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In this paper we report on investigations of frictional restrengthening
during repetitive stick-slip on initially bare granite surfaces (nominal contact
area 25 cm’). The tests were conducted in a double-direct shear apparatus at
room-temperature and humidity. Normal stress was held constant, and shear
was induced by controlling the velocity of a loading piston. Samples
exhibited quasi-periodic stick-slip instabilities. ~Appreciable yielding and
precursory creep occur prior to failure. Stress drop amplitudes range from
0.1 to 3.1 MPa (or 4-49% of the failure strength). We study the effects of
loading rate (0.5 to 300 pum/s) and normal load (5 and 10 MPa) on stress drop
and stick-slip recurrence interval. At a given loading rate, there is a positive
correlation between stress drop and recurrence interval, indicating healing
rates of ~4 MPa per decade increase in recurrence time. However, the
combined data from all velocities show a lower rate, suggesting an apparent
healing rate of ~1 MPa per decade increase in recurrence time. We find a
consistent scaling between different loading rates when stress drop is
compared to inter-event loading displacement. The data for all velocities
delineate a single trend and show larger stress drops for greater pre-failure
loading displacement. Failure strength and post-slip stress levels converge
with increasing velocity. Our data indicate that stress drop and post-seismic
stress levels depend on loading rate and recurrence interval in a complex way.

1. INTRODUCTION

Estimates from seismic moment-magnitude data show
that stress drop increases by 1-5 MPa per decade change in
earthquake recurrence time [Kanamori and Allen, 1986;
Scholz et al., 1986; Marone et al., 1995]. These results
indicate that faults restrengthen, or heal, during the
interseismic period. Fault healing is also inferred from
seismic surveys of faults that participate in earthquake
rupture. Li et al. [1998] found that fault-zone p- and s-wave
velocities increased with time after the 1992 Landers
earthquake (M,, 7.3), indicating healing and consolidation of

GeoComplexity and the Physics of Earthquakes
Geophysical Monograph 120
Copyright 2000 by the American Geophysical Union

187

the fault zone. These observations are consistent with data
from laboratory experiments performed under a wide range
of conditions, which show that static friction increases as a
function of contact time [e.g. Dieterich, 1972, 1978,
Chester and Higgs, 1992; Fredrich and Evans, 1992;
Marone and Kilgore, 1993; Beeler et al., 1994; Kamer et
al., 1997; Nakatani and Mochizuki, 1996; Marone, 1998a;
Karner and Marone, 1998; Richardson and Marone, 1999].
However, the relationship between seismic estimates of
earthquake stress drop and laboratory measurements of
healing and static friction is poorly understood. Hence, it
is important to investigate the mechanics of healing and the
relationship between healing and frictional instability. This
may be achieved by analyzing stick-slip instabilities
observed from laboratory experiments.

To investigate the repetitive stick-slip behavior of rock
friction, and to study the effects of loading conditions on
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fault healing, we have sheared samples of initially bare rock
surfaces. We find that stress drop amplitude is dependent on
velocity, normal stress, recurrence interval and effective
stiffness. Our results are consistent with those of previous
laboratory studies, in that stress drop increases with greater
normal stress and slower loading rates. The frequency of
stick-slip events depends inversely on velocity via a power-
law relationship. When cast in terms of recurrence time,
we observe two rates at which stress drop increases with
interseismic interval. The first is given by inverse loading
rate such that slower velocities yield longer recurrence times
and larger stress drop. A second, higher rate occurs for a
given velocity and is determined by stochastic variations in
fault strength between instabilities- coupled with the finite
elastic stiffness of the sample assembly. We analyze our
data in terms of rate- and state-dependent friction
constitutive laws, and we find that the model predictions
capture the major features. Our results highlight the
importance of accounting for variations in earthquake
recurrence interval in studies of the seismic cycle and
earthquake source characteristics.

2. THE EXPERIMENTS

Experiments were conducted on samples of Westerly
Granite, at room-temperature and humidity, in a
hydraulically driven double-direct shear testing apparatus
[described by Karner and Marone, 1998; Mair and Marone,
1999]. Samples consisted of a triple-block geometry where
a central forcing block is sheared between two stationary
side blocks (e.g. the inset shown in Figure 1a). Samples
were machined to produce side blocks with dimensions of
5x5%x3 cm? and a central sliding block of 5x8x4 cm®.
Hence, the nominal contact area on which shear occured
was 5x5 cm®. The same forcing blocks were used for each
test, and surface roughness was controlled by machining
with a #100 grinding wheel (rms roughness of ~5um).

