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ABSTRACT

The presence of layers of weak sedimentary rock in a column of otherwise

competent rock can significantly affect the seismic response of nuclear power
plant structures due to rock-structure interaction effects. The determination

of the dynamic properties of thinly-layered rock is, however, difficult. When

borings are placed close enough to allow for a characterization of refracted
waves, other potential problems such as the identification of clear P- and -
wave arrivals, extremely short duration of records, near-field waves,
instrumental stability, and overall record resolution become magnified. Other

problems such as cultural noise and signal amplitude can become critical when
high resolution is required. Conventional storage oscilloscopes and

seismographs are inadequate under these conditions, but modern digital
recording systems with the application of stringent calibration and recording

procedures can yield successful results. A case history of a high-precision

cross-hole survey to a depth of 150 meters in thinly-bedded sedimentary rock
at a nuclear power plant site is presented in order to illustrate the systems
and procedures necessary to obtain successful results under adverse

conditions.
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1. INTRODUCTION

The application of the traditional elastic half-space theory to evaluate soil-

or rock-structure interaction stiffness and damping coefficients at a layered

site involves assigning properties to an equivalent half space system. This

approach is based on the use of frequency-independent coefficients to compute

seismic response. However, the presence of even thin layers of material with

different elastic properties from the overall soil or rock column can produce
multiple wave reflections that impose a frequency dependence in defining the

force-displacement relationships (impedance functions) for the soil or rock

foundations. As reported by Gallagher et al. 1986) [1] a soil- or rock-

structure interaction analysis taking into account a layered system with

frequency-dependent impedance functions can be significantly different from an
equivalent half-space approach. These results indicate that even thin layers
can be highly significant to the soil- or rock-structure interaction analysis

and that field determinations of elastic properties should be made with
extreme care so as not to overlook or mischaracterize such layers.

The in-situ measurement of the elastic properties of soil or rock can be

accomplished in several ways. Seismic refraction measurements from the
surface have been used to define gross elastic properties of a layered system,

but a thin, low-velocity layer would not be detected. Accordingly, a

measurement system from a borehole is required. Three borehole techniques are
commonly applied. Downhole techniques use a surface source and borehole

transducers to measure the downgoing waveform and progressively calculate
interval P- and S-wave velocities of successive layers. Difficulties with
this method arise from attempting to precisely measure S-wave arrival times

from the top and bottom of a discrete layer, particularly when the horizon is
thin. Resolution decreases with depth and reflected P-waves may interfere

with the downgoing S-wave. P- and S-wave measurements can also be conducted

from a single, usually uncased borehole, where the seismic source and
receivers are located on a sonde that is lowered down the hole. Such

measurements for P-wave velocity in the form of sonic logs have long been

conducted and the technology is mature. The use of downhole tools for S-wave

measurements is innovative and, at least in our experience, results are not
always reliable. The standard by which in-hole measurements are evaluated is

by means of the cross-hole technique.

The cross hole technique, as originally described by Stokoe and Woods 1972)
[2] is a widely accepted method for the measurement of in situ P- and S-wave

velocities. This method, as adopted by the American Society of Testing and
Materials (ASTM), is a standard practice for measurements in soil (ASTM D

4428 3 and with some modification is applicable for measurements in

rock. Rock measurements can be difficult, however, particularly when it is

necessary to measure wave velocities in thin low-velocity layers. Subsequent

sections describe the overall concept of the cross-hole technique; some of the
pitfalls associated with rock measurements; and a case history presenting the

instrumentation and procedures necessary to overcome these problems.

2. THE CROSS HOLE TECHNIQUE: THE OVERALL CONCEPT AND POTENTIAL PITFALLS

The cross hole seismic technique is based simply on the measurement of P- and

S-wave velocities between two boreholes. Once wave velocities are defined for

each subsurface unit, the elastic parameters applicable to a soil or-rock

structure interaction analysis can be defined as follows (Richart, Jr., et
al., 1970 4:
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P - mass density

VP - compression wave velocity (m/sec)
Vs - shear wave velocity (m/sec)

Y = Poisson's ratio

G - shear modulus

K - bulk modulus

E - Yorg's modulus
s

V
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As indicated on Figure 1 a simple cross-hole measurement system consists of
advancing a "listening boring" to the deepest horizon to be investigated. The
listening boring is cased and the annular space between the boring wall and
the casing is grouted. The next step is to advance an "impact boring"
adjacent to the listening boring. When the impact boring reaches a soil
horizon where seismic velocities are to be measured, a core barrel sampler is
lowered to the bottom of the impact boring and driven into the ground using
conventional drilling practice. A vertical velocity transducer is lowered
down the listening hole to a similar elevation and is clamped to the casing
using a wedge to provide direct connection between the transducer and the
casing. The drill rods connected to the sampler are then struck with a hammer
at ground surface, thus triggering a recorder and sending an impulse down the
drilling rods where the initial movement is marked by an additional transducer
mounted on the sampler. This impact is transmitted to the subsurface material
and body waves are generated in the soil. The arrivals of the body waves are
picked up by the transducer in the adjacent listening hole and displayed on
the recorder.

