-motion acceleration at station 08. (d) The transverse ground-motion acceleration at station 08. Radial and
transverse directions are with respect to the propagation of seismic energy away from T-Rex as shown in Figure 3. Note the large difference in
waveform amplitude for the transverse component compared to the vertical and radial components. This is due to Rayleigh waves dominating
the wave propagation. The box around the fifth set of waveforms corresponds to Figure 5.

load. The details of a single step sweep at 60,000 1b can be
more clearly seen in Figure 5. The ground force signal in
Figure 5a shows the relative decrease in amplitude as the
sweep progresses to frequencies lower than ~12 Hz as pre-
dicted by T-Rex’s force response curve (Fig. 2). Vertical and
radial ground motions are very similar during the vertical
shaking (Fig. 5b and c), while the transverse motion (Fig. 5d)
is significantly smaller in amplitude.

T-Rex created ground motions near the truck large
enough to induce nonlinear response. During the largest ap-
plied force load (60,000 Ib), ground accelerations on the ver-
tical and radial components on station 08 exceeded 1.0g
(Figs. 4 and 5). Ground-motion amplitudes were observed
to decrease significantly with distance. At the farthest station
in the array, station 03, the largest recorded ground accelera-
tion for any given applied force load was approximately one-
third of what was observed closest to T-Rex at stations 07,
08, and 09. Nonlinear response has been observed during
earthquakes above ground accelerations of 0.1-0.2g (Beres-
nev and Wen, 1996). The relationship between observing

nonlinear soil response and the amplitude of ground accel-
erations might not be comparable between earthquake in-
duced seismic waves and those created artificially by a
shaker truck. The source mechanism and propagating wave
field is different and the lower frequency waves produced by
an earthquake will sample deeper site structure. However, the
fact that we recorded ground accelerations over 1.0 g and
well over the 0.1-0.2 g threshold for in sifu nonlinearity
as stated in Beresnev and Wen (1996) suggests that it is likely
that nonlinear response was induced and can be detected in
our dataset.

We hypothesize that the wave field created by the ver-
tical shaking is dominated by Rayleigh surface waves. This
hypothesis is supported by the observation that the recorded
ground motion is largest in the vertical and radial directions
(Figs. 4 and 5) and that the particle motion is retrograde
elliptical (Fig. 6). Particle motions shown in Figure 6 are
for a small time window during 20-Hz shaking for station 08
(closest to T-Rex) and station 03 (furthest from T-Rex). The
particle motions are retrograde elliptical and contained
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Figure 5.  Sample of recorded step-sweep waveforms for the highest applied force load (60,000 Ib). Enlarged from the box seen in

Figure 4. (a) The ground force signal produced by T-Rex. The step-sweep signal starts at 30 Hz and downsweeps to 5 Hz. Notice the
relative decrease in amplitude below 12 Hz (see Fig. 2). (b) The vertical ground-motion acceleration at station 08. (c) The radial
ground-motion acceleration at station 08. (d) The transverse ground-motion acceleration at station 08. Note the large difference in waveform
amplitude for the transverse component compared to the vertical and radial components. This is due to Rayleigh waves dominating the wave

propagation.

nearly entirely in the vertical-radial plane. The lack of trans-
verse displacement is emphasized in the three-dimensional
particle motion plots for station 03.

The particle motion observations reveal some interesting
wave effects. The degree of ellipticity and tilt of the particle
motion ellipse is not constant throughout the experiment.
There is a strong dependence on frequency, distance from
T-Rex, and applied force load. Figure 6 demonstrates the de-
pendence on distance from T-Rex and applied force load. As
the applied force is increased, the particle motion ellipses
become more elongated and tilted with respect to the ground
surface (e.g., Fig. 6b versus Fig. 6h). A similar pattern occurs
when looking at stations at a different distance for the same
force load (e.g., Fig. 6a versus Fig. 6b). The dynamic char-
acteristic of the observed particle motions, particularly the
change in ellipticity and tilt as a function of force load, is
an interesting observation. Elastic wave propagation models
predict that Rayleigh-wave particle motion ellipses be verti-
cally oriented. The particle motion observations are qualita-
tively explained by the results from Borcherdt (1988, 2007),

