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INTRODUCTION

The seismic networks for California are coordinated through the Northern California
Seismic Net (NCSN), the U.C. Berkeley Digital Seismic Net (BDSN), the southern
California Seismic Network (SCSN), and the seismological laboratory of the University
of Nevada, Reno (UNR).  These networks are administered through collaborative efforts
of the U.S. Geological Survey, California Institute of Technology (SCSN), U.C. San
Diego and U.C. Berkeley, UNR, and the California Geological Survey  (CSMIP).  Many
hundreds of these sites have little or no quantitative characterization for site amplification
effects or natural site period of vibration.  In this study, we investigate sixty strong
motion recording (SMR) sites using an active-source approach that employs ultra-low
frequency-controlled harmonic waves to measure the dispersive nature of surface waves
in the ground.   An inversion algorithm employing a non-linear least-squares best fit is
used to invert shear-wave velocities for the upper 30 meters of the soil column.

The overall objective of this project is to visit unclassified California strong motion
recording (SMR) sites and acquire spectral analysis of surface waves (SASW) data to
characterize the site stiffness properties to a minimum depth of 30 meters.  The principal
products of this effort are the computation of shear-wave velocity logs, Vs-30 site values,
and NEHRP site classification.  This study was conducted at the request of the Pacific
Earthquake Engineering Research (PEER) Center, Lifelines Program Task 1L10 to
provide a quantitative basis for site classification of ground associated with recorded
ground motions used in the Next Generation Attenuation (NGA) modeling project.  Our
preliminary findings were delivered in digital format on January 30, 2004 to PEER-NGA
project participants through a password protected FTP site.  An interim report with shear-
wave velocity profiles was distributed to NGA members in digital form through the same
web site on March 30, 2004.  This was followed by an informal review process with
several NGA participants that resulted in the computation of new shear-wave velocities
using an inversion algorithm with reduced soil model layering, and clarification on the
locations of several of the SASW test sites.

STUDY AREA

From December 13, 2003 to January 15, 2004 we investigated 60 SMR sites selected
by staff of the California Geological Survey (CGS) and California Strong Motion
Instrumentation Program (CSMIP) in northern and southern California.  These sites are
locations of prior recorded ground motions for which there are no measured quantitative



site stiffness properties.  Fieldwork was clustered in spatial bins to optimize our field
travel and to maximize the number of sites where data could be collected each day.  Maps
of the SMR sites investigated by the SASW team are presented in Figures 1-3.  Figure 1
presents the statewide data collection effort.  Of these sixty sites, 12 are located in the
San Francisco Bay area and the remaining 48 are located in the Coast-Ranges, the Los
Angeles region and the southern California desert. The second figure, Figure 2, shows the
northern California test sites.  Red sites were visited and tested: green sites were sites on
the NGA project list where we attempted to test but were restricted by either site access
issues or limited time (Figure 2). In southern California, we tested the majority of sites on
the NGA project list (Figure 3). Again, red sites were tested, and green sites are on the
NGA target list and were not tested.

The latitude and longitude locations of the SMR sites were given to the SASW team
by CGS in NAD27 datum coordinates.  We attempted to locate our profiles as close as
practicable to each site using hand-held GPS units.  In Table 1 we list the measured
locations of the SASW site, the map estimated location of the SMR site, and the distance
separating them.  This table also presents the average 30 meter velocity (Vs30) and the
NEHRP site classification.  In most cases, we were able to locate the SASW array within
100 meters of the CGS coordinates.  In one case, site 625SSF, we located on an asphalt
parking lot constructed on fill, alluvium, and bay sediment adjacent to a rock outcrop at
Sierra Point.  The seismometer station is located on the rock site and its velocity structure
bears no relation to the data collected at 625SSF.  For this one case, we did not include
the data for the SASW site in this report.  Other sites had inaccurate GPS locations that
we were able to correct, or note (i.e., 620AND, 633CSP; 647SAD; 649MWO; 658WDH).

FIELD METHODS

Spectral analysis of surface waves (SASW) testing is an inexpensive and efficient
means for non-invasively estimating the stiffness properties of the ground. Various active
and passive source surface wave methods have been developed to profile the subsurface
from tens-of-meters to kilometers in depth.  Prior to the development of non-invasive
surface wave methods, shear-waves were measured in cased boreholes or during standard
or cone penetration tests, both relatively costly methods, using a conventional travel-time
approach.  Static cone penetration tests often cannot sound to useful depths for site
response characterization as the soil stiffness mobilizes to resists the maximum static
shear the truck can deliver at shallow depths (<30m) for all but the softest sites.   Surface
wave test apparatus is highly portable, allowing for measurements in extremely remote
locations, at soft sites where vehicles cannot drive, and in sub-aqueous environments
(Stokoe and Nazarian, 1985).



Figure 1. State map showing the locations of SASW test sites included in this report.

We used a surface wave testing system to collect dispersion data for sixty sites
employing a crew of 2 or 3 people. The test apparatus consists of 1-Hz Kinemetrics1

seismometers, a low frequency spectrum analyzer, a computer-controlled continuous
harmonic-wave source (shaker) and amplifier, cables and a small 4.5kW generator.  The
shaker-source is centered in the SASW seismometer line and receives an oscillatory-
signal from a sine function generator. The output signal from the sine wave source is
boosted by an amplifier to produce a continuous harmonic-wave that shakes the ground
with surface waves of a specific frequency. The receivers measure the waves and a fast
Fourier transform (FFT) is performed on each of the four receiver signals. The test steps
through a suite of frequencies for which phase computations, respectively are made. In
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near-real time, the linear spectra, cross power spectra, and coherence are computed.  The
ability to perform near real-time frequency domain calculations and monitor the progress
and quality of the test allows us to adjust various aspects of the test to optimize the
capture of the phase data while on-site in the field.  These aspects include the source-
wave generation, frequency step-size between each sine-wave burst, number of cycles-
per-frequency, total frequency range of all the steps, and receiver spacing.  This method
of swept-sine surface wave testing will sweep through a broad range of low frequencies
in order to capture the surface wave-dispersion characteristics of the ground. This
approach is a slight modification of the Continuous Sine wave Source Spectral Analysis
of Surface Waves (CSS-SASW) test presented by Kayen and others (2004a; 2004b).