This simple system works very well in soil. An example of a record taken from
soil near Tarquinia, Italy is shown on Figure 2 The P- and S-wave arrivals
are clearly identifiable, and with a hole separation of nine meters, a shear
wave velocity of 340 meters per second can be calculated for the soil.
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Rock recordings are seldom as easy to obtain or interpret as soil records.
Some of the main difficulties are as follows:

• Record length - When measuring high velocity rock, records
are of much shorter duration than those obtained in soil.
In many cases, the S-wave arrival overlaps the P-wave and
an S-wave arrival time can be difficult to identify. To
illustrate this difficulty, the length in milliseconds of a
rock record, where the rock has an S-wave velocity of 1500
meters per second and the boreholes are separated by two
meters, is presented on Figure 2.

• Equipment resolution - The type of conventional recording
equipment used at soil sites, such as an analog storage
oscilloscope or an engineering seismograph, will not offer
adequate resolution at rock sites where the significant
record length is on the order of a millisecond or less, as
depicted on Figure 2.

• Equipment set-up - A simple arrangement for generating body
waves such as illustrated on Figure I may not work in cases
where the rock velocity approaches that of the steel drill
rod. Body waves generated from the surface impact or from
friction along the borehole wall could arrive at the
listening transducer before the waves generated from the
bottom of the impact borehole. In such a case, the arrival
time of the waves of interest could be completely
obscured. To avoid this difficulty, a downhole source is
required.

• Ambient noise - In the case where a downhole source is
used, the amount of energy which can enter the ground is
generally small when compared with a sledgehammer hitting
drill rods. Wave amplitudes in such a situation may be on
the order of a fraction of a millivolt depending on the
transducer used, as compared to hundreds or thousands of
millivolts when a surface hammer source is employed. These
small wave amplitudes may be on the order of ambient ground
vibration, especially at an industrial site, and it may be
difficult to discern the true signal from the background
noise.

Additional problems can result when the intent of the measurements is to
determine the body wave velocities from a thin, low velocity rock sandwiched
between rocks of higher velocity. One of the main difficulties in such a
situation is the presence of refracted waves. The first arrival body waves db
not necessarily have a direct path between the impact source and the listening
hole transducers in the case where a high velocity layer is near the low
velocity medium being measured (Figure 3 In such a situation the first
arrival waves will be those which are refracted through the high velocity
medium. Depending on the rock geometry, the refracted waves can interfere
with the direct arrival body waves to the point where the direct waves cannot
be observed.

One solution to the problem of refracted waves is to place the boreholes close
enough together so that the direct waves can be observed, or at least the
refracted waves can be analyzed in order to derive a true wave velocity.
However, this increases the inherent problems of record length and equipment
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resolution previously mentioned. In addition, near-field waves can interfere
with the resolution of the body wave arrival times.

Near-field waves, as documented by Sanchez-Salinero, et al. 1986) 5], are
body waves which are present only near the source. Longitudinal motion in the
near-field of a point source is comprised of an initial wave which travels at
the compression wave velocity (P-wave) and a second wave which travels at the
shear wave velocity. Similarly, in a transverse motion record, there are also
two waves present. One wave, the S-wave, travels at the shear wave velocity,
but there is another wave which also exhibits transverse motion and travels at
the P-wave velocity. The P-wave velocity is usually not difficult to
calculate as both the P-wave and near-field S-wave travel at the P-wave
velocity and any first-arrival disturbance above background noise will give a
correct interpretation. However, the S-wave and near-field P-wave may
destructively interfere with one another, making it difficult to determine the
precise S-wave arrival time, particularly if this arrival is superimposed on
the P-wavetrain. Near-field effects can be significant if the source and
receiver are within about two wavelengths of each other. For example, for a
source with a predominant frequency of 1000 hertz and rock with an S-wave
velocity of 2000 meters/second, the significant distance is about four meters.

In spite of the inherent difficulties with cross-hole measurements in rock,
these problems can be overcome by means of careful field recording and
processing procedures, documented in the following case history.

3. CASE HISTORY OF HIGH RESOLUTION CROSS HOLE SURVEY IN ROCK

Calculation of rock-structure interaction at a nuclear power plant site
indicated that subsurface claystone layers might significantly affect the
response of plant structures during an earthquake. It was anticipated that
the claystone would have a relatively low shear wave velocity when compared to
the limestone and sandstone which comprised the remainder of the section. A
cross-hole survey was determined to have the best potential for characterizing
the claystone. The main difficulty was that the claystone horizons were no
more than one to two meters thick.

