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Time-resolved studies of stick-slip friction in sheared granular layers
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Sensitive and fast force measurements are performed on sheared granular layers undergoing stick-slip
motion, along with simultaneous optical imaging. A full study has been done for spherical glass particles with
a 20% size distribution. Stick-slip motion due to repetitive fluidization of the granular layer occurs for low
driving velocities. Between major slip events, slight creep occurs that is highly variable from one event to the
next. The effects of varying the stiffnessk of the driving system and the driving velocityV are studied in detail.
The stick-slip motion is almost periodic for spherical particles over a wide range of parameters, whereas it
becomes irregular whenk is large andV is relatively small. At largerV, the motion becomes smoother and is
affected by the inertia of the upper plate bounding the layer. Measurements of the period and amplitude of the
relative motion are presented as a function ofV. At a critical valueVc a transition to continuous sliding motion
occurs. The transition is discontinuous fork not too large, and large fluctuations occur in the neighborhood of
the transition. The time dependence of the instantaneous velocity of the upper plate and the frictional force
produced by the granular layer are determined within individual slipping events. The frictional force is found
to be a multivalued function of the instantaneous velocity during slip, with pronounced hysteresis and a sudden
drop just prior to resticking. Measurements of vertical displacement reveal a very small dilation of the material
~about one-tenth of the mean particle size in a layer 20 particles deep! associated with each slip event; the
dilation reaches its maximum amplitude close to the time of maximum acceleration. Finally, optical imaging
reveals that localized microscopic rearrangements precede~and follow! each macroscopic slip event; their
number is highly variable and the accumulation of these local displacements is associated with macroscopic
creep. The behavior of smooth particles is contrasted qualitatively with that of rough particles.
@S1063-651X~98!03208-5#

PACS number~s!: 83.70.Fn, 47.55.Kf, 62.40.1i, 81.05.Rm
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I. INTRODUCTION AND BACKGROUND

The dynamical properties of granular materials have b
widely explored, but their complex behavior continues
challenge our understanding@1,2#. The responses of thes
materials to applied forces, both compressional and sh
are important physical properties. This paper is concer
with the behavior of granular layers that are subjected
applied shear forces and to the resulting frictional forces
are generated in the material. The response to imposed s
forces can be quite varied: The material can remain at res
it may yield in a way that leads to steady, fluctuating,
stick-slip motion. The material may become inhomogeneo
with parts behaving as a fluid while other parts remain s
idlike. In fact, one of the fascinating aspects of granular fr
tion is that it involves both the solid and fluid aspects of t
material.

Nonlubricated friction between solid surfaces, with
without an intervening layer of granular material, has be
widely studied. Here the frictional forces and the resulti
dynamics are controlled by the asperities~protrusions! of the
contacting surfaces or the geometrical irregularity of

*Electronic address: nasuno@ele.kyutech.ac.jp
†Present address: Department of Physics, Clark Univers
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‡Electronic address: jgollub@haverford.edu
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grains. These phenomena have been largely explored fro
geophysical point of view, since frictional dynamics plays
important role in seismic faulting. Marone@3# has provided
an excellent review of the extensive laboratory studies
high pressures that have been made in studies too nume
to cite here. One of the central achievements of these eff
has been the development of friction laws that incorpor
memory effects and history dependence; frictional forces
not simply determined by the relative velocity of the she
ing surfaces. Rather, localized contacts tend to streng
with age and weaken as they are replaced during mot
These effects can be summarized by phenomenological
tion laws depending on velocity and one or more additio
variables that characterize the macroscopic state of the
tacting surfaces. Often a single state variable that can
regarded as a measure of average contact age is suffic
An earlier review of these friction laws may be found in th
book by Scholz@4#. Additional studies of granular friction a
pressures relevant to seismic phenomena may be foun
Refs.@5–9#.