Figure 2.  Southern California SASW test sites near SMR station. Red stations were tested;
green stations were visited but site access was denied.

We adopted a common source-midpoint geometry in our array set up (Figure 4).  To
do this, we placed the harmonic-source at the centerline of the survey with the forward
and reverse direction sensor-pairs equidistant from the source for each given array
spacing.  This configuration allowed us to merge the forward and reverse direction
dispersion curves if they were similar. In order to build a merged dispersion profile for
the site, several different receiver spacings were used to capture the high-, medium-, and
low-frequency ranges of the surface wave dispersion.  Spacing of the receivers stepped
geometrically from 1 meter to 64 meters, i.e. 1, 2, 4, 8, 16, 32, and 64 meters.  The two
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seismometers were separated by a given distance, d, and the source was usually placed at
a distance of 2d from the inner seismometer.  When the array separation increased to a
point where the d:2d spacing became impractical, either due to space limitations, cable
limits, or the attenuation, the array spacing was changed to d:d.  Prior investigations have
shown that array spacing ratios between d:d and d:2d are a good compromise in
minimizing near field effects and distant-wave attenuation (Sanchez-Salinero, et al.,
1987).

Figure 3. Northern California SASW test sites near SMR stations. Red stations were tested;
green stations were visited but site access was denied.

 In the field, we compute the Rayleigh wave wavelengths (λ) by relating the
seismometer spacing (δ) and the phase angle (θ, in radians determined from the cross-
power spectra) between the seismometers:

λ = 2πδ/θ .............................................................................................................(1)

The Rayleigh wave surface wave velocity, Vr, is computed as the product of the
frequency and its associated wavelength:

Vr =  ƒλ................................................................................................................(2)
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The grouped and average dispersion curves for the SMR sites are presented in the
Appendix.  We compute in the field reference velocity values for each seismometer set
up for phase angles of π, 2π, and 4π. After completion of the field data collection, we
will then compute a dispersion curve velocity profile for all calculated phase angles.

Figure 4.  Configuration of the USGS surface wave testing system, composed of 1-Hz sensors
and a 100 kg electro-mechanical shakers. Array separation changes from d:2d to d:d for large
array separations when signal strength to the outermost receivers is weak.

INVERSION PROCEDURE

The inversion process is used to estimate the soil stiffness model whose computed
theoretical-dispersion curve is a best-fit with the experimental dispersion data collected
in the field.  That is, we invert shear-wave velocity profiles using an inversion code that
hunts for the best-fit shear-wave velocity profile whose theoretical dispersion curve is the
closest match with the averaged field dispersion curve.  The term “best-fit” refers to the
minimum sum of the squares of residuals from the differences between the theoretical
and experimental dispersion curves. The inversion algorithm, WaveEq of OYO Corp.
(Hayashi and Kayen, 2003) uses an automated-numerical approach that employs a
constrained least-squares fit of the theoretical and experimental dispersion curves.  We
also ran independent inversion algorithms, inverse.m (Lai and Rix, 1998) and WinSASW
(Joh, 1998) to validate the profiles computed from WaveEQ.
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The shear-wave velocity structure of the study sites is presented for the uppermost
thirty meters of the ground in the Appendix figures A1-A13 for each of the sixty SMR
sites.  The inversion of a theoretical velocity profile was performed using the inversion
code WaveEQ.  Typically, a ten-layer model was used for the inversion, with layer
thicknesses geometrically expanding with depth.  The increased layer thicknesses with
depth correspond with decreased dispersion information in the longer wavelength portion
of the dispersion curve.  The profiles generally increase in stiffness with depth, though
low velocity layers are present in several of the profiles.

RESULTS

The testing program investigated sixty sites in California.  These sites are listed in
order of the SASW site number (602-661) in Table 1.  Typically, these strong motion
recording (SMR) sites are located in undeveloped rural areas; fire stations; small
businesses; near Southern California Edison sub-station facilities; SBC Telephone
network stations; and public park grounds.  We attempted to locate within these facilities
next to the SMR station, or tested immediately adjacent to the facility.

Table 1. SMR stations locations and their corresponding SASW and instrument site
identifier.  The computed 30-meter average shear-wave velocity and site codes are presented as
VS30 and NEHRP.  Positions refer to the position of the shaker sources during the SASW test.

The simplest way of characterizing the overall site condition is to use the average
shear-wave velocity in the uppermost 30 meters of the subsurface (Vs30; ICC, 2002).
Equation 3 is used to compute this average velocity based on the unit layer thickness (di)
and the corresponding interval-velocity (VSi).

€ 

VS30 =

di
i=1

n

∑
di

VSii=1

n

∑
(3)

In Table 1 and the Appendix, we report the computed Vs30 values from the 8-10 layer
models. The tested sites fall within an average velocity range of 235-to-902 m/s. The
velocities fall within NEHRP categories “B”, "C", and "D". To better classify the
stiffness of these units we have informally subdivided the categories with a + or - prefix
to indicate whether the velocity falls within the upper or lower half of the 360 m/s range
within each letter class (e.g. Class D-; D+, C-; C+ soils).
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Appendix A.

Photographs, seismic wave velocity profiles, and data sets for sixty California strong
motion recording stations.
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