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Effects of normal stress vibrations on frictional healing
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Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge

Abstract. We conducted laboratory experiments to study frictional healing and
the effects of normal stress vibrations on healing. The experiments were carried
out using a servo-controlled double-diréct shear apparatus on 10 cm x 10 cm blocks
separated by a 3 mm-thick gouge layer of fine-grained (grain size of 75-212 pm)
quartz powder. We performed slide-hold-slide tests in which sliding surfaces were
driven at a constant velocity, halted for a given interval, then restarted at the prior
driving velocity. Healing varied systematically with cumulative displacement, and
by conducting several sets of identical slide-hold-slides we calibrated and removed
these effects. Forward modeling of the healing and relaxation curves using the rate-
and state-dependent friction laws shows that a displacement-dependent increase
in the parameter b can account for our observations. To study the effects of
vibration, we varied the mean normal stress of 25 MPa during holds by double
amplitudes ranging from 1 to 13 MPa at a frequency of 1 Hz. Vibrations increased
rates and magnitudes of frictional relaxation and healing, most likely due to
increased gouge compaction. These effects increased with increasing amplitude of
vibration. We performed normal stress step tests and used the results to model
the vibrational slide-hold-slide tests. Rate- and state-dependent constitutive laws
cannot adequately describe the behavior we observed experimentally because they
neglect gouge compaction. Mechanisms such as normal force oscillations may
explain faster fault healing rates than would be predicted by standard laboratory
measurements at constant stress.

1. Introduction Previous laboratory studies in rock friction have char-
o L o acterized the effects of changes in normal stress on
Time-dependent frictional healing between slip events  gtoa4y state friction [Linker and Dieterich, 1992; Diet-

is a crucial part of the seismic cycle and is observable  ,...p 1nd Linker, 1992; Wang and Scholz, 1994]. These
in both laboratory experiments [Dieterich, 1972; 1979; experiments have determined that a sudden

Johnson, 1981] and natural faults [Vif?ale et al., 1994 change in normal stress produces a direct response in
Marone et al., 1995]. Static and dynamic stress changes  the direction of the normal stress change followed by
due to nearby earthquakes have been observed to affect  , rejavation and subsequent évolution to a new steady
fault healing and stability [M avko et al., 1985; Spudich  gtate in friction. This process is analogous to the effect
et al., 1995; Wang and Cai, 1997] or to trigger other o fiction of a sudden change in load point velocity.
earthquakes [Hill et al., 1993; Cfomberg et al, 1997).  pinker and Dieterich [1992] have interpreted these re-
These effects have largely been.lnterpreted and mod-  gy¢5 in the framework of the rate- and state-variable
eled only in the case of changes in shear stress resolved g4 tion laws, while Wang and Scholz [1994] explained
on to the fault [Rice and Gu, 1983; Dieterich, 1988], al-  h o1 in terms of a micromechanical contact model.

jch01.1gh' often the accompanying change in normal stress Studies of vibrated granular material [Kudrolli et al.,
18 .51gn?ﬁcant as well [Maz{k.o et al., 1985; Linker and 1997; Delour et al., 1999] have focused on establishing
D.zet.erzch ’ 19?2]' In addition, most laboratory rock e fyndamental behavior of particles subjected to vi-
friction experiments are conducted at constant normal brations. This includes particle velocities, trajectories,

stresses, thqs preventing direct comparison of labora- and collision energies. These experiments have typically
tory data with moFlels z%nd. observat}ons of the effect of been conducted at low normal stresses (< 1 MPa), at
stress changes during frictional healing. high velocities (10°-10° mm/s), and with very high fre-
quency stress oscillations (102-10* Hz). Nevertheless,
their results are interesting in a geophysical context be-
Paper number 1999JB900320. cause understanding the dynamic properties of vibrated
0148-0227/99/1999JB900320$09.00 granular materials can lead to a better understanding of
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how stress variations such as vibrations lead to changes
in frictional parameters.

Effects of stress oscillations during steady sliding have
been studied experimentally for metallic friction by
Broniec and Lenkiewicz [1982]; Skdre and Stahl [1992];
Polycarpou and Soom [1995a, b]. Since these investiga-
tors have been concerned primarily with the mechani-
cal stability and wear experienced by moving machine
parts, their experiments have also been conducted at
low normal stresses, high velocities, and high frequen-
cies compared to values that we expect to be relevant in
tectonic environments. The experimental results have
been somewhat inconsistent. All found that friction de-
creases in response to any vibrations in the direction
of shearing. However, normal force vibrations are ob-
served to cause either increases or decreases in friction.
The former has been explained as contact welding or
hardening between the metallic surfaces [Broniec and
Lenkiewicz, 1982; Skdre and Stdhl, 1992], and the latter
likely occurs when the amplitude of external vibrations
is large enough to cause loss of contact between the sur-
faces or when their frequency is close to the resonant
frequency of one of the contacting materials [Broniec
and Lenkiewicz, 1982; Hess and Soom, 1991; Tworzydlo
and Becker, 1991]. Additional observations from these
experiments include the reduction of stick-slip behavior
during vibration and the decrease in friction with in-
creasing frequency of vibration [Skdre and Stahl, 1992).

In this paper we report the impact of dynamic stress-
ing on the rate and degree of frictional healing in lab-
oratory friction experiments. We found that normal
stress oscillations during quasi-stationary contact en-
hanced both frictional healing and relaxation and that
this effect increased with increasing amplitude of oscil-
lation.

2. Experimental Procedure

The experiments we describe were performed in a bi-
axial loading apparatus at room temperature, pressure,
and humidity in the double-direct shear geometry (Fig-
ure 1 inset). The vertical ram driving the central block
was controlled in displacement feedback, and the hor-
izontal ram used to maintain normal stress was con-
trolled in load feedback. The position and force of
each ram are measured by displacement transducers
(DCDTs) and load cells mounted on the rams. The
shear load point position is measured at the end of the
vertical ram where load is measured. The machine stiff-
ness for the vertical load frame, which applies shear, is
5 MN/cm (250 MPa/cm for a 10 cm x 10 cm sample).
Slip on the frictional surfaces and changes in gouge layer
thickness were calculated using the calibrated appara-
tus stiffness from the load point and horizontal ram dis-
placement, respectively. However, during dynamic vari-
ation in normal stress, we made direct measurements of
gouge layer compaction using DCDTs mounted on the
sample. Additional details of the experimental appara-
tus are given by C. Marone (manuscript in preparation).
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Two 3-mm layers of fine-grained (91% of grains be-
tween 75 and 212 um) silica powder (U.S. Silica F-110,
99.8% Si0,) were sheared between either steel or West-
erly granite samples. For the steel samples the side
blocks measured 10 x 10 x 4 cm and the central block
measured 10 x 15 x 4 cm. For the Westerly samples
the side blocks measured 10 x 10 x 4 cm and the cen-
tral block measured 10 x 15 x 8 cm. In this config-
uration the nominal area of frictional contact remains
constant (10 cm x 10 cm) during sliding. The surfaces
of the steel blocks contain horizontal grooves so that
shear was forced to occur within the gouge layer. The
surfaces of Westerly granite were surface ground flat to
40.001 inch over their extent and then sand-blasted to
increase roughness and inhibit boundary shear.