For each experiment, normal stress was maintained

constant by controlling the loadforce signal in a servo-~

controlled feedback loop (resolution better than 0.1 kN).
Shear was induced by controlling the velocity of the piston
loading the central block of the sample assembly (control
step-size of 0.1 pum/s). We monitored the applied forces
and displacements with sampling rates up to 1000 Hz. The

parameters that were investigated included loading rate (0.5

to 300 nm/s) and normal stress (5 or 10 MPa). To study
the effects of velocity on stick-slip behavior, we imposed
step changes in loading rate throughout each test. Several
tens of stick-slip cycles occurred for each velocity step (up
to ~70 cycles), and between 400 to 500 instabilities were
recorded for the 3 cm of slip accommodated by our sample

dimensions. We have analyzed each stick-slip event, and
we compare our data to both previous laboratory studies and
numerical simulations using existing rate- and state-
dependent friction laws.

3. RESULTS

3.1. Characteristics of Repetitive Stick-slip

We show a portion of data for one experiment, including
the initial load-up from zero shear stress, in Figures 1 and
2. For this test, normal stress was held constant (10 MPa)
and loadpoint velocity was varied from 10 to 300 um/s. In
Figure 1a, we present the data as a function of time in order
to better distinguish the stick-slip cycles for different
loading rates. For the conditions of our experiments,
samples exhibited unstable sliding, with instabilities
occurring repeatedly. We observe a clear effect of loading
rate on the frequency and amplitude of stick-slip instability.
The data indicate that stick-slip amplitude decreases, and
frequency increases with increasing loading rate.

In Figure 1b we focus on several stick-slip cycles as a
function of loadpoint displacement. The data show the
characteristic stick-slip behavior observed by previous
researchers [e.g. Ohnaka, 1973; Engelder et al., 1975:
Engelder and Scholz, 1976; Johnson and Scholz, 1976;
Shimamoto and Logan, 1981; Teufel and Logan, 1978;
Wong and Zhao, 1990]. That is, shear stress increases
quasi-linearly as sample loading proceeds, indicating an
elastic stiffness of the loading column of ~0.065 MPa/um.
As deformation continues, shear stress departs from the
quasi-linear trend indicating premonitory slip. Shear stress
continues to increase until it reaches a peak value (1,,,.) that
corresponds to the traditional definition of static friction.
During an instability, shear stress decreases to a fraction of
the peak strength (1,;,). We define stress drop (A1) as the
difference between the pre-slip peak stress (T,,,,) and the
post-slip minimum stress (T,;,). With subsequent loading,
samples continue to slide in an unstable manner as can be
seen by the repeated, quasi-periodic stick-slip cycles.

In Figure 2 we show sample slip for the same segment
of data shown in Figure 1. Sample slip is calculated from
the measured shear force and loadpoint displacement, using
the elastic stiffness obtained from apparatus calibrations
(k=0.065 MPa/jum). Calculating sample slip in this way is
justified by recent tests where we monitor slip directly by
using transducers mounted on the sample blocks. Over
long time intervals, the cumulative slip rate resembles the
background loading velocity (Figure 2a). When viewed in
detail (Figure 2b), samples exhibit intervals of relatively
little motion (stick), followed by accelerating slip that
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Figure 1. Shear stress data from a typical section of an experiment. a) Shear stress is plotted as a function of
time. Loading rate was stepped between 10, 30, and 300 pm/s. Data show repeated stick-slip events, with
velocity-dependent variations in stick-slip amplitude and frequency. b) An enlarged view of data from (a), plotted
against loadpoint displacement. Loading rate for this section was 10 pm/s. For each instability, data show elastic
loading with stiffness of ~0.065 MPa/um (expressed as shear stress per unit loadpoint displacement), followed by

yielding and failure.

culminates in failure and rapid motion (slip instability).
We define premonitory slip as the amount of motion that
occurs during yielding of the sample and prior to failure
(i.e. departure from the linear elastic loading curve). The
recurrence interval for a given slip instability is defined as
the time since the previous slip event. The data shown in
Figures 1 and 2 indicate an inverse scaling of recurrence
time with loading rate, inasmuch as the frequency of
instabilities is greater for faster velocities.