where he shows that Rayleigh-wave particle motion ellipses
become elongated and tilted for high values of attenuation
within a viscoelastic half-space. Q values as low as 10 are
used to model linear site response in Garner Valley within
the shallowest sediments (Steidl et al., 1996). Any induced
nonlinearity in the near surface would further lower Q (raise
attenuation). This suggests that the particle motions could be
used to constrain attenuation and estimate nonlinear damping
by using the change in particle motion parameters as a func-
tion of strain level. We reserve this analysis for future work.

Our accelerometer array was two dimensional (Figs. 1
and 3). Observationally, a one-dimensional linear array
would have sufficed. Stations equidistant from T-Rex have
nearly identical observed ground motions. For instance, sta-
tions 07, 08, and 09 closest to T-Rex all show nearly identical
ground accelerations. Waveforms from all three stations are
also in phase with each other. The same holds true for equi-
distant station pairs 05-06 and 01-02. This is likely due to the
baseplate on T-Rex having the same width as the acceler-
ometer array. The wave field propagating away from T-Rex
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Figure 6. Sample of observed particle motion at 20 Hz. Shown is the particle motion in the vertical-radial plane for stations 08 and 03 at
p p p P

the 12,000-1b applied force load (a)—(b), 36,000-1b applied force load (d)—(e), and 60,000-1b applied force load (g)—(h). Also shown is a three-
dimensional view of the particle motion for station 03 at the 12,000-Ib applied force load (c), 36,000-1b applied force load (f), and 60,000-1b
applied force load (i). See Figure 3 for the orientation of the radial and transverse directions. The retrograde particle motion is consistent with
Rayleigh surface waves. Notice the lack of transverse particle motion in the three-dimensional plots.

(within the dimensions of our surface array) shows no sig-
nificant change in phasing or amplitude in the transverse
direction.

Phase Velocity Dispersion

The dominating presence of Rayleigh surface waves in
our ground-motion observations naturally leads to the ques-
tion of whether a change in phase velocity could be used as
an indicator of nonlinear ground response. Rayleigh-wave
phase velocity studies are popular for estimating shallow
S-wave velocities when assessing earthquake site response.
Consequently, a number of techniques have been developed
to extract the phase velocity dispersion information from
ground-motion recordings (Louie, 2001). We incorporate as-
pects from the commonly used surface wave techniques to
calculate the phase velocity dispersion in our dataset.

We first calculate the average phase velocity dispersion
across the array by applying a frequency-wavenumber (f-k)
technique to create a slowness-frequency (p-f) image. The
Rayleigh phase velocity dispersion curve is picked off of the
peak in the p-f image. We start by filtering the vertical
ground-motion data using a narrow-band-pass, 2-pole, zero-
phase Butterworth filter. We use 51 discrete 1-Hz frequency
bands between 5 and 30 Hz at every 0.5-Hz interval (e.g., a
center frequency of 15 Hz has a band pass of 14.5-15.5 Hz).
We do this for every station and for all five applied force
loads. Figure 7b shows an example of a step-sweep wave-
form band-pass filtered with a center frequency of 15 Hz.
A time-distance (#-x) plot of the filtered data clearly shows
the 15-Hz phase propagating across the array (Fig. 7c).
Quantifying the velocity associated with that observed move-
out for different frequency bands is the concept of the phase
velocity dispersion analysis presented here. The phase move-
out on #-x plots for different applied force loads demonstrates
how the phase velocity changes when we increase the force
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Figure 7. Example t-x plot with data narrow band-pass-filtered at 15 Hz. Unfiltered (a) and filtered (b) data for station 08 are shown. A

t-x plot (c¢) for the lowest and highest applied force loads shows the phase moveout across the array at 15 Hz. The 7-x plot has been normalized
to remove the effects of attenuation with distance. The lowest applied force load (12,000 1b) has less phase moveout than the highest applied
force load (60,000 Ib). This is consistent with nonlinear response occurring in the soil.

load. As shown in Figure 7c, a higher applied force load (and
thus higher ground-motion amplitude) produces more move-
out of the propagating wave across the array (i.e., lower
phase velocity). This is consistent with nonlinear response
because a velocity decrease is a consequence of nonlinear
behavior.