The normal force steps and vibrations were achieved
by adding an external signal to the constant horizontal
force maintained by servo-control (250 kN for all these
experiments). A square wave with zero minimum or a
trapezoidal wave with an instant increase but a ramp
decrease was used for the normal stress steps. For the
oscillations the added signal was a 1-Hz harmonic os-
cillation with zero mean. The amplitude of the steps
and oscillations was controlled by adjusting the magni-
tude of the external signal and was set to zero during
the parts of the experiments that were performed at
constant normal stress (Table 1).

3. Data and Observations

We performed slide-hold-slide tests to measure fric-
tional healing using the same method as outlined by Di-
eterich [1972] and Beeler et al. [1994]. In typical slide-
hold-slide tests the load point is driven at a constant ve-

Table 1. Experimental Data

Experiment Type Amplitude, MPa

m081 displacement 0

m083 displacement 0

mO085 displacement 0

m089 o, vibration 5.5%
m092 on vibration 1.0*
m093 oy vibration 3.8%
m095 on, vibration 3.7*
m107 displacement 0

ml113 oy vibration 5.6%
ml114 o vibration 11.5%
mll7 o, vibration 5.6%
ml134 on vibration 12.5%
m223 on vibration 3.7, 5.6*
m224 on vibration 4.7, 2.8
m225 on vibration 10.4, 5.2*
m226 o vibration 9.1, 8.0*
m237 on Step 0.2, 1.0°
m238 on step 04,12, 1.6, 2.2°
m272 on step 1.2, 2.0, 2.5, 4.5°
m272 o, vibration 1.3, 1.9, 2.8, 3.8

@Double amplitude.
bSingle amplitude.
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Figure 1. Shear stress versus shear displacement for a 3-mm gouge layer sheared at 10 pum/s
between rough steel surfaces at 25 MPa normal stress. Shown are the initial loading, a load
cycle, velocity steps, and six sets of slide-hold-slide tests. Detail of the first set of these is shown
in Figure 2. Inset shows the double-direct shear configuration. The number in the bottom left
corner refers to the experiment number in Table 1.

locity, halted for a given length of time, then restarted
at the previous driving velocity. During the interval in
which the load point is stationary, frictional strength re-
laxes as the shearing surfaces continue to creep. Upon
reloading, the shearing surfaces restrengthen to some
peak value of static friction, then evolve over some
characteristic displacement, eventually returning to the
same steady state value of sliding friction prior to the
hold. We next present observations of frictional relax-
ation and healing that were used to characterize the ef-
fects of total displacement and variable normal stress on
frictional restrengthening during quasi-stationary con-
tact.

3.1. Effects of Displacement

In order to compare data from slide-hold-slide tests
that included normal force vibrations to data from tests
at constant stress, we first sought to eliminate other
second-order effects that would also contribute to the
rate and degree of frictional healing. Therefore we used
a constant load point velocity, gouge layer thickness,
and mean normal stress among all experiments. Within
individual experiments, absolute displacement of the
sliding surfaces also has an effect on frictional healing.
To calibrate this effect, we performed several identical
sets of slide-hold-slide tests over a range of absolute dis-
placements (Figure 1).

This experiment was performed at a constant normal
stress of 25 MPa. Before any shear load was placed on
the sample, the normal load was set at 25 MPa, as with
all the experiments. Then the vertical ram was started
at a driving velocity of 10 um/s. Next, a “load cycle”

was performed in which the vertical ram was retracted
at 10 um/s until the shear load was removed completely,
after which the ram was driven forward again, forming
the hysteresis loop shown in Figure 1. Next, we exe-
cuted a series of velocity step tests. During these tests,
the load point velocity was rapidly increased from 10 to
20 pm/s. After a new steady state value of sliding fric-
tion was reached, the load point velocity was returned
to 10 pm/s. This cycle was repeated continuously over
the first 12 mm of displacement.

After ~ 9 mm of shear displacement the system
evolved from a strain-hardening regime to a velocity-
weakening regime in which frictional resistance de-
creased with increasing slip speed. This transition has
been noted by previous investigators and is thought to
occur in response to the development of localized shear
bands within the gouge layer [Dieterich, 1979; Tullis
and Weeks, 1986; Marone et al., 1990]. We waited until
velocity weakening was reached before performing the
slide-hold-slide tests.

The experiment shown in Figure 1 included six iden-
tical sets of slide-hold-slide tests. Each set was accom-
plished at a load point velocity of 10 um/s and included
two holds each for 3, 10, 30, 100, 300, and 1000 s (Fig-
ure 2). For each hold in each set we measured frictional
healing (A7) as the difference between steady state slid-
ing shear stress just prior to stopping the load point and
the peak value of shear stress reached upon reload. We
measured frictional relaxation (A7yiy) as the difference
between steady state sliding shear stress and the mini-
mum value of shear stress reached just before the load
point was restarted. We also measured fault gouge com-
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Figure 2. (a) Shear stress and (b) gouge layer thickness versus shear displacement for the first
set of slide-hold-slide tests from Figure 1. Hold time in seconds is labeled beneath each hold. The
measured quantities healing (A7), relaxation (ATmin), and gouge compaction (A¢) are labeled
on the last 1000-s hold. The continuous geometrical thinning of the gouge layer is inherent in
the double-direct shear geometry [Scott et al., 1994].

paction as the decrease in gouge layer thickness during
the quasi-stationary hold (Figure 2b). We report values
for healing and relaxation in terms of shear stress rather
than friction to avoid confusion when we describe later
experiments in which the normal stress was varied.

The magnitude of frictional healing, relaxation, and
gouge compaction increases linearly with the logarithm
of hold time (Figures 3a, 3b, and 3c). This result is
in agreement with observations from previous studies
that have measured frictional healing [Dieterich, 1972;
Johnson, 1981; Beeler et al., 1994] as well as relax-
ation and gouge compaction [Marone, 1998b; Karner
and Marone, 1998]. In an individual experiment the
magnitude of healing for equal hold times increases with
displacement. In addition, the dependence of healing on
log hold time increases with displacement. The depen-
dence of the relaxation and compaction on displacement
(Figures 3b and 3c) show just the opposite trend.

The 1000-s holds in each of the six sets of tests (Fig-
ures 3d, 3e, and 3f) show that healing, relaxation, and
gouge compaction vary approximately logarithmically
with increasing shear displacement. This effect of ab-
solute displacement is also evident in the actual time
series data (Figure 4) in which we compare two 100-s
holds from the first and sixth tests at exactly the same
scale.