3.2. Relationship Between Velocity and Recurrence Interval

It is important to note that recurrence interval is not
directly controlled in our experiments. However, we find
that recurrence interval is dependent on loading rate, which
is a control parameter. In Figure 3, we show the
association between loading rate (V,) and recurrence time (z,)
for stick-slip cycles where normal stress was 10 MPa. The
imposed loading rate is the primary control for the length of
time between slip events, with slower velocities resulting
in longer recurrence intervals. The data indicate a
relationship that is described by a power-law expression:

t,=m (V)" @

where m is a scaling constant, and n is the power-law
exponent (-1.15 for our tests). For a single velocity the

data show a range of recurrence times, a feature that is
discussed in section 4. In the following section we present
our data in terms of recurrence interval, which allows for
better comparison to seismic observations. We explore the
dependence of stress drop and fault strength on recurrence
interval.

3.3. Dependence of Shear Stress on Recurrence Interval

We measured the stress drop amplitude for each
instability and plot these against recurrence interval in
Figure 4. While the data show some scatter (discussed in
more detail below), there are distinct correlations between
stress drop and the loading conditions. Stress drops are
generally larger for tests conducted at greater normal stress.
Furthermore, we observe two distinctly different healing
rates that depend on the imposed loading velocity. For a
given normal stress and velocities from 0.5 to 300 pm/s,
stress drop is greater for slower loading rates and, hence,
longer recurrence intervals (B8, ~ 0.75-1 MPa per decade
change of recurrence time). For a given velocity there is a
second, larger healing rate (f3,), of ~3.5 to 4 MPa per
decade change in time. Thus, the restrengthening rates for a
single velocity are quite different to the overall healing rates
observed for a wide range of loading rates.

Peak and minimum stresses for all stick-slip cycles are
shown as a function of recurrence time in Figure 5. The
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Figure 2. Cumulative slip across shear surface plotted as a
function of experiment time (the same test shown in Figure 1).
Slip is determined from the measured loadpoint displacement,
loadforce, and elastic stiffness. a) The long-term slip rate
closely matches the imposed loading velocity. b) Individual
cycles show intervals of sample stick, followed by accelerating
premonitory slip and instability (coseismic slip). Recurrence
interval is measured from the point at which shear stress is
minimum after an instability, to the point for which shear
stress is maximum prior to the next instability.

data show systematic variations as a function of loading rate
and normal stress. First, T, and T, are larger as normal
stress increases. Second, there is a small dependence of T,
and Ty, on loading rate. The values of 7,,, are nearly
constant, or may decrease slightly, with increasing velocity
(shorter recurrence times). For a single velocity, T,
increases slightly for longer recurrence intervals. Also, T,
increases slightly for faster loading rates (Figure 5b). These
observations are consistent with data from individual stick-
slip cycles (as shown in Figure 1a), and measurements of
stress drop (Figure 4).

4. DISCUSSION

4.1. Fault Healing Rates Inferred From Stress Drop
Measurements

Our experiments on bare granite surfaces exhibit quasi-
periodic slip instabilities, for which the amplitude and
frequency are dependent on loading velocity (Figure 1). Our
data show an inverse power-law relationship between
loading rate and instability frequency, consistent with
seismic observations of aftershock recurrence intervals [e.g.
Schaff et al., 1998]. Furthermore, we observe that stress
drop increases logarithmically with recurrence interval, with
healing rates that are consistent with earthquake data
obtained from natural faults [Kanamori and Allen, 1986;
Cao and Aki, 1986; Marone et al., 1995]. If the healing
rates observed from our experiments are taken as a measure
of fault strength, then our results are comparable to
previous work detailing the time-dependence of static
friction [e.g. Dieterich, 1972, 1978; Beeler et al., 1994;
Nakatani and Mochizuki, 1996; Marone, 1998a; Richardson
and Marone, 1999], and fault restrengthening inferred from
seismic surveys [Li et al., 1998]. However, the two
different healing rates shown by our data (8, and B, in
Figure 4) indicate that fault restrengthening may occur via
an interplay of several processes. In order to better
understand the different restrengthening rates, we first
investigate the larger healing rate observed for individual
velocities (3, in Figure 4).
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Figure 3. Recurrence interval plotted as a function of the
imposed loading rate. Data are from stick-slip events occurring