Sensitive studies of solid-on-solid friction atlow pres-
sures~without granular material! have also been conducted
especially by Baumberger and co-workers@10–12#. These
studies have highlighted the fact that there is generally no
absolute distinction between static and dynamic friction. S
faces subjected to a shear stress can exhibit slow evolu
and deformation even when there is little evidence of m
roscopic motion. In some cases this slow creep can ap

y,
2161 © 1998 The American Physical Society
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ently be thermally activated. As is now well known, the ela
tic properties of the apparatus influence the obser
frictional behavior. It is also interesting to note the expe
ments of Johansenet al. @13#, who studied the behavior of
metal-on-metal spring-block system and noted clearlynon-
periodic stick-slip dynamics if the normal force is not to
large. A much older study of solid-on-solid friction due
Tolstoi @14# demonstrated the importance of vertical moti
in solid friction. For a general review on sliding friction se
the recent book by Persson@15#.

The nonlinear dynamics of block-spring systems un
the influence of typical velocity-dependent friction laws h
been recently discussed theoretically by Elmer@16#, who
showed that in addition to the usual stick-slip and stea
motions, an oscillatory state without sticking is also possib
An earlier theoretical study of such a system using m
complex rate and state-dependent friction laws was given
Rice and Tse@17#.

A considerable body of work beyond that already ref
enced is at least indirectly related to this investigation. Fo
distributions in granular matter under normal and/or sh
stresses have been studied both experimentally and theo
cally @18–20#. The forces supported by the particles are n
homogeneous in space but are concentrated into ‘‘st
chains’’ that are quite important in sustaining friction
forces@2,21#. Discrete particle simulations have been used
study friction both in the quasistatic regime where partic
are usually in contact and in the rapid flow regime that
often modeled using kinetic theory methods@22#. The strong
density dependence of friction in granular media has b
studied experimentally by Horva´th, Family, and Vicsek@23#.
Dilatancy has been shown to affect the onset of flows on
inclined bed@24#. Fluidization of a granular material excite
by horizontal vibration has been studied experimentally@25#
and may be related to the fluidization that occurs due to sh
in the present investigation. A simple one-dimensio
model of spring coupled particles interacting with a rand
substrate@26# reveals complex spatiotemporal dynamics. A
other one-dimensional model, but involving a periodic p
tential, emphasizes the analysis of the relaxation beha
during the slip events@27#.

It is interesting to consider the parallels between fricti
in granular layers and the study of friction between surfa
separated by a thin layer of lubricant, which has provid
many surprises and insights. In that domain, sensitive exp
mental methods have demonstrated the profound effect
molecular discreteness. Changes in the state of organiza
of the lubricant layer, e.g., shear-induced melting
pressure-induced ‘‘solidification,’’ are known to cause qua
tative transitions in the frictional dynamics as the conditio
are varied. As examples of these studies, we mention R
@28–32#. Phenomenological friction laws capable of descr
ing some of these phenomena have been discussed rec
@33#.

Here we report an extensive study of sheared gran
layers at low normal stresses, in part using methods sim
to those of Refs.@11, 12#. A brief preliminary report on this
study appeared previously@34#. This work is distinguished
from earlier investigations involving granular materials
several ways. First, we are able to determine the temp
variations of the frictional force within the individual sli
-
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events lasting only tens of milliseconds. As we will sho
the frictional force is multivalued, with the instantaneo
force being less for decreasing than for increasing velocit
Second, we are able to detect microscopic particle rearra
ment events optically and to correlate these local events w
the slow global creep that precedes~and follows! major slip-
ping events. These ‘‘precursors’’ and ‘‘afterslip’’ even
seem analogous in some respects to those that occur on
faults before and after major earthquakes@35–37#. An ad-
vantage of studying friction at low pressures is that parti
geometry, but not plasticity, should play the dominant ro
In addition, changes in the particle size distribution a
shape do not occur.

Besides providing a more thorough treatment here, we
beyond our previous brief report by showing in some de
how the stick-slip dynamics depends on the shear rate an
the strength of the spring that connects the translating p
to the external drive mechanism. We also measure explic
the dilation of the material that begins prior to slip and is t
major cause of the observed hysteresis in the friction for
This effect has been noted in ‘‘molecular’’ dynamics sim
lations of granular materials by Thompson and Grest@38#
and Zhang and Campbell@22#. Finally, our extensive work
on smooth glass particles is supplemented by some studie
rough particles, though this aspect of the investigation w
require further work before it can be considered comple
since several different aspects of the material properties
influence the results.