We characterized the effects of displacement on the
evolution of shear friction in order to eliminate them
from our data. Once these effects were removed, we

could determine the effects of other second-order varia-
tions, such as changes in normal stress.

3.2. Normal Stress Steps

We performed experiments similar to those described
by Linker and Dieterich [1992] in which we rapidly
stepped the normal force during steady sliding in order
to observe the evolution of friction (Figure 5). For these
experiments, sliding surfaces were driven at a constant
speed of 10 pum/s, and the initial normal stress was 25
MPa. The magnitude of our normal stress steps ranged
from 0.2 to 2.5 MPa, or 1-10% of the initial normal
stress.

Like Linker and Dieterich [1992], we observed that
shear stress increased instantly when the normal stress
was stepped due to the Poisson effect. However, we
found that the ratio of shear stress change to normal
stress change was ~ 0.01 for Westerly granite testing
blocks and 0.02 for steel blocks. This is smaller by an
order of magnitude than the ratio observed by Linker
and Dieterich [1992]. This discrepancy is most likely
due to the fact that they mounted their DCDTs directly
on their sample blocks, and thus their effective stiffness
was larger, and because their apparatus may have been
slightly misaligned [Linker and Dieterich, 1992].

Following the Poisson effect, we observed elastic shear
loading and subsequent evolution to steady state slid-
ing at constant stresses. We measured the difference in
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Figure 3. Time dependence of healing, relaxation, and compaction. For the first, third, and sixth
sets of slide-hold-slide tests shown in Figure 1, (a) A7, (b) ATmin, and (c) A¢ are plotted versus
logio of hold time. Absolute shear displacement for each set is shown in the upper left. (d,e,f)
Healing, relaxation, and compaction for each of the 1000-s holds in all six sets of slide-hold-slide

tests as a function of absolute displacement.

shear stress between its value at the end of the elastic
loading period and its subsequent steady state value in
order to determine the quantity that Linker and Di-
eterich [1992] term “a,” in which

_ A"‘step/a'final
= . 1)
1n(a'ﬁnal/o'initia.l)

Figure 6 shows one normal stress step. The point at
which shear loading deviates from a linear elastic load-
ing curve (Telastic) is marked with a circle. Note that
the Poisson effect (marked with a diamond) is barely
observable (Figure 6). It is clearly visible in the vibra-

tion tests with larger normal stress variations shown in
later figures. The quantity A7gep is the difference be-
tween the steady state shear stress following the normal
stress step and Teastic and is of interest because it is the
evolution in shear stress that occurs with slip after the
normal stress change. In order to determine the value
Of Telastic We incrementally fit a line to the shear loading
curve, beginning with the data point corresponding to
the beginning of the normal stress step. Each succes-
sive fit included one additional data point. We defined
Telastic t0 be the data point corresponding to the last lo-
cal minimum in the error of fit, thus the final data point
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Figure 4. (a,b) Shear stress and (c,d) gouge layer thickness versus shear load point displacement
for two 100-s slide-hold-slides at different displacements shown at the same scale. The slide-hold-
slide on the left (Figures 4a and 4c) underwent greater relaxation and gouge compaction but less
healing than the test at larger displacement (Figures 4b and 4d).

that belonged to the best fit line in a least squares sense.

Observations of the evolution of the gouge layer are
as important as observations of shear stress in deter-
mining the effect of sudden normal stress steps on the
frictional state of the system. We measured the changes
in gouge layer thickness with two linear voltage differen-
tial transducers (LVDTs) mounted directly on the front
face of the sample. The data we show (Figure 6c) are
an average of the signal from these two sample-mounted
LVDTs. As soon as the 2.5-MPa normal stress step was
executed, the gouge layer compacted by about 5 pum.
The gouge layer continued to compact rapidly during
elastic loading. The point in displacement that marked
the end of the elastic shear loading is marked on the
gouge layer record with a circle (Figure 6c). The gouge
layer continued to compact faster than at steady state

over the same interval in displacement that corresponds
to ATstep, after which a new steady state was reached.

The slope (@) of the least-squares best fit line to mea-
surements of ATejastic/Tfinal COnstrained to pass through
the origin is 0.30 (Figure 7). Linker and Dieterich
[1992] used an approximately similar method to de-
termine Telastic and to find «; they obtained a = 0.2.
However, they also argue that o may be as large as 0.5;
therefore our value seems reasonable. In sections 4.2-
4.3, we use « to model data for normal stress steps and
vibrational slide-hold-slide tests.

3.3. Normal Stress Vibrations

We tested the effects of normal stress oscillations
on frictional healing by vibrating at a constant ampli-
tude and frequency during the quasi-stationary inter-
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Figure 5. (a) Normal stress and (b) shear stress versus shear load point displacement for an
experiment including four sets of normal stress steps (0.42, 1.20, 1.61, and 2.20 MPa). Normal
stress was increased as rapidly as possible under servo control (each step occurred <0.2 s), but
was ramped down to its initial value to prevent unstable sliding.
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Figure 6. (a) Normal stress, (b) shear stress, and (c)
gouge layer thickness as a function of shear displace-
ment for one normal stress step. Normal stress and
layer thickness are shown versus the load point dis-
placement; shear stress is shown versus both load point
displacement and slip measured directly across the slid-
ing surfaces. The 2.5-MPa step in normal stress was
accomplished in (<0.2 s). The shear stress increased
instantaneously by 0.05 MPa due to Poisson expansion
of the central forcing block (marked with a diamond).
The shear stress followed an elastic loading curve until
Telastic ( marked with a circle), then evolved to a new
steady state (marked with a square); the difference be-
tween the new steady state and Telastic iS ATgtep. The
displacements at which Tpeisson, Telastic, and 7ss occur
are also marked on the layer thickness curve. The ef-
fects of continual geometric layer thinning have been
removed.

vals of the slide-hold-slide tests. All of the experiments
with normal stress oscillations were started exactly the
same way as the experiment in Figure 1. Following the
standard loadup and initial shearing procedure, slide-
hold-slide tests with normal force oscillations were per-
formed. These were usually followed by another set
at constant stress or by another set of slide-hold-slides
with oscillations (Figure 8).

Normal stress vibrations were accomplished by first
stopping the vertical ram as in a standard slide-hold-
slide, then ramping up the amplitude of the normal
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force oscillations to some constant amplitude (24 = 5.6
MPa for the experiment in Figure 8). These oscilla-
tions were maintained for a given time interval, then
reduced to zero amplitude again before the vertical ram
was restarted. Figure 9 shows this procedure in detail
for one 30-s slide-hold-slide test with normal force os-
cillations of 4.7-MPa double amplitude.