in three experiments for which 6,=10 MPa and loading rates
were varied from 0.5 to 300 pm/s. We observe a power law
relationship between loading rate and recurrence interval.
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Figure 4. Measured stress drop values are shown as a

function of recurrence time. Data are from the same stick-slip
events shown in Figure 3, and from tests conducted at a normal
stress of 5 MPa. Stress drop increases with normal load. The
data show two distinct healing rates (8, and 3,). For a given
normal load, stress drop increases by ~1 MPa per decade change
in time (B,). For a given loading rate, stress drop increases by
~4 MPa per decade change in recurrence interval (B,). Data
scatter reflects variations of material strength between stick-
slip events occurring within a single experiment, and also
reproducibility between experiments.

In Figure 6a, we directly compare stress drop data to
recurrence interval for instabilities where V;=30 um/s and
0,=10 MPa. We present data from three consecutive
experiments to show data reproducibility. There is no
systematic dependence of stress drop levels on the
experiment order (m254, m255, and m256, consecutively).
For a given experiment, the data display a range of stress
drop values (~1.5 MPa, or ~75% of the range for all tests).
Furthermore, we do not observe systematic variations in
stress drop as a function of cumulative shear displacement
or experiment time. Post-experiment observation of our
samples revealed that only minor amounts of gouge had
accumulated. This is important because previous studies
have identified the production of wear material (gouge) as a
mechanism responsible for displacement dependent friction
evolution [e.g. Byerlee, 1967; Marone, 1998b]. Thus, the
lack of a systematic evolution of stress drop amplitudes
with displacement is consistent with the small amounts of
gouge production during our tests.

The data shown in Figure 6a define a quasi-linear trend
that is bounded by a line calculated from the imposed
velocity and loading stiffness. This line corresponds to the
loadpoint displacement between stick-slip events, and for
zero precursory slip would equal the stored elastic energy.
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To the first order, the trend shown in Figure 6a implies that
healing rates for a single velocity (B,) are determined by the
stiffness of the sample assembly. To explore this further,
we present stress drop data from all instabilities in Figure
6b. Stress drop is plotted as a function of the interseismic
Joadpoint displacement calculated for each instability
(x=V,t,). The data for all stick-slip events describe a single
quasi-linear trend consistent with the loading stiffness
observed from individual stick-slip cycles (k=0.065
MPa/um, as shown in Figure 1b). Hence, this indicates
that stress drop can be described in terms of loading rate,
recurrence interval, and stiffness (k) by the relation:
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Figure 5. Shear stress data as a function of recurrence time.
Data are from the same tests shown in Figure 4. a) Maximum
shear stress prior to instability. For a given loading rate, peak
stress increases with recurrence interval. For a constant normal
load (i.e. including all loading rates), data show little or no
dependence of peak stress on recurrence interval. b) Minimum
stress following a slip event. Data are for the same stick-slip
events shown in (a). Minimum stress increases with normal
load and velocity.
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Figure 6. Stress drop data for the events shown in Figure 4. a) Stress drop is plotted against recurrence interval
for events that occurred at the same loading conditions (i.e. 0,=10 MPa, V,=30 pm/s). Data from m254, m255 and
m256 indicate experiment reproducibility. For a given experiment, data show a range of ~1.5 MPa in stress drop
values. All data hug the calculated elastic loading curve (the line with slope kV,, where k=0.065 MPa/um).
b) Stress drop data from all stick-slip events shown as a function of loadpoint displacement prior to instability.
The data describe a single quasi-linear trend. For comparison to data, we show a line calculated for elastic loading
of a material with stiffness of 0.065 MPa/um. Our data hug the calculated loading curve, and consistently plot to

the right of the line.

This expression can be derived from classical Coulomb
theory (as shown by Beeler and Wong, 1999) and is
consistent with data presented by other researchers [e.g.
Wong and Zhao, 1990; Gu and Wong, 1991; Berman et al.,
1996; Nasuno et al., 1998].