Following a discussion of experimental methods in Sec
~including the measurement apparatus, samples, imag
and methods of resolving the actual frictional force!, we dis-
cuss the experimental results in Sec. III. The velocity dep
dence of the stick-slip behavior, the structure of the in
vidual events, material dilation, microscopic precursors, a
the behavior of rough particles are considered in turn.
summarize the observations and compare them to the re
of other investigations in Sec. IV.

II. EXPERIMENTAL METHODS

A. Apparatus

A schematic diagram of the experimental setup is sho
in Fig. 1. Shear stress is imposed by translating a transpa
cover plate over a uniform granular layer. The horizon
dimensions of the upper plate are generally 75350 mm2; the
lower one is much larger. The edges of the plate are roun

FIG. 1. Schematic diagram of the apparatus, showing the gra
lar layer GL and a transparent cover plate CP pushed by a
spring SP connected to a translating stage TS. An inductive se
PS detects the deflection of the leaf spring. The microscope ob
tive MO is also shown.
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off to avoid the possibility of it digging into the granula
layer, but this precaution is found to have little or no effe
on the measurements.

In order to control the stiffness of the driving system, t
cover plate is pushed with a blue tempered steel leaf sp
~thickness 0.005–0.025 in., length less than 1 in., width
in., and spring constantk! connected to a translating stag
The stage is driven at a constant speedV by a computer-
controlled stepping motor through a high-precision microm
ter. The coupling between the spring and the cover plat
accomplished through a1

16 -in-diam stainless-steel bal
which is glued to one end of the cover plate. This allows
plate to move horizontally and also vertically as the thic
ness of the granular layer may vary during the motion. T
coupling method ensures that the external force does
exert a torque on the plate about its center of mass.

The elastic coupling through the spring allows relati
motion of the top plate with respect to the translator. T
relative motion in the horizontal direction is monitored b
measuring the displacementdx(t) of the spring from its rest
position at the coupling point with an inductive position se
sor, model EMD 1050 from Electro Corporation as in R
@12#. The horizontal position of the top plate in the labor
tory frame is then given byx(t)5Vt2dx(t). The output
from the sensor is a weakly nonlinear function of the d
tance between spring and the sensor head. In addition
cause of the bending of the spring, it does not remain p
fectly vertical with respect to the sensor head and this le
to a possible additional source of systematic error. B
sources of systematic error are eliminated by using a cali
tion function to obtain the actual spring deformationdx(t).
This calibration function is accurately determined for ea
spring and is then applied to the measured data. We estim
that the precision of the resulting deformation data is ab
0.1 mm. This is mostly determined by electronic noise.

The deformation of the spring is sufficiently small that t
force exerted on the top plate by the spring is given ac
rately byF5kdx. We also monitor the vertical displaceme
of the cover plate with a separate inductive sensor.

The granular sandwich is mounted on a microscope
allow the observation of microscopic motion of granular p
ticles through the transparent top plate. The particle mo
can be captured on video tape for later quantitative anal
or digitized directly. Synchronization allows events in t
images to be correlated with structure in the force meas
ments. The apparatus and microscope are contained with
temperature-controlled box and maintained somewhat ab
room temperature~typically 37.5 °C60.2 °C! to reduce the
extent of adsorbed water on the particles. The humidity d
ing the experiments is typically~2062!%. Without this con-
trol, we found unacceptable variations from run to run. Ho
ever, it is likely that no experiment performed in air ca
completely eliminate the effects of adsorbed water.

