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ABSTRACT

Two new dense 3-D strong motion arrays have been installed in California to directly
measure the response of stiff quaternary soil to earthquake shaking. These are the Hollister
Earthquake Observatory and the Borrego Valley Downhole Array. This effort is part of a
study to develop siting criteria for nuclear power plants to be constructed on stiff quaternary
soil. Site response measurements, along with detailed geotechnical and geophysical site
investigations, will provide important calibration and confirmation of site response modeling
techniques.

INTRODUCTION

The Hollister Earthquake Observatory (“HEO™) and the Borrego Valley Downhole Array
("BVDA”) are two strong motion arrays recently installed in California. The purpose of these
arrays is to directly measure the site response of stiff quaternary alluvium during both strong
and weak earthquake shaking.

Array locations were chosen in a feasibility study phase. Site geology was the main
consideration; alluvial sites were sought close (within 10km) to the San Andreas Fault system
in areas with high background seismicity rates. A nearby rock outcrop (within 3km) was
required as well. Of course, land availability was another primary concern. Five candidate
sites were initially selected and ranked; the HEO and BVDA sites were then selected after
more careful investigation of geology and land availability.

Both the HEO and BVDA arrays have surface and borehole sensors (accelerometers) at a
soil site and one or more sensors at a nearby rock outcrop site. This configuration allows
direct comparison of recorded data with conventional 1-D site response modeling techniques.
In addition, both arrays have sub-arrays at their rock outcrop sites to measure rock reference
site response. BVDA also has an extensive array of surface sensors to measure 2-D and 3-D
response of the alluvial valley. Instrumentation at both sites consists of state-of-the-art digital
seismographs, providing high-dynamic range data covering both strong- and weak-motion
ranges of earthquake shaking.

Various types of geotechnical and geophysical methods have been used to characterize the

geology and engineering properties of the two array sites. At both the soil and rock stations,
boreholes were drilled, samples were taken for laboratory testing, and logging was performed
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to measure in-situ soil and rock properties.  Surface geophysical methods (seismic
refraction/reflection, microgravity, electromagnetic surveys, microtremor measurements, and
others) were used to obtain 2-D and 3-D information about the subsurface geological
structure.

The following sections of this paper describe the two site response arrays and provide an
overview of the ongoing utilization of the important data they are providing regarding the
earthquake response of stiff quaternary soils.

HOLLISTER EARTHQUAKE OBSERVATORY

Overview

HEO is located adjacent to the San Andreas Fault near the city of Hollister in Central
California (see Figure 1). The ground motion array consists of a vertical (downhole) array in
quaternary alluvium and a rock outcrop station 3km to the northeast.

At the soil station the crystalline basement rock is 172m below the surface. There is 100m
of unconsolidated quaternary alluvium (sands and clays) over 72m of consolidated older
alluvium. Triaxial accelerometers are installed at the surface and at depths of 10, 20, 50, 110,
and 192m. At the rock outcrop station there are three triaxial accelerometers installed on
surface sandstone, surface granite, and downhole granite.

Site investigations at HEO have included borehole drilling in soil and rock, laboratory
testing of soil samples, and surface and borehole geophysical measurements.

HEO was installed in early 1992. Since then, it has successfully recorded more than 150
earthquakes ranging from M2 events under the site to distant M7 events in California. 1-D
modeling of the soil station has been optimized using geotechnical site characterization data
and measured site response data.

Instrumentation

All sensors at HEO are triaxial force-balance accelerometers with a measurement range from
1 micro-g to 1g and a frequency range of 0 - 50 Hz. Surface sensors are appropriately fixed
to the rock or soil. Downhole sensors are locked at the bottom of individual PVC-cased and
grouted boreholes. All sensors are oriented to north and east to allow easy data analysis.

Sensors are connected by cables to 16-bit resolution digital seismographic recorders. Data
are recorded in digital memory and can be retrieved remotely via a telephone modem. The
rock station is connected to the soil station by a radio modem link. AC power is used at the
soil station, while solar power is used at the rock station.

All instrumentation is protected from the natural and human environment using appropriate
enclosures. Electronic protection from lightning damage is provided. Power backup for up to
10 days is provided by a battery system.

The instrumentation system is designed for remote operation through telephone modem.

Instrument status can be confirmed remotely, and recorded data are retrieved through the
telephone. Site visits are required only in the case of problems.
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Site Characterization Studies

Geotechnical and geophysical studies of the HEO soil station included the following:

¢ Seismic refraction to map water table and bedrock depth;

e Borehole drilling to 192m;

¢ Standard laboratory index property testing of samples;

® Laboratory dynamic testing of undisturbed samples (modulus reduction and damping vs.
strain)

Electric logging;

P- and S-wave velocity logging using suspension and downhole methods;

¢ and Microtremor measurements.

The P- and S-wave velocity profiles for at the HEO soil station are shown in F igure 2.

At the rock outcrop station, additional experimental measurements characterized the
geologic structure and rock properties.  Seismic refraction, borehole logging, and
microtremor measurements were done, and the results used in modeling the rock site
response.

Data

HEO was commissioned in early 1992. To date, more than 140 earthquakes have been
recorded by the array. Most of these are small (M<3) local events with epicentral distances
less than 15km. Several M4-5 events at intermediate distances (20-50km) have been
recorded, as well as a few large (M>6) earthquakes at larger distances. For example, the
array recorded the 1992 Landers Earthquake, a M7 event in southern California about 500km
distant. Figure 3 shows sample data from this event.