There was a lag of a few seconds at the beginning (¢; -
t2 in Figure 9) and end (¢ - t6) of every vibrational hold
since the vibration amplitude was adjusted by hand.
Similarly, there was a finite time over which the normal
force oscillations were increased to the chosen ampli-
tude (t2 - t3) and decreased back to zero (¢4 - t5). We
chose to increase/decrease the amplitude of the oscilla-
tions gradually in order to maintain constant frequency
and so that the total signal to the servo-control varied
smoothly at the onset and end of the vibrations. This
prevented unstable sliding at the beginning of holds
associated with large-amplitude reductions in normal
stress. These short time lags were approximately con-
stant for all holds because they only depended on the
reflexes of the operator. The vibrational hold time was
generally 5-7 s less than the total “hold time”; however,
we always report the total hold time. This discrepancy
necessarily affects short holds more than long ones, but
we assume the effect is negligible and do not correct for
it in any way.

3.3.1. Frictional healing The most significant ef-
fect of vibration during holds was the overall degree
of frictional relaxation and subsequent restrengthening.

0.03

slope (o) = 0.30

0.04 0.06 0.08
In(c

finallSinitial)

0 0.02 0.1

Figure 7. Nonelastic change in shear strength (A7gtep)
upon a step change in normal stress (see Figure 6b).
ATgtep is normalized by final normal stress and plotted
versus the natural logarithm of the ratio of the final to
the initial normal stress for 24 normal stress step tests.
The line is the least squares best fit line to the data
constrained to pass through the origin. Its slope, 0.30,
equals a [Linker and Dieterich, 1992].
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Figure 8. (a) Normal stress and (b) shear stress versus shear displacement for a 3-mm gouge
layer sheared at 10 pm/s between sand-blasted Westerly granite surfaces. The first and third sets
of slide-hold-slide tests were performed at constant normal stress (25 MPa). During the second
set of slide-hold-slide tests, normal stress was oscillated at 1 Hz and a 2A = 5.6 MPa for the
duration of the hold, then returned to 25 MPa at the end of the hold. The Figure 8a inset figure
shows four slide-hold-slides (right) with and (left) without vibrations.

The inset detail in Figure 8 compares two nonvibra-
tional holds with two vibrational holds of equal times.
These two pairs are shown at the same scale. Clearly,
relaxation and especially healing, which more than dou-
bled in comparison to the holds at constant stress, in-
creased greatly during vibration. Notice that the peak
level of friction upon reloading is not as clearly defined
in the vibrational holds as in the constant stress holds.
This rounded shape at peak friction was characteris-
tic of vibrational holds. For the purpose of measur-
ing frictional healing, we defined the peak friction as
the greatest value attained after the hold, even if this
value occurs at some displacement after an apparent lo-
cal maximum in friction (e.g., the 100-s hold shown in
Figure 8 inset).

Another typically observed consequence of normal
force vibrations was the unusually large displacement
over which sliding friction returned to its previous
steady state value (Figure 8). This displacement is
greater than that for longer constant normal stress holds
that reached equivalent values of healing and peak fric-
tion. In addition, it is clear that frictional healing de-
pends less strongly on hold time for vibrational holds
than for holds at constant stress (compare slopes of the
open and solid symbols in Figure 10b). This feature is
common for vibrational holds and seems to be related to
the amplitude of vibration. Specifically, increasing vi-
bration amplitude decreases the healing rate, 3, defined

here as 8 = Ar/Alogty, in which ¢ is the hold time
[Marone, 1998b]. In fact, for very large amplitude vi-
brations (24 ~ 10-13 MPa), 3 = 0 for the range of hold
times in these experiments; however, unstable sliding
marked by sudden shear stress drops tended to occur
during holds with large-amplitude vibrations, making
these data and the related relaxation data somewhat
difficult to interpret. In contrast to frictional healing
and relaxation, gouge layer compaction consistently in-
creased with hold time to a greater degree during vibra-
tional holds than during constant stress holds (Figure
10).

Figure 10 compares healing (A7), relaxation (ATmin),
and gouge layer compaction (A¢) for holds with and
without normal stress oscillations for the three sets of
slide-hold-slide tests displayed in Figure 8. Figures 10a,
10b, and 10c show measurements made on raw data,
and Figures 10d, 10e, and 10f show measurements that
have been corrected for the effects of absolute displace-
ment. The displacement correction was determined by
fitting a logarithmic curve to data of healing (or relax-
ation or gouge compaction) as a function of displace-
ment (Figure 3) taken from the displacement calibra-
tion experiments such as the one shown in Figure 1
and others (see Table 1). The difference in healing
on the calibration curve between the actual displace-
ment and some reference displacement was the value of
the correction added to the data and was applied iden-
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Figure 9. (a) Shear stress and (b) normal stress ver-
sus time for one 30-s hold with 4.7-MPa normal stress
oscillations. The vertical ram was stopped at t;. At ts,
the sinusoidal normal stress oscillations were started,
reaching 5.6-MPa double amplitude at t3. At t4 the
amplitude of the oscillations was decreased gradually,
becoming zero at ¢5. The vertical ram was restarted at
t, ending the hold. The apparent 10-s modulation in
amplitude of the normal stress during oscillations was
due to a data-sampling rate of 10 Hz slightly out of
phase with the 1-Hz oscillations. The oscillations in
shear stress are due to direct elastic coupling (Poisson
effect) between the normal and shear stress resolved on
the central forcing block.

tically to all the vibration experiments detailed here.
We assumed that since the initial shear loadup was the
same in each experiment, the effects of displacement
were nearly identical for all of our experiments for the
ranges of displacements (& 10-35 mm) at which we con-
ducted the slide-hold-slide tests. In the plots on the
right of Figure 10, all the data are shown at a refer-
ence displacement of 15 mm. We did not observe any
permanent effects of vibration, as is evident from the
good agreement between the data from first and third
slide-hold-slide tests.

Frictional healing increases with the log of hold time
for both constant stress and vibrational holds (Figures
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10a and 10b). The absolute level of healing is much
larger for vibrational holds. An extrapolation of a least
squares best fit line to these data implies that a hold
of ~ 3 x 10%s at constant normal stress will result in
the same level of frictional healing as a 10 s hold with
5.6-MPa vibrations (Figure 10).

Frictional relaxation also increases with the logarithm
of hold time for both types of holds (Figures 10c and
10d). Relaxation depends more strongly on hold time
for vibrational holds (i.e., the slope of the best fit line
is slightly steeper for the vibrational set), and the ab-
solute level of relaxation is greater by approximately
the same amount as that for healing (note the factor
of 2 change in vertical scale between the healing and
relaxation parts of Figure 10). This was observed con-
sistently in all experiments. Gouge compaction greatly
increased during normal force oscillations and also de-
pends more strongly on hold time than it does under
a constant normal load (Figures 10e and 10f). Inspec-
tion of the gouge layer after an experiment with large-
amplitude vibrations revealed that the gouge had con-
solidated to form weakly cohesive plates of the order
of centimeters in area and fractions of a millimeter in
width due to the great compaction induced by the vi-
brations. Gouge layer effects are probably the most
important for characterizing the effects of vibration as
will be discussed.