To quantify the phase velocity dispersion across the ar-
ray, an f-k transform is applied to the filtered #-x data (Harris
and Young, 1997). The algorithm is based on the maximum-
likelihood approach (Capon, 1969). Dutta et al. (2007) show
arecent example of using an f-k analysis technique to extract
Rayleigh phase velocity dispersion information. The f-k
transform is performed on all 51 frequency bands for all five
applied force loads using a range of slowness values from
0.0001 to 0.02 sec/m. For each applied force load, the
f-k spectra of all 51 discrete frequency bands are collected
to create the resulting five p-f images. One of those five p-f
images, for the 60,000-1b force load, is seen in Figure 8. The
use of the p-f domain to extract the phase velocity dispersion
is similar to the multichannel analysis of surface waves
(MASW) technique (Park et al., 1999) and the refraction mi-
crotremor (ReMi) technique (Louie, 2001) commonly em-

ployed to estimate shallow S-wave structure. Finally, we
pick the phase velocity dispersion curve from the peak in
the p-f image, shown by a dotted line in Figure 8. Uncer-
tainty in the resulting phase velocity dispersion curves is es-
timated using the width of the peak in the p-f image.
Figure 9 shows the resulting phase velocity dispersion
curves for all five applied force loads. This is the principal
result from our study. A clear trend is observed where the
phase velocity decreases as applied force is increased. This
is convincing evidence of induced nonlinear response in the
shallow sediments because a velocity decrease is a conse-
quence of nonlinear behavior. Between the lowest and high-
est applied force loads, the phase velocity values decrease as
much as ~30%. The largest decrease in phase velocity occurs
between the two lowest force loads. Between the three lar-
gest force loads, the phase velocity only slightly decreases.
The amount of change in phase velocity between all five
force loads is also a function of frequency, with more reduc-
tion at the highest frequencies. This is likely caused by the
induced strain field of the surface source decreasing in am-
plitude with depth. The higher frequency Rayleigh waves are
more sensitive to the shallowest site structure compared to
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Figure 8.
Shown are data for the 60,000-1b force load.

the long wavelengths of the lower frequency waves. Thus,
more nonlinear response occurs nearest to the surface (a
propagation effect). The observed reduced nonlinearity at
low frequencies may also in part reflect T-Rex’s decrease in
force output at frequencies below ~12 Hz (a source effect).
Figure 9 also compares our high-strain phase velocity
dispersion curves to a reference small-strain dispersion
curve. Steidl er al. (1996) published a velocity model for
Garner Valley when modeling site response in the area.
We are using this model to represent the linear response
of the near-surface structure. The reference dispersion curve
is slightly higher in velocity than the calculated dispersion
curve for the lowest force load and much higher than the dis-
persion curves for the other force loads. That is consistent
with the shallow sediments behaving nonlinearly from the
large loads applied. However, the exact relationship between
the reference dispersion curve and our calculated dispersion
curves should not be taken too far. The Garner Valley veloc-
ity model of Steidl et al. (1996) is based on geotechnical test-
ing and near-surface seismic site characterization. Not all
reported S-wave velocities for Garner Valley are consistent

20 25 30

Frequency (Hz)

An example p-f image used to pick the Rayleigh phase velocity dispersion. The dispersion curve is shown with small dots.