4.2. Second-order Variations and Data Scatter

While Equation 2 offers a first-order approximation to
our data (Figure 6b), the majority of our data consistently
plot to the right of the calculated linear trend. These
second-order characteristics are partly duc to reproducibility
between experiments (as shown in Figure 6a). However,
the lack of a dependence of stress drop on cumulative
displacement or experiment time indicates that other
factor(s) influence stick-slip behavior. For a given test,
data scatter may be due to stochastic variations in strength
of the sliding surfaces between slip events, or due to the
effects of premonitory slip that occurs prior to instability.
As the latter is consistent with our observations of yielding
prior to sample failure (e.g. Figure 1b), we investigate

whether stress drop is dependent on the amount of

premonitory slip. We remove the linear elastic loading
curve from the displacement data (see Figures 1b and 6b,
Equation 2) and show the calculated values of premonitory
slip in Figure 7. We do not observe any significant
relationship between premonitory slip and stress drop.

The lack of a significant dependence of stress drop on
premonitory slip indicates that data scatter may result from
random variations in the properties of the slipping surface.
As we do not control the state of the shearing surfaces
between each instability, we suggest that differences in
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Figure 7. Stress drop shown as a function of the calculated
premonitory slip to failure. Data are for the same events shown
in Figure 6b. Slip is calculated as the difference between
observed loadpoint displacements, and the theoretical loading
curve for a stiffness of 0.065 MPa/um. There is no systematic
dependence of stress drop on pre-failure slip.



(a) Stick

Loadpoint displacement

\Tm:xx
(b) Premonitory
slip
Loadpoint displacement
Stress drop, AT
(c) Slip
Loadpoint displacement
(d) Stick & ;
premonitory
slip
Loadpoint displacement
(e) Slip
Loadpoint displacement
Figure 8. Schematic illustration showing how asperity

contact size and population may affect shear loading behavior
for stick-slip instabilities. Panels a) through e) represent
consecutive snap-shots for shear on bare surfaces. The sample
loads elastically with little slip (a), followed by yielding and
premonitory slip (b). At failure, samples slide rapidly and
exhibit a sharp reduction in shear load (c). Stick-slip cycles
occur repeatedly (d-e). Peak strength and stress drop are
affected by the characteristics of the asperity population.

surface evolution between stick-slip cycles may account for
the stochastic character of our data. This may arise from
slip and/or time dependent variations in the population and
character (e.g. shape, strength) of contacting asperities, as
shown schematically in Figure 8. For example, a
population of strong asperities would raise the material
failure strength, and inhibit premonitory slip (thus, samples
would exhibit less yielding). If the number of strong
asperities differed between cycles, then premonitory slip,
failure strength and, perhaps, stress drop would also vary.
Other micromechanical processes may account for the
variability within our data.  For example, gradual
deformation of contacting asperities during loading (e.g. by
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brittle failure) would relieve some of the imposed shear load
and lead to greater premonitory slip and longer recurrence
intervals. Alternately, during dynamic slip the
characteristics of an asperity population may have an
influence on the level of dynamic overshoot before slip is
arrested.  Detailed studies of surface interactions may
determine which of these mechanisms is responsible for the
second-order variations shown by our data. However, such
work is beyond the scope of this paper.

4.3. Modeling of Data Using Rate- and State-dependent
Friction Laws

We compare our data with results from forward models
using existing rate- and state-dependent friction constitutive
laws. For the simulations we used the Dieterich (or
slowness) form of the friction evolution law [Dieterich,
1979], where friction (1) at slip rate (V) is described by:

V V.0
=1 +aln| — |+bln| = 3
H= U V. D, 3

Here, p, is steady-state sliding friction at a reference
velocity (V,), D, is the critical slip distance, 4 and b are
empirical scaling constants. The state variable (6) evolves
via the relation:

de Vo
—=1-}— @
dt D

c

Equations (3) and (4) are coupled with an expression
describing the elastic interaction between the sliding surface
and the testing apparatus: dp/dr = k(V,-V), where k is the
system stiffness and V, is the velocity of the loading
piston.