3.3.2. Effects of vibration amplitude We con-
ducted several slide-hold-slide tests using different vi-
bration amplitudes (Figure 11). For equal hold times
the total change in shear stress during the hold and
reload, A7 + A7yin, (Figure 11d), and the gouge com-
paction during the hold (Figure 11e) both increase ap-
proximately linearly with vibration amplitude. The de-
layed return to steady state friction and the rounded
peak in friction following a hold are also enhanced with
increasing amplitude (Figures 11a, 11b, and 11c). We
measure total change in shear stress (A7 4+ A7pin) in
Figure 11d because 75% of holds with double ampli-
tudes of 6 MPa and greater experienced unstable sliding
at the onset of vibrations, creating a small but unrecov-
erable shear stress drop (e.g., Figure 12). These stress
drops could sometimes be eliminated by a longer ramp
in vibration amplitude or a longer lag at the beginning
of the hold before starting the vibrations.

3.3.3. Gouge layer effects We measured the de-
gree of gouge layer compaction as the change in layer
thickness during the hold (Figures 2b and 13a) and di-
latation as the change in gouge layer thickness between
the end of the hold and the new steady state reached
after the end of the hold (Figure 13a). We have al-
ready noted that healing, relaxation, and compaction
vary linearly with the logarithm of hold time (Figures
3 and 10) and that gouge compaction and the total
change in shear stress both vary approximately linearly
with the amplitude of vibration for a given hold time
(Figure 11). Thus the relationship between changes in
shear stress and changes in the gouge layer during slide-



28,868 RICHARDSON AND MARONE: STRESS VIBRATIONS AND FRICTION
0.8 +—0.8 .
* o
_ 06 L4 10.6} o $ ¢
3 . A .
é 0.4 A é A O 0.4+t o
P
4
0.2 e 8 o 0.2 g £ § o
A © a
o) a 2y b
0 ; : ' 0 .
0 1 2 3 0 1 2 3
1.5 ‘ 15 ‘
© ¢ ¢ ¢
o I
s ! ¢ g 8 | ¢ 8
c 4 ¢
£ 4 2 A ¢ o
505 R R 0.5 &
e c o d
O " O " "
0 1 2 3 0 1 2 3
20 Uncorrected . 20 Corrected
_ oA constant o . oA constant o ¢
=15 | vibrating o, |15 | @ vibrating o,
% ‘ 3 ‘ 3
<10 110t
& ¢ 8 ¢ 8
§ 8
5 R 5 8
a % s B
oL . mi3_el S - , m113, f
0 1 2 3 0 1 2 3
Log t (s) Log t (s)

Figure 10. (a,b) Measurements of A7, (¢,d) ATmin, and (e,f) A¢ plotted versus logio of hold
time for the three sets of slide-hold-slide tests in Figure 8. Effects of absolute displacement have
been accounted for in the data on the right (Figures 10b, 10d, and 10f). Open circles and triangles
represent the data from the first and third sets of slide-hold-slide tests, respectively, that were
performed at constant normal stress. Solid diamonds represent the data from the second set with

oscillating normal stress (24 = 5.6 MPa).

hold-slide tests may be important in characterizing the
effects of vibration.

In fact, we found that total change in shear stress
varies linearly with both compaction and dilatation
(Figures 13b and 13c) over a range of vibration am-
plitudes. In the experiment shown in Figures 13b and
13c, hold times ranged from 3 to 1000 s. As hold time
increases, compaction and total change in shear stress
increase, so even though time is not explicitly plot-
ted, the hold time increases from left to right within
each of the three data sets. Note that a 1000-s hold
with no vibrations underwent approximately the same
amount of compaction as a 12-s hold with 8.0-MPa vi-
brations. Likewise, shorter hold times with 9.1-MPa vi-
brations achieved greater compaction and thus greater
healing and relaxation than longer hold times with 8.0-
MPa vibrations. This suggests that the effect of vi-
brations during a hold is essentially to trade time for
compaction. Most dilatation measurements approached

the minimum resolution of our LVDTs, so there is more
scatter in this data set. However, it is still evident that
there is a similar trade-off between time and dilatation
when the gouge layer undergoes vibration. We will later
discuss how the changing state of the gouge layer can
be important in modeling the effects of normal force
vibrations during slide-hold-slide tests.

4. Discussion

We have modeled the experiments to determine if the
dependence of frictional healing on second-order effects
such as cumulative slip and variable normal stress are
consistent with the existing framework of the rate and
state friction laws. Although other theoretical interpre-
tations are possible and plausible, we are only consid-
ering the rate and state empirical friction laws here.

In the case of the constant stress holds, we adopted
the standard law
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K= po an(vo) _n(Dc) (2) 7 1 D. (4)

in which po is the coeflicient of friction at the steady
state sliding velocity Vp, V' is the slip rate, 8 is the
state variable that can represent average contact life-
time, D, is the characteristic slip distance over which
friction evolves to a new steady state following a change
in velocity, and a and b are empirical constants. Equa-
tion (2) was coupled to a single-degree-of-freedom elas-
tic relationship,

dp

= -V

®3)
in which & is the apparatus stiffness divided by the nor-
mal stress (1 x 10~3um™? for our apparatus) and Vj, is
the slip rate of the load point, which is set equal to Vp.
We tested two evolution laws with our data. One, the
Dieterich, or “slowness” law, is given by

in which 6 evolves with time [Dieterich, 1978, 1979].
The other, the Ruina, or “slip” law, is given by
g -Vve

a9 ve
a D, "\D,

in which 6 evolves with slip [Ruina, 1983].

In the case of the normal stress steps and the slide-
hold-slide tests with normal stress oscillations, we fol-
lowed the formulation of Linker and Dieterich [1992] in
which a change in normal stress causes an immediate
change in the state variable of the form

a/b
9 =6, (Jinitial> ’
Ofinal

where « is defined in (1).

(5)

(6)

After this sudden decrease
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in state, 8 evolves according to either (4) or (5) [Linker
and Dieterich, 1992].

4.1. Displacement

In the case of total displacement, other workers have
noticed changes in friction parameters with increased
accumulated slip [Dieterich, 1981; Lockner et al., 1986;
Beeler et al., 1996). Such effects are generally consid-
ered to be a transient phase that occurs at low total
displacements after which friction parameters become
independent of accumulated slip if the wear rate is low
and gouge particle size distribution does not continue
to evolve. Previous work in characterizing the effect of
displacement on frictional behavior has generally con-
centrated on slip stability, the friction rate parame-
ter, and gouge layer thickness and roughness [Marone,
1998a]. For example, it has been established that thick
gouge layers tend to stabilize slip at small displace-
ments [Marone et al., 1990]. As displacement accumu-
lates, the friction rate parameter decreases for gouge
layers and becomes velocity weakening [Dieterich, 1981;
Beeler et al., 1996]. We also observe this transition at ~
7-10 mm of total displacement. Further detailed discus-
sion of displacement effects has been given by Marone
[19984a] and is not repeated here.