In order to measure direct body waves, or at least to be able to interpret
refractions, three listening borings were drilled at distances of
approximately 1.5 21, and 30 meters from the impact boring. Due to
drilling difficulties, only the impact and the two most distant listening
borings were completed to the target depth of 150 meters, although the closest
listening boring was advanced to 64 meters. All borings were continuously
cored and logged to enable a precise determination of lithology and were then
cased, with grout injected in the rock-casing annulus. Verticality
measurements were run up and down all borings and independently verified by
means of a second survey. The distance between the impact and listening
boreholes at 90 test depths was then calculated.

The potential problems of record resolution and noise were resolved by using a
modern digital oscilloscope (in this case a four channel Nicolet Model 4094-
2). Such an oscilloscope permits signal stacking to improve the signal to
noise ratio, contains differential amplifiers to reduce electrical
interference, and has digital sampling in the nanosecond range allowing for
full resolution of the waveforms. A conventional analog storage oscilloscope
or a seismograph would not have been adequate for recording.

Controversy related to wave arrival picking was reduced by using three
component transducers to enhance resolution of arrival times. As the shear
wave source produces predominantly vertically polarized shear waves, the
vertical transducer proved most reliable for identifying the S-wave, but not

191



the P-wave. The horizontal transducers were used to identify the P-wave
arrival. The identification of the S-wave was also enhanced by using a
downhole source which could initiate a shear pulse by means of a hammer blow
directed either upward or downward.

The hammer source used was based on a simple mechanical system operated from
the surface, where the hammer blows were made by either pulling or dropping a
sliding hammer connected to a cable. The reaction block of the hammer source
was hydraulically clamped to the casing wall. Other types of sources
triggered electronically were considered less reliable because of difficulties
in verifying the trigger time. Nevertheless, considerable care should be
taken to calibrate the trigger of even a simple system.

Trigger problems were immediately apparent when it was noted that the time of
the wave arrivals varied by about 300 microseconds between the upward and
downward hits. This occurred because of the asymmetric placement of the
trigger transducer within the brass reaction block. Calibration tests
conducted by placing several transducers on the outside of a PVC casing
demonstrated that with the upward impact the seismic waves would leave the
casing before the internal transducer triggered. It was necessary to derive a
correction factor for both upward and downward impacts in terms of the
relationship between the apparent trigger time and the actual time the seismic
waves le.ft the casing. Given that seismic wave transit times measured during
the survey were in some cases less than 500 microseconds, a precise trigger
calibration proved critical.

The actual evaluation of wave velocities required that refraction effects be
carefully assessed. In cases where the velocity derived at the 1.5 21, and
3.0 meter spacings was the same, then it would be assumed that direct, rather
than refracted waves had been recorded. Such recordings were obtained over
the high velocity layers. Where measurements were made over low velocity
layers, the velocity derived from the 1.5 meter spacing was frequently lower
than from the longer spacings. In such cases, an evaluation such as shown on
Figure 3 would be conducted to estimate the true velocity of the low velocity
layer.

With the listening borings placed so close to the impact boring to facilitate
the evaluation or refracted waves, it was necessary to carefully assess the
potentially adverse effects of near-field waves. The hammer source generated
a signal with a predominant wavelength of about 1500 Hertz. Where rock had a
shear wave velocity of 700 meters/second, the nearest transducer was about
three wavelengths away, far enough for the near-field waves not to be
significant. An example of a record taken through the low velocity material
at a separation of 1.5 meters is provided on Figure 4 The wave arrivals are
reasonably clear. Where the shear wave velocity was about 1500 meters/second,
however, the nearest listening boring was within two wavelengths of the source
and it was frequently difficult to identify a clear shear wave arrival. In
such cases, the wave velocities could be determined from the more distant
borings.

4. SUMMARY AND CONCLUSIONS

Layered rock containing horizons of relatively low shear wave velocity can be
important to a rock-structure interaction analysis. Measurement of thin, low
velocity layers can be difficult due to problems of noise, instrument
resolution, near-field waves and wave refractions. However, meaningful
measurements can be made through the use of a modern digital recording system;
a triaxial geophone array in the listening boreholes a polarized hammer
source; and placing the holes close enough together to avoid problems of
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refracted waves, but not so close as to incur problems of near-field waves.
Calibration of the hammer source is perhaps the most critical aspect of
ensuring data accuracy, but it is also necessary to verify hole separation and
to define lithologic variation with a high degree of accuracy prior to the
survey. Above all, considerable patience is required when obtaining and
interpreting the records.
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APPROXIMATE SIZE OF RECORD IF THE
/BORINGS WERE SEPARATED BY TWO METERS

AND THE S-WAVE VELOCITY WAS 1500 M/SEC.
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