The numerical simulations have been conducted for the
boundary conditions of our experiments (0.5 < V, < 300
wm/s), and using friction parameters (2, b, and D) such
that the critical stiffness equals the system stiffness (0.0065
change in friction per pm, determined from stiffness value
shown in Figure 1b and 6,=10 MPa) via the relation:

k=Kc=_(_b__a_) ')
D

c
To model oscillating instabilities, we perturb the
numerical system by including a small slide-hold-slide (hold

time of 0.0002 s) early in the simulations. The model
results show frictional behavior similar to the stick-slip
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Figure 9. Resuits from numerical simulations using rate- and
state- dependent friction laws. Simulations are forward models
using the Dieterich (or slowness) law with constitutive
parameters as shown. To simulate physical changes of the
contacting surfaces, the state variable was randomly perturbed
by a small amount (+2.5%) in the middle of each slip
instability. Stress drop amplitudes are plotted as a function of
recurrence interval. Results display two rates of increase in
stress drop amplitudes as a function of recurrence time,
consistent with our laboratory observations.

instabilities observed in our experiments. However, the
simulations predict perfectly periodic behavior where stress
drop amplitudes and recurrence intervals are constant with
increasing slip. This is because state evolution is the same
for each stick-slip cycle, which may not be the case in our
experiments.  Hence, to investigate the relationship
between stress drop and recurrence interval we randomly
perturb the state variable by a small amount (between
+2.5% of the value of state at T,,,) in the middle of each
slip instability. This procedure is justified by physical
models in which the nature of the sliding surfaces varies
during stick-slip (e.g. due to wear and asperity fracturing).
In such models, the greatest variability in surface
characteristics would likely occur during dynamic slip. A
key feature of the perturbation in state is that it yields a
range of stick-slip recurrence intervals and stress drops, as
we observe experimentally.

Results from these forward models are presented in
Figures 9-11. We show the calculated stress drop
amplitudes for instabilities in Figure 9, and the associated
Tmax and T, values in Figure 10. The model predictions
capture the first order observations from our experiments.
That is, the frequency of instability (i.e. recurrence interval)
is strongly dependent on the imposed loading rate (similar
to Figure 3, and Equation 1). The calculated stress drop
amplitudes show two distinct restrengthening rates (Figure

9), consistent with our laboratory data (Figure 4). The
simulations show greater healing rates for a single velocity
than for all velocities combined. Furthermore, the model
predictions show little dependence of 1., on loading rate
and that 7, increases with increasing velocity (Figure 10),
consistent with our data (i.e. Figure 5). However, for a
given loading rate we note that the model predictions show
a greater range of 7., and a smaller range for t,,, than that
observed from our data. This may be due to the fact that
the simulations do not consider the effects of inertia and
neglect radiated energy. Furthermore, the simulations
predict less scatter for 1., than for T,;, which differs from
our laboratory observations. This may be due to the
dependence of 1,,,, on system stiffness, or on second-order
variations in pre-failure fault strength.

As is the case for our laboratory data, we find that the
numerically determined healing rates are well described by
Equation 2. When the calculated stress drop amplitudes are
compared to the interseismic loading displacement (Figure
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Figure 10. Calculations of <, and 71, for the same

numerical simulations shown in Figure 9, plotted as a function
of recurrence interval. a) For a given loading rate, peak stress
levels (prior to instability) increase slightly with recurrence
time, while for b) minimum stress levels (after instability)
decrease with recurrence interval.
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Figure 11. a) For comparison to our experiment results, we
show stress drop amplitudes from simulations (same as those
presented in Figure 9) plotted against loadpoint displacement
prior to failure. Stress drop amplitudes plot as a single line
that is well described by an elastic loading curve. b) Model
calculations of stress drop plotted as a function of premonitory
slip. Results show an inverse relationship between stress drop
and premonitory slip, and that premonitory slip is small
compared to our experiment data.

11a), the predicted values describe a single line with a slope
given by the system stiffness (compare with Figure 6b).
The scatter predicted by the models is consistent with data
from our experiments, suggesting that stochastic evolution
of state is a plausible explanation of our experimental
observations. However, we note that the amount of scatter
predicted by the models is less than that shown by our
laboratory data. This may arise from differences between
the observed and modeled amounts of premonitory slip.
Model calculations of premonitory slip are shown in Figure
11b. The simulations show less premonitory slip than
observed from our experiments, and an inverse relationship
between slip and stress drop. While our data do not show a
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dependence of stress drop on premonitory slip (compare
Figures 11b and 7), it may be that such a relationship is
masked by the data scatter. The larger values of
premonitory slip and the greater amount of scatter observed
from our laboratory measurements may result from
stochastic variations of the state of the sliding surface
during the yielding phase prior to failure.