Our observations suggest that for thick gouge layers,
shear localization evolves further over the course of an
experiment, as discussed by Marone and Kilgore [1993],
an important consideration when comparing data from
different parts of an experiment. The conclusion that
gouge evolution continues after the transition to veloc-
ity weakening is also supported by the results of Beeler
et al. [1996], who found that gouge returns to a velocity-
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strengthening regime in their rotary shear experiments
after very large displacements (>100 mm).

We simulated the healing and relaxation data by solv-
ing (2) and (3) numerically with either the Dieterich or
Ruina evolution law. We used values of a,b, and D,
taken from inversions of velocity steps from the same
experiments. The Dieterich law fits both the healing
and relaxation data sets from the first set of tests in the
experiment shown in Figure 1 (solid circles in Figures
14a and 14c) acceptably with a = 0.008, b = 0.005, and
D, = 15um (solid lines in Figures 14a and 14c). The
Ruina law fit to the same data had a = 0.008, b = 0.007,
and D, = 15um (solid lines in Figure 14b and 14d). In
order to fit the healing and relaxation measurements
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Figure 13. Layer thickness (a) versus time for one
slide-hold-slide test and measurements of A7 + ATpin
as a function of (b) compaction and (c) dilatation (c)
for several hold times. The data shown in (Figure 13a)
are from an LVDT mounted directly on the sample, and
geometric thinning has been removed. Compaction is
the difference between A and B and dilatation is the
difference between C and B. Open circles show slide-
hold-slide tests without vibrations (3 < ¢, < 1000 s),
shaded squares show tests with 24 = 8 MPa (12 < tj, <
1000 s), and solid diamonds show slide-hold-slide tests
with 24 = 9.1 MPa (11 < ¢, < 1000 s).
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Figure 14. Data (symbols) and simulations (lines) obtained from forward modeling the first and
sixth set of (a,b) healing and (c,d) relaxation measurements from the experiment in Figure 1.
Circles and solid lines represent data and simulations from the first set, squares and shaded lines
represent data and simulations from the sixth set of slide-hold-slide tests. The left and right sets
of plots show the same data, but the models on the left (Figures 14a and 14c) use the Dieterich
evolution law while the models on the right (Figures 14b and 14d) use the Ruina law. These
plots show results of four, not eight, simulations: one each for each data set using each law. For
instance, the healing and relaxation data for the first set of slide-hold-slide tests in Figures 14a
and 14c are both fit simultaneously by the same Dieterich model.

from the sixth set of slide hold slide tests in the same
experiment (Figure 14, shaded squares), we increased b
to 0.007 in the Dieterich law and to 0.015 in the Ru-
ina law but kept other parameters the same. The in-
crease in b simultaneously reproduced the increased rate
of frictional healing and the reduced degree of frictional
relaxation (Figure 14, shaded lines). In general, we were
able to simulate the slip dependence of frictional healing
entirely with an increase in b.

We also compared the forward model to the time se-
ries data (Figure 15). The forward model used the same
values of a, b, and D, as the fit to healing data (Figure
14); thus there are no free parameters in the compar-
ison of Figure 15. These fits are reasonable and show
that the change in frictional healing and relaxation that
we observe as a function of cumulative slip can be ac-

counted for entirely by an increase in b. An increase

in the parameter b was found to occur along with a

decrease in gouge layer thickness in the triaxial experi-

ments of Marone et al. [1990]. This may be relevant to

what we observe. Probably, the gradual compaction of
the gouge layer and localization of shear bands is the

cause of the change in healing and relaxation that we

observe with displacement.

This displacement effect is significant well after the
transition to velocity weakening or steady state sliding
friction, both of which usually occurred in our experi-
ments between 7 and 10 mm of total slip. It is important
to take this effect into account, especially when compar-
ing data from the same experiment in which the effects
of other second-order effects are being tested, such as
variable normal stress or driving velocity.
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Figure 15. Fit to two 100-s slide-hold-slide tests from the (a,b) first and (c,d) sixth sets of holds
in the experiment from Figure 1. Both sets of plots show the same data (dotted lines), but the
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right (Figures 15b and 15d) show models using

the Ruina law (solid lines). We used the same

parameters in these forward models as in Figure 14. These fits are good considering that there

were no free parameters.

4.2. Normal Stress Steps

The key difference in describing the evolution of the
state variable after a change in normal stress as opposed
to a change in driving velocity is that upon stepping
the normal stress, state immediately decreases, as de-
scribed by (6). Micromechanically, this situation can
be thought of as a decrease in the average lifetime of
contacts in the system, since new ones have been cre-
ated by the sudden compaction of the granular layer
induced by the increase in normal stress. In addition,
if the instantaneous growth of preexisting contacts is
considered not as an increase in the lifetime of the old
contacts but, rather, as new contacts immediately ad-
jacent to old ones, then the net effect is to decrease
the average age of contacts overall. As shearing contin-
ues, the subsequent evolution of state and friction may
be described by either the Dieterich or Ruina evolution
laws.

We fit both the Dieterich and Ruina laws to the nor-
mal stress step simulations through forward modeling
by solving (2), (3), and (6) using either (4) or (5) as the
evolution law. A fifth-order Runga-Kutta method was
used and our modeling included the measured effects of
Poisson expansion for our apparatus (A1/Ac,,), deter-
mined to be 0.01 for the Westerly testing blocks and
0.02 for steel testing blocks. We found appropriate pa-
rameters for a, b, and D, from a least squares iterative
inversion of velocity steps performed during the same
experiment as the normal stress steps. We found that
in general, & = 0.3 (Figure 7) did not fit the data well,
as the Dieterich model overshoots the the final steady
state sliding stress and the Ruina model does not match
the slope of the data during elastic shear loading (Fig-
ure 16a). Using a = 0.2 provided a better fit (Figure
16b). The Ruina model matches the data quite well,
especially on the initial shear loading, but the Dieterich
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model still overshoots the final steady state shear stress.
None of our data show such overshoots. For the range
of friction parameters that we considered “reasonable”
based on fits to velocity steps in the same experiments
(e.g., velocity weakening), we found that the Dieterich
model consistently overshot the final steady state shear
stress. Even though the Dieterich model does not fit
the data well in general, since the Ruina law does a
good job when a = 0.2, this is the value of a we used
in the simulations of vibrational slide-hold-slide tests
discussed next.

4.3. Normal Stress Oscillations

Harmonic oscillations of the normal stress during
quasi-stationary contact increases the absolute level of
frictional healing by an amount that is roughly propor-
tional to the amplitude of oscillations. This result can
be approximately compared to the results of the nor-
mal stress “pulse tests” of Linker and Dieterich [1992],
who found that a sudden very short (0.2-s) increase in
normal stress during a 1-s hold was followed by a peak
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in friction that was larger than peak friction for holds
of similar duration without a normal stress pulse. Like-
wise, they found that the absolute level of peak fric-
tion increased as the magnitude of the stress pulses in-
creased. Their experiments were carried out in double
direct shear as well, but with sample sizes of 5 x 5 cm
and a mean normal stress of only 5 MPa. The similarity
between our results and theirs suggests that our results
are valid for at least this range of laboratory scales.