for the upper few meters. At the frequency range we are
using, variations of the S-wave velocity structure in the upper
few meters will have a significant impact on the resulting
phase velocity values. Steidl et al. (1996) use an S-wave ve-
locity of 90 m/sec for the uppermost 1-m-thick layer, which
is based on geotechnical testing and S-wave velocity profiles
from Pecker (1995). However, Brown et al. (2002) and Sto-
koe, Kurtulus, and Meng (2004) used the spectral analysis of
surface waves (SASW) technique (Nazarian and Desai, 1993)
to estimate the S-wave velocity structure (under linear con-
ditions) at the Garner Valley test site. Results from Brown
et al. (2002) did not adequately resolve the velocity structure
in the upper few meters. Results from five SASW lines in
Stokoe, Kurtulus, and Meng (2004) show a variation of mod-
eled S-wave velocities for the upper 5 m. For instance, the
modeled S-wave velocity for the top layer in the five seismic
lines in Stokoe, Kurtulus, and Meng (2004) ranges from 137
to 207 m/sec, higher than the 90 m/sec velocity cited in
Steidl et al. (1996) for the upper 1-m-thick layer.

The f-k phase velocity analysis described averages the
travel time of the wave field over the whole array. This mini-
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Average Rayleigh Phase Velocity Dispersion Across the Array at Different Applied Force Loads
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Figure 9.  Average Rayleigh-wave phase velocity dispersion across the array at different applied force loads. These curves were obtained
from p-f images similar to Figure 8. The decrease in phase velocity as the applied force load increases is due to nonlinear response in the
shallow sediments. Also shown is a reference dispersion curve calculated using a Garner Valley velocity model published in Steidl et al.

(1996), which we treat as the linear response dispersion curve.

mizes the travel time differences that might exist within the
array due to station location errors or soil heterogeneity. The
variation of reported S-wave velocities for Garner Valley sug-
gests that some degree of soil heterogeneity exists. Station
location errors may also be troublesome given that the size
of a single K2 accelerometer is one-fifth of the radial station
spacing. Those reasons are why we prefer the f-k analysis
approach that averages the phase velocity over the entire ar-
ray. However, there is a compelling reason to calculate the
interstation phase velocity as well. If the ground-motion am-
plitude can decrease by two-thirds over the 4-m-long array,
it seems reasonable that more nonlinearity occurs closer to
T-Rex where the ground accelerations are highest.

To calculate the phase velocity dispersion between suc-
cessive station pairs, we employ the standard two-station
phase difference method (Aki and Richards, 1987). This
is also similar to the SASW technique commonly employed
to estimate shallow S-wave velocity structure. We use the
same data as before: vertical component ground motion cre-
ated by a vertically excited harmonic step sweep at five ap-
plied force loads. We obtain the phase velocity dispersion
between two stations by

—2wAx

Y = o —h@

ey

where V(w) is the phase velocity dispersion function,
w = 2xf, f is the discrete frequency, ¢(w) is the Fourier
phase spectrum of the vertical ground-motion time series
for a particular station using the fast Fourier transform
(FFT), and Ax is the distance between the two stations.
We restrict ourselves to the bandwidth of the step sweep,
5-30 Hz. We do not smooth the phase velocity spectrum re-
sulting from equation (1). The long duration time series
(~6.5 min) results in extremely closely sampled spectral
data points. The phase velocity measurements are subject
to aliasing associated with the phase wavelength and station
spacing. Our array has a radial station spacing of 1.0 m and at
the highest frequency (shortest wavelength), aliasing will oc-
cur below a phase velocity of 60 m/sec.

Figure 10 shows the phase velocity dispersion results
using four successive station pairs. The station pairs are,
in order of increasing distance from T-Rex, 08-06, 06-04,
04-01, and 01-03 (see Fig. 3 for station locations). The sta-
tion pairs span the length of the array in the radial direction
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Interstation Rayleigh phase velocity dispersion curves at different applied force loads. Shown are station pairs 08-06 (a), 06-

04 (b), 04-01 (c), and 01-03 (d). These station pairs span the entire length of the array in a radial direction away from T-Rex. Each observed
dispersion curve is a finely sampled scatter plot. The darker shade of gray represents a higher applied force load. The lightest shade of gray
corresponds to the 12,000 1b. The darkest shade of gray corresponds to 60,000 Ib. The solid black line labeled reference is the same reference
dispersion curve shown in Figure 9, which was calculated using a Garner Valley velocity model published in Steidl ez al. (1996). Note that for
some station pairs, the dispersion curves overlap and are difficult to distinguish. Station pairs 06-04 (b) and 04-01 (c) do not have a 48,000-1b

force load due to data loss during collection.

relative to T-Rex and the direction of wave propagation. Be-
cause all stations equidistant from T-Rex are observed to be
in phase, the station pairs used are treated as if they are ori-
ented strictly perpendicular from T-Rex even though they are
staggered slightly in the transverse direction. Each dispersion
curve in Figure 10 is a finely sampled scatter plot. The width
of the scatter for each dispersion curve is used to give an
estimate of the uncertainty.