4.4. Comparison to Previous Studies

4.4.1 Seismic Observations. Our results are consistent
with seismic observations, inasmuch as inter-event
recurrence interval scales inversely with loading rate [e.g.
Schaff et al., 1998], and that stress drop increases with
longer recurrence intervals [Kanamori and Allen, 1986,
Marone et al., 1995] and with slower loading rates [Cao and
Aki, 1986]. Furthermore, our data show a range of
recurrence intervals and stress drop values for a given
velocity, also consistent with seismic observations [Cao
and Aki, 1986]. By reanalyzing the data of Kanamori and
Allen [1986] in terms of velocity, Cao and Aki [1986]
found that stress drop values exhibited considerable scatter
for a given loading rate. From this they reasoned that fault
strength is affected by heterogeneities in the number of
strong asperities. If variations in asperity geometry and
strength are also considered, then such a micromechanical
maodel would account for the stochastic nature of our room
temperature data.

We recognize that the conditions at hypocentral depths
introduce other factors that could influence fault healing
rates and stress drop levels. Laboratory studies have
explored several of these factors - including temperature,
fluid-rock interactions, and variations in stress state [e.g.
Chester and Higgs, 1992; Linker and Dieterich, 1992;
Fredrich and Evans, 1992; Karner et al., 1997; Nakatani,
1998; Karner and Marone, 1998; Richardson and Marone,
1999]. As it is unlikely for every fault to experience the
same physico-chemical conditions, variations in these
parameters may account for some scatter observed from
seismic data. However, the conditions at hypocentral
depths provide added complexity which must be separated
from the purely physical mechanisms that effect fault
healing (such as loading rate).

4.4.2. Laboratory Data. Our data show that stress drop
decreases with increasing loading rates (i.e. lower recurrence
times, Figures 1 and 4), in agreement with results from
previous studies of frictional instability for geologic
materials [Ohnaka, 1973; Engelder et al., 1975; Engelder
and Scholz, 1976; Johnson and Scholz, 1976; Shimamoto
and Logan, 1981; Teufel and Logan, 1978; Wong and Zhao,
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Figure 12. Our stress drop data are plotted with data from
Wong and Zhao [1990]. For comparison, we normalize our data
by the mean value for a loading rate of 30 um/s (1.8 MPa).
Velocities are normalized by 30 um/s. We present our data as
mean and standard deviation for each normalized velocity, and
we show the maximum uncertainty presented by Wong and
Zhao [1990]. Our results are consistent with those of Wong
and Zhao [1990], with a similar inverse scaling between stress
drop and loading rate.

1990], for metals [Rabinowicz, 1958], and for thin
molecular films separating sheets of mica [Berman et al.,
1996]. Wong and Zhao [1990] presented stick-slip data
from experiments conducted in a triaxial deformation
apparatus at normal stresses from 25 to 250 MPa. They
performed velocity-stepping tests on fine-grained quartz
gouge sandwiched between Westerly granite forcing blocks.
They averaged the data for each velocity step, and presented
the results as the ratio between consecutive velocity groups.
Hence, their data were essentially normalized by reference
values of loading velocity, stress drop, and recurrence
interval. To remain consistent with Wong and Zhao [1990]
and to assist with comparison, we have normalized our
stress drop and loading rate data by reference values
(corresponding to the mean stress drop of ~1.8 MPa at a
velocity of 30 um/s). We present a comparison between
our data, and those of Wong and Zhao [1990] in Figure 12.
The inverse relationship that we observe between stress
drop and loading rate are in agreement with the data of
Wong and Zhao [1990]. Furthermore, Wong and Zhao
[1990] observed that their normalized stress drop levels
increased with normalized recurrence interval, which is
consistent with the results of this study.