We modeled vibrational slide-hold-slide data with
two goals in mind. We tried to fit data from single holds
with forward models using parameters derived from
modeling velocity steps, and we also tried to use similar
parameters to model the frictional healing trends. We
added normal stress vibrations to the simulations by
specifying a 1-Hz sine wave as the normal stress during
the hold. In order to match the experimental time series
of a given slide-hold-slide test, we lagged the start of the
normal stress vibrations in relation to the beginning of
the hold. This lag corresponded to t;-t; in Figure 9, for
example. We also ramped the normal stress sine wave
amplitude in the simulation up to the final vibrational
amplitude linearly over the same ramp time as was done
manually during the experiments (t2-t3 in Figure 9).
In experiments we ramped down normal stress at the
end of the hold in order to maintain constant vibration
frequency and to avoid sudden, uncontrolled changes
in normal stress associated with jumping back to our
nominal normal stress. In the simulations we ended the
hold at a zero crossing of the sine wave.

Figure 17 shows data and models for one hold from
the experiment in Figure 8. In this example, initial lag
time was 1 s, and the initial ramp was 5 s long. The
simulated normal stress matches the experimental val-
ues well, except for a slight DC level offset resulting
from the added experimental signal not being perfectly
symmetric around the mean normal stress (Figure 17b).
The simulations of shear stress during and after a hold
with vibrations shown in Figure 17a are examples of
typical results of forward models that used friction pa-
rameters derived from modeling earlier velocity steps
and constant stress slide-hold-slide tests. The Dieterich
evolution law (shaded line) fits the data well during the
hold but gives a peak shear stress that is too large and
a subsequent return to steady state that is too fast. We
could not simultaneously fit relaxation during the hold
and peak stress after the hold for any reasonable range
of parameters (0.006 < a < 0.015,-0.002 < (a —b) <
0.002, 5 pm < D, < 30 pym). In all cases the Dieterich
law gave a sharp peak friction, which we did not observe
in the data.

The Ruina law (dotted line) does not fit the relax-
ation time series data very well because of an early
stress drop. We often observed similar stress drops
in the experiments for large-amplitude holds (Figure
12), but models using the Ruina law and reasonable
friction parameters consistently resulted in stress drops
that were larger than observed. To suppress these large
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both simulations.

stress drops, D, had to be ~ 200 pm, over an order of
magnitude larger than we expected based on models of
velocity steps or slide-hold-slide tests at constant stress.
At the end of the hold the Ruina model has a more
rounded peak in friction, which is encouragingly simi-
lar to experimental observations but, like the Dieterich
model, returns to steady state friction faster than ob-
served in the data. When velocity strengthening condi-
tions were specified (a —b > 0), the Ruina model exhib-
ited a value and shape of peak friction that was similar
to what we found experimentally, but we could never re-
produce the delayed return to steady state. The slow re-
turn to steady state observed experimentally and large
effective D, are probably due to gouge layer effects such
as reformation of vibrationally disrupted shear bands,
which cannot be accommodated by the present consti-
tutive laws (N.H. Sleep et al., Physics of friction and
strain rate localization in simulated fault gouge, sub-
mitted to Journal of Geophysical Research, 1999).
Though the rate- and state-variable formulation that
we use does not reproduce time series data of indi-
vidual holds well (Figure 17), it is still important to
test whether macroscopic behaviors of the system, such
as healing and relaxation rates, are described well. If

so, we can conclude that this formulation approaches
the correct solution. Therefore we used forward mod-
els of both evolution laws and the same friction pa-
rameters used in Figure 17 to fit healing curves from
an experiment with 11.5-MPa vibrations (Figure 18).
We used a single set of friction parameters for each
law and modeled sets of slide-hold-slide tests both at
constant stress and with 11.5-MPa double amplitude
over the range in hold times of 3-1000 s. The simula-
tion that used the Ruina law does a good job of fitting
both the absolute level of total shear stress change as
well as the small rate of change with hold time. For
the range of reasonable values of a and b that we ex-
plored (0.007 < a < 0.00135,a — b < 0), the results
of the Ruina model were basically unchanged from the
example shown here. Most changes in a and b affect
healing and relaxation oppositely; thus adding the two
measurements negates these changes. Increasing or de-
creasing D, lowered or raised the DC level of the healing
curve, respectively. Thus the parameters that we chose
based on typical fits to other friction data also give the
best global fit to healing data when the Ruina evolution
model is used (Figure 18).

In contrast, the Dieterich simulation grows too large
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Figure 18. Data (solid symbols) and models using the
Dieterich (solid line) and Ruina (dashed line) laws of
healing plus relaxation as a function of hold time for
two sets of slide-hold-slide tests from one experiment.
Circles show data without vibrations and squares show
data with 11.5-MPa vibrations during the holds. Pa-
rameters are the same as in Figure 17.

too fast so that it does not describe the overall behavior
of the system well for hold times > 100 s. Exploration
of parameter space led to similar results as with the
Ruina law in that changes in a and b were negligible
and changes in D, changed the absolute values of the
curve but not its slope. Our data consistently showed a
nearly flat healing curve as predicted by the Ruina law.

In addition, we fit the data in Figure 11d with both
laws and the same parameter values as in Figure 17
(Figure 19). Both laws are able to reproduce the trend
of increasing total frictional strength with increasing
amplitude of vibration. Therefore both evolution laws

can recover the DC level change in frictional strength
that occurs when vibration amplitude is increased for
tp, < 100 s. The Dieterich law does not fit observations
at t5, > 100 s.
5
N
S 41 7 Dieterich
~ Ruina .
S ®
T 3t All 30s holds T
© e
o
o
+ 2 e
>
£ |
®© 1F T
_-_GE) m092, m093, m095, m113, m114,
0 . m117, m134, m223, m224, m225, m226
0 2 4 6 8 10 12
2A S, vibrations (MPa)

Figure 19. Data (solid symbols) and models (lines) of
healing plus relaxation as a function of 24 for 30-s hold
times. Parameters are the same as in Figure 17.
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4.4. Micromechanical Interpretation

A major shortcoming in the present formulations of
the friction constitutive laws is that they do not ac-
count for the gouge layer effects which are likely to
be extremely important in characterizing the behavior
of the system. Mechanical consolidation of gouge has
been shown to play a role in the frictional strengthen-
ing process [Nakatani, 1998]. It is clear from our data
of both normal stress steps (Figure 6) and holds with
vibrations (Figures 10 and 13) that porosity decreases
dramatically in response to an applied external normal
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Figure 20. Contact junction evolution in a granu-
lar medium in response to a sudden increase in nor-
mal stress. (a,b) Sketches of the granular assemblage
in cross section and of hypothetical contact junctions
in plan view. (c) Figure 6c¢ is shown for reference. Ini-
tially, the system is shearing in steady state with some
assemblage of grain sizes and junctions (Figure 20a and
section marked tp in Figure 20c). Contact A exists, but
B does not yet. The normal stress step compacts the
layer causing growth of A and producing contact B (¢1).
The elastic shear load up (t2) and evolution to a new
steady state (t3) cause growth of the two contacts.
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stress. In the case of the normal stress steps it is some-
what straightforward to consider that a sudden increase
in normal stress compresses the granular material elas-
tically, then shearing continues to compact the grains
faster since the pressure is now greater (Figure 20). Af-
ter further shearing, the porosity of the granular assem-
blage reaches a new steady state that is lower than the
previous porosity. Grain contacts become more numer-
ous and larger than at the previous lower normal stress
(Figure 20).