The maximum PGA recorded to date at BEO is 0.1g.
BORREGO VALLEY DOWNHOLE ARRAY

Overview

BVDA is located adjacent to the San Jacinto Fault Zone (a tributary of the Andreas Fault)
southwest of Palm Springs in southern California (see Figure 1). The ground motion array
consists of a vertical (downhole) array in quaternary alluvium, a rock outcrop station 3km to
the west, and two linear surface arrays in the northern part of Borrego Valley. Figure 1 shows
the surface topography and the array configuration.

At the soil station the crystalline basement rock is 230m below the surface. The soil is
medium to coarse sands with some gravel lenses. Soil density varies from medium to very
dense. Five triaxial accelerometers are installed at the soil surface (GL), -9m, -19m, -50m, -
138m, and -238m. The deepest sensor (GL-238) is about 8m into competent granitic
basement rock. At the rock outcrop station there is one triaxial accelerometers installed on
surface granite and a downhole accelerometer 30m below.
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In addition to the 1-D verification array (soil + rock outcrop), there are 13 surface stations
arranged in the two linear surface arrays shown in Figure 1. Each of these surface stations
has a triaxial accelerometer.

Site investigations at BVDA have included borehole drilling in soil and rock, laboratory
testing of soil samples, and borehole geophysical measurements. Very extensive surface
geophysical measurements have been done to map the structure of the upper Borrego Valley.

BVDA was installed in early 1993. Since then, it has successfully recorded more than 150
earthquakes ranging from M1.5 events under the site to the M6.8 Northridge Earthquake. 1-
D modeling of the soil station has been optimized using geotechnical site characterization
data and measured site response data. 2-D and 3-D modeling of the response of Borrego
Valley is also being done.

Instrumentation

All sensors at BVDA are triaxial force-balance accelerometers with a measurement range
from 1 micro-g to either 1g (dowhnole) or 2g (surface) and a frequency range of 0 - 50 Hz.
Surface sensors are appropriately fixed to the rock or soil. Downhole sensors are locked at
the bottom of individual PVC-cased and grouted boreholes. All sensors are oriented to north
and east to allow easy data analysis.

Sensors are connected by cables or are internal to 19-bit resolution digital seismographic
recorders. Data are recorded in digital memory and can be retrieved remotely via a telephone
and radio modem network. The rock station and 9 of the surface array stations are self-
contained, independent stations connected to the soil station by a 900-MHz spread-spectrum
radio modem network. AC power is used at the soil station, while solar power is used at the
rock station and independent surface stations. All stations have GPS timing, which provides
better than 1 millisecond accuracy.

All instrumentation is protected from the natural and human environment using appropriate
enclosures. Electronic protection from lightning damage is provided. Power backup for up to
10 days is provided by a battery system.

The instrumentation system is designed for remote operation through telephone modem.
Instrument status can be confirmed remotely, and recorded data are retrieved through the
telephone and the radia modem network. Site visits are required only in the case of problems.

Site Characterization Studies

Geotechnical and geophysical studies of the BVDA soil station included the following:

e Seismic refraction to map water table and bedrock depth;

e Borehole drilling to 238m;

e Standard laboratory index property testing of samples;

e Laboratory dynamic testing of undisturbed samples (modulus reduction and damping vs.
strain)

Electric logging;

P- and S-wave velocity logging using suspension and downhole methods;

e and Microtremor measurements.

The P- and S-wave velocity profiles for at the BVDA soil station are shown in Figure 2.
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At the rock outcrop station, additional experimental measurements characterized the
geologic structure and rock properties. 3-D seismic tomography and borehole logging were
done, and the results used in modeling the rock site response.

Microtremor measurements were made at all surface stations by Kato et al. [1], and the
data inverted to estimate bedrock depth.

In the upper Borrego Valley a comprehensive geophysical study was done to provide a
map of water table and basement depth. Measurements included microgravity (more than
600 stations), seismic refraction, seismic reflection, time-domain electromagnetic (TDEM),
and nuclear magnetic resonance (NMR). Figure 4 shows the map of basement rock elevation
resulting from these measurements.

Data

BVDA was commissioned in early 1993. To date, more than 150 earthquakes have been
recorded by the array. Many of these are small (M<3) local events with epicentral distances
less than 15km. Also, many M4-5 events at intermediate distances (20-100km) have been
recorded, as well as a few large (M>6) earthquakes at larger distances. The array recorded the
1994 Northridge Earthquake, a M6.8 eveni in southern California 225km from BVDA.
Figure 3 shows data from this event.

Figure 5 shows sample data from the surface array at BVDA. The variability of the site
response can be observed, even at short distances (Station D is only 80m from Station 0.0).

The maximum PGA recorded to date is 0.08¢.

DATA UTILIZATION

Data from HEO and BVDA have been and are currently being used for many types of site
response studies by researchers in Japan, the U.S., and France.

The primary purpose of data from HEO and BVDA is to confirm verify conventional 1-D
analysis results. Several papers describing this verification analysis are included in Nigbor
[2] and Steidl [3].

Recently, 3-D finite difference modeling was performed using the Borrego Valley
geophysical study results and earthquake data from BVDA by Olsen et al. [4]. Results show
the need for more complete modeling in a small alluvial valley like Borrego Valley.

Data from HEO and BVDA and results from their analysis will be important in the

calibration and verification of modeling techniques for earthquake response of stiff
quaternary soil sites for future nuclear power plants.
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Measured Basement Elevation for the upper Borrego Valley

FIGURE 5:  Sample Surface Array Data from BVDA
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