Detailed studies reported here utilized the followi
ranges of the major parameters: imposed translation or d
ing velocity V of the spring mount (100– 104 mm/s), layer
thickness~2 mm!, spring constantk (102– 104 N/m), and
massM of the upper plate~10–50 g!. Edge effects~due to
the finite horizontal size of the layer! are believed to be neg
ligible.
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B. Samples and surface treatment

We have explored samples consisting of~a! smooth
spherical glass particles 70–110mm in diameter~obtained
from Jaygo, Inc.! and ~b! clean art sand consisting of roug
particles 100–600mm in diameter ~obtained from Estes
Inc.!. Images of these two samples are shown in Fig. 2.
our samples, cohesive forces are negligible. Samples
used only for a few runs to avoid the possible effects
wear, though we have not observed such effects. In this
per we focus primarily on the behavior of the spherical p
ticles and briefly summarize the behavior of the rough p
ticles. A further paper on the rough particles and oth
materials is anticipated.

Before each run the granular layer is distributed on
bottom plate so that the depthh is constant over the whole
layer ~generally 2.0060.05 mm for the spherical particle
and 4.0 mm for the rough particles! and then the top plate is
placed slowly upon it. Sometimes the upper plate sin
slightly into the granular layer as the plate translates. T
can lead to a small heap at the leading edge, though
effect is minimized by avoiding torques due to the drivin
force and by keeping the mass of the plate small. In the m
recent experiments, we bevel the leading edge of the g
plate to limit the accumulation of material there. We al
checked that there is no perceptible difference between
acquired early in a run and that obtained late in a run. T
mass of any displaced material is small compared to
mass of the top plate and the resulting drag is also mini
because the material is unconfined.

The surfaces of the plates are treated in several way
transmit the shear force to the granular layer without int

FIG. 2. Samples of~a! spherical glass particles 70–110mm in
diameter and~b! clean sieved sand, with nonspherical rough p
ticles 100–600mm in diameter.
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facial slipping. We roughen the bottom plate and either~a!
glue a layer of particles to a glass top plate or~b! rule a
Plexiglas top plate with parallel grooves 2 mm apart, so t
imaging measurements can be made in the interstices. S
lar results are found in the two cases.

C. Instantaneous velocity and frictional force measurements

The instantaneous horizontal velocity of the top plate c
be obtained simply by differentiating its positionx(t)5Vt
2dx(t). The time resolution depends on the sampling ra
which is typically 1000 Hz. We can also determine the v
locity dependence of the instantaneous normalized frictio
forcem(t)5F f(t)/Mg exerted on the top plate by the gran
lar layer. HereF f(t) is the actual frictional force,M is the
mass of the cover plate, andg is the gravitational accelera
tion. This quantity is derived from the data by first obtaini
the positionx(t) and the accelerationẍ(t) of the top plate
from the measured spring deflectiondx(t)5Vt2x(t). Some
digital filtering of the differentiated data is required, so the
is a tradeoff between the signal-to-noise ratio and time re
lution. The acceleration of the top plate is determined by
difference between applied and frictional forces. Therefo
we use the force balance equation

Mẍ5kdx2F f ~1!

to obtain theinstantaneousfrictional force as a function of
either time or the instantaneous sliding speedv(t)5 ẋ(t).

D. Image analysis

To study the dynamics of particle motion in the upper fe
layers of material, we digitize microscopic images of t
particles using a standard frame grabber and a shutt
charge coupled device camera. The resolution of the imag
6403480 pixels, with image depth of eight bits. We use th
information mainly to search for local rearrangement eve
These small motions can be detected by taking differen
between images separated in time by a suitable interval, t
cally 1 s. To count~approximately! the number of particles
that have moved, we first convert the image to a black
white ~one-bit depth! image by using a threshold. We coar
grain the image over a size comparable to the mean par
diameter. The number of spots for which the difference i
age is nonzero is a measure of the number of particles
have been displaced between the two images.

