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Changes in Seismic Velocity and Attenuation During Deformation of Granite
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The seismic velocity and attenuation were measured for P, S,, and S waves traveling through a sample
of Westerley Granite as it was deformed to failure under a confining pressure of 500 bars. All waves
traveled in a direction normal to the axis of maximum compression, with .S polarized parallel to the axis
and S, polarized normal to it. By the time failure occurred, all seismic velocities had decreased by 12-30%.
Amplitudes of the §, and P waves decreased by approximately 30%. A remarkable result of the
experiment is that the amplitude of the S, wave increased throughout the experiment until near failure.
The amplitude at 90% failure strength was more than twice the value under hydrostatic pressure alone.
These results are explained by analyzing how elastic moduli and energy dissipation due to frictional
sliding at cracks are affected by anisotropic crack distribution developed in the sample as axial stress is

applied.

INTRODUCTION

The effects of stress on seismic velocities in dry rock at
temperatures and pressures simulating shallow crustal condi-
tions have been studied extensively. At the same time the
mechanisms responsible for attenuation are less well under-
stood. The scarcity of data related to attenuation is due pri-
marily to the fact that it is difficult to interpret records from
either laboratory or field measurements. Adams and William-
son [1923] were apparently the first to report that the elastic
modulus of rock increases when the hydrostatic pressure on
‘the exterior of the sample is increased. Their explanation,
which is now generally accepted, is that the increase in modu-
lus is produced by closing of the cracks found in most crystal-
line rock. Cracks are also thought to be a source of the
dissipation that causes seismic attenuation in rock at relatively
low temperature and pressure [Orowan, 1934; Born, 1941;
Walsh, 1966; White, 1966]. One of the mechanisms proposed
for attenuation involves friction. By this model a wave propa-
gating through the sample forces the sides of a crack to slide in
relation to one another. The energy required to do this comes
from the acoustic wave and is dissipated as heat. As a result
the wave is attenuated. Birch and Bancroft [1938], in one of the
few experiments of this sort, showed that attenuation of shear
waves decreased by an order of magnitude in granite when
hydrostatic pressure acting on the sample was increased from
0.2 kbar to 4 kbars. According to this model, increasing the
confining pressure closed cracks and increased friction, so that
no slip could occur. As a result, dissipation decreased.

The effect of the nonhydrostatic component of stress on
propagation characteristics is a topic of practical importance.
It has been suggested that observations of changes in seismic
velocities could indicate that failure of the rock is imminent,
thereby providing a way to predict both rock bursts in mines
and earthquakes on faults [Tocher, 1957]. For example, Nur
[1972] and Scholz et al. [1973] have suggested that before some
large earthquakes the ratio of the seismic velocities V,/V; is
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anomalously low. Although the change in seismic velocity that
accompanies dilatancy in initially intact rock is small (of the
order of 10% in a test to failure [Tocher, 1957; Gupta, 1973;
Bonner, 1974; Hadley, 1975], in principle it is possible to
measure such changes in the earth. Unfortunately, the volume
of rock undergoing such a change usually is small in relation to
the path length. Consequently, measurements of the seismic
velocities across active tectonic regions by different methods
may yield different results [Whitcomb, 1973, Kanamori, 1975].

Attenuation is a measure of the nonelastic components of
deformation and may therefore be more sensitive than velocity
to defects in the medium through which the wave propagates.
One would expect a large change in attenuation to accompany
the microfracturing that occurs before a sample fails. For
confined experiments in which the applied stress was other
than hydrostatic, however, no measurements of attenuation
have been reported. It is of interest to study attenuation under
confined conditions, since this duplicates more closely the
conditions found in the earth’s crust. Many of the open cracks
which contribute to wave attenuation in unconfined experi-
ments will be closed when the sample is confined.

Absolute measurements of attenuation are difficult to make.
The signal depends in part upon the coupling between the
transducer and the sample, and small changes in the coupling
can lead to large changes in the output of the transducers. In
the experiments that we are reporting, we avoided this prob-
lem by keeping the confining pressure and the amplitude of the
excitation pulse constant throughout the experiment. The only
parameter that was varied in this experiment was the magni-
tude of the axial stress. The signal of the receiver is affected by
spreading of the transmitted wave as well as by losses between
the tranducers and the sample. Here, we are interested in
relative changes in attenuation produced by stress, rather than
in the absolute value of attenuation. For this reason we deter-
mined only how the amplitude of the wave at the receiver
changed as the sample deformed. In an effort to account for
possible changes in wave form brought about by changes in
velocity and attenuation we measured changes in the ampli-
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