Figure 10 shows that phase velocity decreases as the
applied force load is increased. This is consistent with results
from the phase velocity dispersion curves averaged over
the entire array shown in Figure 9. The shape and value of
the dispersion curves have a significant amount of variance
between station pairs. This is the reason why we prefer the
array-averaged dispersion curves (Fig. 9). However, there are
some interesting observations regarding the dispersion be-

tween individual stations. The dispersion curves for station
pair 08-06 (Fig. 10a) share the general shape as the disper-
sion curves in Figure 9 only with lower phase velocity val-
ues. In fact, the phase velocity values generally increase for
the station pairs farther from T-Rex. Furthermore, at station
pairs farther from T-Rex, the decrease in phase velocity as a
function of applied force load is less. Station pairs 08-06 and
06-04, which are closest to T-Rex, show the lowest phase
velocity values and greatest amount of velocity decrease as
force load is increased. Some frequency ranges for station
pairs 04-01 and 01-03 do not show a decrease in phase ve-
locity as the force load is increased at all. Still, the dispersion
curves between successive stations (Fig. 10) confirm the ob-
servations in Figure 9 that phase velocity is observed to be a
function of the applied force load. The interstation phase ve-
locity dispersion curves also suggest that more nonlinear re-
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sponse is occurring closer to T-Rex where the ground-motion
amplitudes are largest.

We checked the phase velocity dispersion results in Fig-
ures 9 and 10 by handpicking arrival times of troughs and
peaks of phases across the array as well as with an automated
approach using cross correlation. Results using these simple
but time exhaustive time domain methods confirm the phase
velocity values in Figures 9 and 10. We also compute phase
velocity dispersion curves for the radial component of
motion using all of the same methods. The resulting radial-
component dispersion curves (not shown) are very similar to
the vertical component, consistent with Rayleigh-wave prop-
agation. We do not make any effort to remove body wave
energy from the ground motions.

A particularly striking feature observed in the dispersion
curves in Figures 9 and 10 is the variation with frequency,
seen as a series of peaks and troughs, making the curves look
rough. If the velocity structure increases monotonically with
depth, the expected phase velocity dispersion curves should
be smoothly decreasing with increasing frequency. Increas-
ing phase velocity with increasing frequency is a hallmark of
a velocity reversal, or low-velocity zone, in the subsurface
velocity structure. The Garner Valley velocity model used
by Steidl et al. (1996) does not include any low-velocity
zones with depth. The available geotechnical logs (J. Steidl,
personal comm., 2004) also show that there are not any ob-
served low-velocity zones large enough to produce the
amplitude of the roughness seen in our phase velocity dis-
persion curves. Therefore, it is possible that the features that
comprise the roughness of the dispersion curves, although
systematic and repeatable in our data, do not result from
low-velocity zones in the near-surface velocity structure.

The small peaks and troughs present in the observed dis-
persion curves in Figures 9 and 10 curiously shift to lower
frequency as applied force load is increased. We suggest that
this could be due to the interference between fundamental
and higher Rayleigh-wave modes. We test this idea by com-
puting fundamental and higher mode group velocity disper-
sion curves for the Garner Valley velocity model in Steidl
et al. (1996) and then again for the same model with ve-
locities decreased by 10% to represent a nonlinear change.
We use group velocity dispersion curves because when
Rayleigh-wave modes interfere with one another in distance,
it is their group velocity that defines the interference and not
phase velocity. We find that the fundamental and second-
higher mode have the same group velocity at ~13 Hz. When
the velocity structure is lowered by 10%, the crossing of the
fundamental and second-higher mode then occurs at ~12 Hz.
This observation is fairly consistent. If a higher mode in-
terferes with the fundamental mode, a similar yet slightly
reduced velocity structure pushes the interference point to
lower frequency. We proceed assuming the fundamental
mode Rayleigh wave dominates the ground motions and re-
sulting phase velocity dispersion curves. If any of the rough-
ness seen in the dispersion curves is caused by interfering
higher modes and not by low-velocity zones, the minor con-