III. EXPERIMENTAL RESULTS

A. Low-strain-rate stick-slip phenomena

We concentrate on the behavior of the material contain
spherical particles and begin with an example for which
stiffnessk is low, 134.7 N/m. For low driving velocities, th
top plate alternately sticks and slips, as shown in Fig.
During the sticking periods, the top plate is at rest and
forceF exerted on the top plate~proportional to the displace
ment dx of the free end of the spring! increases linearly in
time up to a maximum valueFs . WhenF exceedsFs , the
granular layer no longer can sustain the external shear s
and the top plate begins to slide. Visual observation thro
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the top plate reveals that this onset of slipping involves f
irregular motion~which we term ‘‘fluidization’’! of granular
particles near the top plate. During the sliding period, the
plate accelerates to catch up with the moving stage anF
decreases. At some lower value, the top plate sticks ag
The slip durationtslip is roughly of the order of the inertia
characteristic timet in52pAM /k and is substantially shorte
than the sticking intervaltstick in this regime. The granula
flow during slip seems to be confined to the top few layers
granular particles, but we do not have a quantitative meas
of the actual depth.

The positionx(t) of the top plate shown in Fig. 3~b! is a
sequence of apparently equal steps with nearly instantan
jumps between them. The slip velocity achieved during e
slip event is almost the same@Fig. 3~c!#. By magnifying
x(t), we find that there is in fact gradual motion or ‘‘creep
in the sticking intervals. This is shown in Fig. 4 for tw

FIG. 3. ~a! Spring deflectiondx(t) as a function of time for
periodic stick-slip motion. ~Spring constantk5134.7 N/m, mass
M510.90 g, andV5113.33mm/s.! ~b! Position x(t) and ~c! in-
stantaneous velocity of the top plate. Pulses correspond to the
events.

FIG. 4. Magnification showing displacement creep~of variable
amount! before several major slip events. (k5134.7 N/m, mass
M510.90 g, andV511.33mm/s.) The origin of the slider position
is selected to be 0 far from the slip events.
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sample slip events. We estimate that creep amounting
about 1% of the total slip displacement is typical. Howev
the amount of creep before a slip event is highly varia
from one event to the next. The standard deviation of
total creep appears to be of the order of the mean va
though we do not have sufficiently long runs to make a qu
titative measurement of the variability.

The observed stick-slip motion is almost periodic for
wide range of parameter values. However, strongly nonp
odic motion occurs at very lowV and largek, as shown in
Fig. 5~a!. When the stiffness is large, the mean period
short and the displacement per cycle is small. Here the m
displacement is only about 2mm, which is much less than
the particle diameter. Under these conditions, the maxim
static force is almost the same for each cycle, but the de
to which the stress is unloaded~and hence the time of re
sticking! varies from cycle to cycle. We find that by increa
ing V by a factor of 5, the motion becomes approximate
periodic, as shown in Fig. 5~b! for the same stiffness.

Though the motion is irregular for high stiffness and lo
speeds, patterns do occur in Fig. 5~a!. It appears that large
slip events tend to be followed by smaller ones. This pr
erty is emphasized in Fig. 6, where a return map for the
distanceDx is shown. There is in fact a systematic antico
relation of the slip distance between adjacent events, tho
there is a lot of scatter. This anticorrelation could be
garded as an approximate period doubling. It is interestin

FIG. 5. ~a! Irregular stick-slip motion at high stiffness (V
511.33mm/s, k53636 N/m, andM510.90 g).~b! A nearly peri-
odic case from the same run forV556.67mm/s.

FIG. 6. Return map for the slip distanceDx for successive
events obtained from Fig. 5~a!. Though there is substantial scatte
large slips tend to be followed by small ones.
to
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e
e
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-
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note that the slope of a linear fit to the points in Fig. 6
approximately21, which is the threshold for period dou
bling. If we think of this state in the context of nonlinea
dynamics, then by changing a parameter it should be p
sible to exhibit a bifurcation. However, the phenomenon h
not been studied in detail.

We believe that the irregularity of these very small d
placements is related to the huge number of microscopic
rangements that are possible in a disordered medium
also possibly to the tendency to form localized chains
particles that sustain significant shear stress@1,18#. Although
the number of particles in a layer is large~about 105 per
layer!, fluctuations are not eliminated. Even the apparen
periodic motion of Fig. 5~b! or 3 is not perfectly periodic, as
shown by the variability of the creep process@Fig. 4~b!#.