The behavior of granular layers under normal stress
vibrations is probably more complicated. For the dis-
placements of our slide-hold-slide tests (x10-35 mm),
we had reached a steady value of sliding friction and
were in the regime characterized by localized shear
along Riedel, B, and Y shear bands [Mair and Marone,
1999]. In a slide-hold-slide test at constant normal
stress we envisage that frictional strengthening occurs
throughout the layer as contacts grow and strengthen,
then are disturbed as slip is reinitiated, causing the
observed peak in friction after the hold. In order to
account for the greater degree of both relaxation and
compaction that we have observed for vibrational slide-
hold-slide tests the external oscillations must physically
promote the strengthening of shear bands and regions
external to shear bands (N.H. Sleep et al., Physics of
friction and strain rate localization in simulated fault
gouge, submitted to Journal of Geophysical Research,
1999). If the normal stress were simply increased in
a one-sided step during holds, then the shear band re-
strengthening would be faster solely as a result of the
greater pressure. Instead, when normal stress is vi-
brated, gouge particles become compacted into a lower
energy configuration. Our interpretation is that this
disrupts the shear band’s porosity, width, and bound-
ary configuration. Effectively, we expect that vibra-
tions widen the zone of gouge particles involved in ac-
tive shearing, thus increasing the barrier to sliding to a
greater degree than by mere contact junction growth.
This mechanism may also explain the rounded peaks
in friction observed on the reload (Figure 8). If the
shear bands have been disrupted enough, overcoming
frictional resistance may occur at slightly different times
along parts of the shear band as it reforms, making the
overall peak not as clearly evident and increasing the
time or displacement to return to steady state.

Without microstructural observations of gouge layers
to confirm our hypotheses, it is difficult to conclude ex-
actly what mechanism is responsible for the increased
frictional strengthening during vibrational holds. Nev-
ertheless, monitoring changes in porosity of the gouge
layer under external stressing is important for deter-
mining how to add these effects to the present frictional
constitutive laws.

4.5. Relevance to Tectonic Faults

The observation that the return to steady state fric-
tion was delayed after attaining a peak value of fric-
tion following a vibrational hold (Figure 8) is consis-
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tent with an increase during vibration of the critical slip
distance (D.), which is the characteristic distance over
which dynamic rupture is initiated on a fault [Marone
and Kilgore, 1993]. Furthermore, observations of re-
peating earthquakes on faults suggest that earthquake
stress drops increase with increasing recurrence interval
between earthquakes by a factor that is larger than the
value obtained from direct extrapolation from labora-
tory measurements of frictional healing [Vidale et al.,
1994; Marone et al., 1995; Marone, 1998a]. Our results
imply that typical laboratory frictional healing exper-
iments at room conditions are measuring a minimum
value of restrengthening since they assume that all ap-
plied tectonic loads are constant during quiescent inter-
vals; these results are consistent with work on the effect
of shear load on healing [Karner and Marone, 1998].
(However, our results do not provide information for
other conditions, such as low humidity, [e.g., Frye and
Marone, 1999] ).

Nearby faults are likely to interact with one another,
as coseismic changes in creep velocities on parts of the
San Andreas fault due to nearby moderate earthquakes
have shown [King et al., 1977; Mavko, 1982]. Our re-
sults predict that a transient dynamic normal load dur-
ing creep can strengthen a fault, a result also predicted
from a numerical analysis by Mavko [1982] in which a
series of earthquakes on the Busch fault in southern Cal-
ifornia caused decreased slip rates and possibly locking
on the adjacent Calaveras fault. Since the Busch fault is
nearly perpendicular to the Calaveras fault, most of the
stress from the Busch earthquakes would have been re-
solved onto the Calaveras fault in the normal direction,
similar to our laboratory experiment.

We did not attempt to scale the amplitudes and fre-
quencies of normal force variations in our experiments
to any particular tectonic system. We also did not test
the effects of a range of frequencies or changes in fre-
quency, nor did we test the effects of transient shear
stresses [e.g., Gomberg et al., 1998] on frictional healing,.
Nevertheless, our results can be interpreted in light of
such processes as the rate and degree of fault restrength-
ening and nucleation patch size growth during repeating
earthquake cycles. Experiments such as those we have
conducted can be valuable for characterizing the effect
of transient stresses on creeping faults..

5. Conclusions

We have observed and compared frictional healing
and relaxation for slide-hold-slide tests at constant
stress for ranges of displacements and found that an
increase in the parameter b in the rate and state fric-
tion laws adequately accounts for the increase in heal-
ing and simultaneous decrease in relaxation that we ob-
serve with displacement. We examined the effects of
external stressing on fault friction by conducting both
normal stress step tests at constant velocity and nor-
mal stress vibration tests during quasistationary con-
tact. Our observations of normal stress steps show that
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following a step change in normal stress, shear stress
increases elastically, then evolves to a new steady state,
confirming the results of Linker and Dieterich [1992).
We also observed an elastic decrease in the porosity
of the gouge layer followed by further evolution in the
same direction until a new steady state compaction rate
was reached. The Ruina law, in general, provided a
better fit to the normal stress step data than the Di-
eterich law. Our observations of normal stress vibra-
tions during slide-hold-slide tests show that frictional
relaxation and subsequent healing are both greatly en-
hanced by vibrations; this enhancement is greater for
larger-amplitude vibrations. Modeling the global char-
acteristics of frictional healing as a function of hold time
and vibration amplitude were successful at small hold
times for the Dieterich law and, in general, for all the
ranges of hold times and amplitudes that we tested ex-
perimentally for the Ruina law. However, we were un-
able to reproduce adequately the observed time series
data of any given hold with vibrations using either law.
We believe that the discrepancies between the observed
behavior and that predicted by the present formulation
of the friction constitutive laws are due to neglecting
the important effects of changing gouge layer porosity
and alteration of the shear bands during external nor-
mal stressing. Future work will need to focus on this
aspect of understanding the effects of applied stresses if
we hope to relate experimental data and simulations to
tectonic situations.
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