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Measurements of Frictional Heating in Granite

DAVID A. LOCKNER AND PAUL G. OKUBO
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A large (150 X 150 X 40 cm) granite sample, sawn diagonally in half to simulate a fault, was deformed
in a biaxial rock press at normal stress up to 6.41 MPa. Displacements and local shear stress were monitored
along the fault (200 X 40 cm). Temperature transients as large as 10 m°C were recorded following stick slip
events at distances of 0.2 to 1.0 cm from the fault and were related to stress, displacement, and total work.
The temperature measurements were used to calculate the heat generated on the fault during slip. Frictional
heating was found to be 94 + 2% of the total work expended in each event, implying a seismic efficiency
of 4-8 %. When water was injected onto the fault, both fractional stress drop and static frictional stress in-
creased. The efficiency of frictional heating was not lowered by the presence of water. Heat generated during
deformation of a 0.15-cm-thick layer of simulated gouge was also measured for sliding rates from 0.09t0 9.1
um/s. In these gouge experiments, temperature rises were less than 0.1°C and were proportional to sliding

rate.

INTRODUCTION

Many people have suggested that frictional heating could play
an important role in earthquake dynamics. Jaeger [1942],
McKenzie and Brune {19721, and Richards [1976] suggested that
frictional heating during earthquakes could lead to melting on the
fault surface and subsequently to a decrease in shear strength.
McKenzie and Brune cite the occurrence of mylonites in fault
zones as possibly representing recrystallized gouge material. Sib-
son et al. [1979] found numerous occurrences of pseudotachy-
lytes in the Alpine fault zone which they suggest were the result
of frictional heating.

If water is present along faulting surfaces, the dynamics can
become much more complicated. Sibson [1973] showed how con-
stant-volume heating of water in the fault zone could lead to es-
sentially zero shear strength. This could occur if the permeability
of the fault zone is very low. Raleigh [1977] suggested that fric-
tional heating could dehydrate fault gouge material, liberating a
sufficient quantity of water to reduce friction. Lachenbruch
{1980] analyzed the interaction of a number of parameters invol-
ved in the dynamics of a wet fault and showed that under the
proper conditions, thermal expansion of pore fluids due to fric-
tional heating could lead to a partial or total drop in shear strength
or, conversely, dilatation in and around the fault zone could lead
to increased shear strength. He also concluded that if permeability
exceeds approximately 100 mdarcies, all of these thermomechan-
ical effects can probably be ignored. Thus depending on the rela-
tive importance of a number of processes, dynamic friction could
vary considerably during earthquakes.

The absence of a localized heat flow anomaly along the San
Andreas fault system provides important data from which to infer
the driving stresses along the plate boundaries in California
[Brune et al., 1969; Lachenbruch and Sass, 1980). However, re-
lating heat flow to regional tectonics depends on a number of
poorly known processes, including seismic versus frictional heat-
ing efficiency and the flow of groundwater.

Few laboratory data exist for the frictional heating of crystal-
line rocks. Surface heating of laboratory samples has been mea-
sured with thermal dyes by Teufel and Logan [1978]. With this
technique, they reported temperature rises in excess of 1000°C,
presumably at asperity contacts, for laboratory samples failing in
‘stick slip.” However, it is not entirely clear [Byerlee, 1977] how
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these thermal dyes respond to stress, as in these experiments, and
consequently, they may not give an accurate indication of temper-
ature for these conditions.

It should be emphasized that rapid changes in friction during
earthquakes resulting from sudden pore pressure or temperature
transients have never been observed. Our understanding of these
processes is still on a theoretical level. We therefore conducted a
series of experiments measuring the heat generated during sliding
on a simulated fault in granite in order to test some of the basic
hypotheses of frictional heating of faults. These hypotheses in-
clude the following: (1) most of the energy released during stick
slip goes into heating the fault and (2) the presence of water will
reduce dynamic friction by lubricating the fault. We first studied
how frictional heating was related to total energy expended dur-
ing stick slip and then how heating of the fault was affected by
the presence of water and simulated fault gouge. After
parameterizing these variables for large-scale laboratory experi-
ments, we study the implications that these results have for
theories of frictional heating and energy budgeting for earth-
quakes.

EXPERIMENTAL METHOD

All experiments were performed on a 150 X 150 X 40 cm
sample of Sierra gray granite from Raymond, California, sawn in
two along the diagonal to simulate a fault. The sample was de-
formed in a large-scale biaxial press shown in Figure 1. The de-
sign load capacity of the press is 2.2 x 107 Nand 1.2 X 10’ N
for the major and minor loading axes, respectively. Hydraulic
flatjacks, wedged between the loading frame and the sample, are
used to load the sample independently along the two axes
[Dieterich, 1981]. High-speed hydraulic valves under computer
control are used to adjust the load to an accuracy of 0.01 MPa.
The sliding surfaces of the sample are 200 X 40 cm and are
oriented at 45° to the major axes. To assure good mating of the
sliding surfaces, the sample halves were lapped together with 240
grit abrasive to a profilometer measured surface roughness of 0.5
pm. To inject water onto the simulated fault surface, 12 holes
1.27 cm in diameter were drilled parallel to the fault, 3.81 cm
from the fault surface (Figure 2). 0.238-cm-diameter holes were
then drilled from the fault to intersect the main feeder holes
[Lockner et al., 1982]. Finally, 0.05-cm-deep channels were
scribed on the fault surface to assure good communication of the
pore fluid with the fault.

Temperatures were measured at three locations (Figure 2) with
thermistors, encased in glass beads and vinyl dipped for hermetic
sealing. The overall diameter of the thermistors is 0.15 cm. The
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