tribution fluctuates around this dominant fundamental mode
signal. In the following velocity modeling, the small peaks
and troughs in the dispersion curves are smoothed over in the
inversion algorithm.

Phase Velocity Inversion for S-Wave
Velocity Structure

We invert the phase velocity dispersion curves in Fig-
ures 9 and 10 for S-wave velocity structure assuming the
wave field is dominated by fundamental mode Rayleigh
waves. Inversion of Rayleigh phase velocity dispersion
curves for an S-wave velocity structure is a nonunique prob-
lem. Many different velocity models can produce the same
phase velocity dispersion curve. However, the practice of
using the Rayleigh-wave dispersion information for estimat-
ing S-wave structure is an acceptable method for engineering
purposes when near-surface S-wave structure is needed for
seismic hazard calculations. The ReMi and MASW techni-
ques have shown to match borehole S-wave velocities to
within 15% (Stephenson ez al., 2005). Rayleigh-wave disper-
sion is typically only used to estimate S-wave structure be-
cause Rayleigh waves are most sensitive to the S-wave
structure (Lai and Rix, 1998). Small changes in S-wave ve-
locity can produce a significant change in Rayleigh phase
velocity, while even large changes in the P-wave velocity
structure have little effect.

We proceed to this step after stating several caveats rel-
evant to the Garner Valley data. First, we do not try to fit the
small-scale variations in the dispersion curves, assuming that
the smooth first-order trends reflect the structure controlling
Rayleigh energy propagating in fundamental mode, as dis-
cussed in the previous paragraph. The inversion of Rayleigh
waves also implicitly assumes a linear wave propagation
model, yet we have strong evidence of wave propagation
nonlinearity at the site. However, we justify the approach be-
cause the dispersion curves represent the steady-state propa-
gation condition at any moment in the experiment, and hence
are, in ensemble, an equivalent linear estimate of the true
nonlinear moduli. That is, the material has softened (and
damping has increased) but the physics of the propagation
of a wave has not changed markedly. Another caveat in-
volves the assumption that waves associated with all fre-
quencies in the dispersion curves are sampling the same
velocity structure (albeit with different frequencies being
sensitive to different depths). That may or may not be the
case for these data because the velocity structure may be
changing in time throughout the source sweep, which is over
6-min long. Each wave frequency is excited at different
times, and if the velocity structure becomes altered at the be-
ginning of the sweep at high frequencies, the subsequent
lower frequency waves may interact with a different velocity
structure than the higher frequency waves did.

We begin by inverting the array-averaged dispersion
curves in Figure 9 for an S-wave velocity model for each



12

force load using an inversion algorithm by Lai and Rix
(1998). The method employs an Occam’s inversion scheme
(Constable et al., 1987) that uses a smoothing function with a
generalized jumping inversion. We only use a bandwidth of
12-30 Hz during the inversion of the array-averaged disper-
sion curves of Figure 9. The reason is twofold. First, the
force response curves for T-Rex fall off below 12 Hz (see
Figs. 2 and 5a), and we want all of the phase velocity values
being inverted to be associated with the same applied force.
Second, the algorithm had a difficult time converging when
using frequencies lower than 12 Hz. Discarding lower fre-
quency data will limit the depth to which S-wave veloci-
ties are modeled. The modeled one-dimensional velocity
structure is parameterized to match the interfaces and layer
thicknesses used in Steidl er al. (1996). Phase velocity un-

Z. Lawrence, P. Bodin, C. A. Langston, F. Pearce, J. Gomberg, P. A. Johnson, F.-Y. Menq, and T. Brackman
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