Berman et al. [1996] also investigated the effects of
loading rate on stick-slip behavior from experiments
conducted on thin molecular films sandwiched between mica
surfaces. As a function of increasing velocity, they

observed that static friction levels decreased and post-failure
minimum friction increased. Their data define a critical
velocity (V,) above which stick-slip motion transitioned to
continuous stable sliding (V. ~ 7 to 8 pm/s for their tests).
A similar critical velocity has been observed from dry
friction experiments on bristol board and also on paper
[Baumberger et al., 1994; Heslot et al., 1994]. These
researchers observed a transition from stick-slip to stable
sliding that depends on loading rate and stiffness. Their data
showed that stable sliding is promoted by both increased
stiffness and increased velocity. In the vicinity of the
bifurcation of slip behavior, they also found that frictional
characteristics differed significantly for low and high loading
rates. From these observations, they identified that the low
velocity regime was creep dominated and could be defined
by a characteristic length scale, while the high velocity
regime was inertia dominated and has a characteristic time
scale. Hence, the combined results of Berman et al. [1996],
Baumberger et al. [1994], and Heslot et al. [1994] indicate
that stiffness and loading rate can effect the behavior of
stick-slip motion and the transition to stable sliding.

To compare with the study of Berman et al. [1996], we
show in Figure 13b the levels of peak stress (t,,) and
post-slip minimum stress (T,;,) from our tests as a function
of loading rate, and for a constant normal stress of 10 MPa.
The data show that 1,,,, decreases slightly with loading rate,
while T, increases with velocity. Hence, 1,,, and T,
converge with faster loading rates, consistent with the
observations of Berman et al. [1996]. For the conditions of
our experiments, and in light of the results of Berman et al,
[1996], Baumberger et al. [1994], and Heslot et al. [1994],
our data suggest that a critical velocity exists above which
stable sliding may be achieved. This would correspond to a
Hopf bifurcation between unstable and stable sliding at a
fast loading rate, similar to those reported previously [Klein
et al., 1997; Scholz, 1998]. Given that this critical
velocity would be large (>1000 pm/s), we suggest that the
transition from stick-slip to stable sliding would occur in
an inertia-dominated regime. To date, we have not observed
this bifurcation, which may occur at a velocity greater than
we can presently achieve with our testing apparatus.
However, we have observed a similar velocity-dependent
convergence of 1, and T, from shear tests on layers of
soda-lime glass beads [K. Frye, personal communication].
The existence of this transition in sliding behavior may
have implications for studies of earthquake mechanics and
models of rupture dynamics.

5. SUMMARY

To study stick-slip behavior of bare rock surfaces, we
have conducted experiments on Westerly granite in a biaxial
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Figure 13. Peak and minimum stress levels shown as a

function of loading rate. a) Data from Berman et al. [1996]
showing measured peak, dynamic, and minimum frictional
force from stick-slip instabilities for tests on thin molecular
films between mica surfaces. Their data show convergence of
peak and minimum stress levels as a function of loading rate.
Above a critical velocity (~8 pm/s), they observe a transition
to stable sliding. b) Shear stress data from our experiments as
a function of loading rate. For clarity, we show the mean value
and range of shear stress data for each velocity. For faster
velocities, T, increases and T,,, decreases slightly. Thus, peak
and minimum stress levels converge as velocity increases
similar to results from Berman e al. [1996].

apparatus at room-temperature and humidity. We have
analyzed over 1500 instabilities, and the data show several
interesting features. We observe that stress drop amplitude
increases with greater normal stress, consistent with
previous studies. We also observe two apparent rates of
restrengthening. For a single loading rate, stress drop
increases by ~4 MPa per decade in recurrence time. The
combined data from all velocities show that stress drop
increases by ~1 MPa per decade in time. For the conditions
of our tests, this discrepancy in restrengthening rates can be

KARNER AND MARONE 197

characterized in terms of stiffness of the loading column,
loading rate, and recurrence interval. After removing elastic
effects, we do not observe any systematic dependence of
stress drop on premonitory slip. Measurements of pre-
failure peak stress, and post-failure minimum stress, show
convergence with faster loading rates. This is consistent
with previous studies that identify a critical velocity
marking a transition between stick-slip and stable sliding,
and that this transition lies in an inertia-dominated regime.
Our results are important for studies of the seismic cycle
and modeling of earthquake source characteristics, as stress
drop depends not only on loading rate but also on stochastic
variations in earthquake recuirence times.
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