B. Velocity dependence of stick-slip oscillations

We return to the case of somewhat lower stiffness a
consider the effect of varying the driving velocity. W
present results for several different values ofV in Fig. 7. The
first example is similar to Fig. 3~a!. Though the motion is
nearly periodic, slight fluctuations in amplitude and peri
are visible in Fig. 7~a!. For sufficiently low V, the mean
periodT of the stick-slip motion is proportional toV21; this
dependence ofT on V is shown by the straight line portion
of Fig. 8. The period also decreases with increasingk. The
productVT corresponds to the mean distance traveled by
stage during the mean periodT and hence it is equal to th
mean slip amplitudeA. SinceT}V21 for low V, the mean
slip amplitudeA should be independent ofV and this is also
observed, as we show in Fig. 9.

1. Inertial effects

At higher driving speeds, e.g., forV.500mm/s ~and k
51077 N/m), the slip duration is no longer negligible wi
respect to the periodT. As V is increased, the periodic mo
tion becomes smoother, though not quite sinusoidal@Fig.
7~b!#; the upper plate still sticks briefly once per cycle. T
period T declines more slowly with increasingV and even-

FIG. 7. ~a! Stick-slip motion atV55.67mm/s. ~b! Inertia-
dominated oscillation atV55.67 mm/s.~c! Steady sliding motion
with fluctuations, at V511.33 mm/s. (k51077 N/m and M
510.90 g.)
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tually saturates at a valueTmin . By changing the weightM of
the top plate and the stiffnessk of the spring,Tmin is found to
be proportional toAM /k and somewhat larger than the cha
acteristic inertial timet in52pAM /k. We can describe the
deviation ofTmin from t in by introducing an effective mas
Meff.M. For example,Meff51.7M for k51077 N/m and
M51.0931022 kg. These facts indicate that inertial effec
are prominent in this regime. The peak-to-peak spring
flection amplitudedxp-p[A increases monotonically withV
in this regime, as shown in Fig. 9.~For low V, this quantity
is close to the peak-to-peak displacement amplitude of
top plate.!

2. Transition to continuous sliding motion

If V is increased sufficiently, the periodic motion is r
placed by steady sliding motion with small intrinsic fluctu
tions @Fig. 7~c!#. This transition can be seen as a sharp
crease in the peak-to-peak deflection amplitude for the lo
stiffness runs in Fig. 9. In the vicinity of the transition, nois
oscillations are visible, but their amplitude is strongly mod
lated, as shown in Fig. 10. Because of these fluctuations
use the mean value ofdxp-p when computingA.

We find that the transition thresholdVc tends to decreas
with k. Though the transition appears to be discontinuous

FIG. 8. Mean periodT of the stick-slip motion as a function o
driving velocity V for different values of the spring constantsk. At
low V, T declines asV21 (M510.90 g).

FIG. 9. Mean peak-to-peak deflection amplitudeA as a function
of the driving velocityV for different values of the spring constan
k. The transition to steady sliding motion is discontinuous for sm
k.
-

e

-
er

-
e

r

k,5000 N/m, it is more gradual whenk is increased and
then there is no pronounced drop inA ~Fig. 9!.

C. Time-dependent velocity measurements

We now consider the instantaneous velocity variations
the moving plate during individual slip events as shown
Fig. 11. Recall that this quantity is obtained by differentia
ing x(t). It is remarkable that the behavior during slip fo
different V is nearly identical whenk andM are fixed. Also
note that the acceleration and deceleration portions of
pulse are different. The maximum slip speed is of the or
of Fs /AkM and decreases with increasingk. The slip dura-
tion tslip is about 40 ms fork5135 N/m andM510.9 g; it is
of the order of the inertial time defined previously.

Velocity pulses for two different driving speedsV are
shown in Fig. 12. The larger one is in the inertial regime a
the two pulses are made to coincide att50. Note that the
falling side of the pulses approaches a straight line, es
cially for the larger pulse. This linearity suggests that t
frictional force from the granular layer is approximately co
stant as the upper plate decelerates, while the curvatur
the pulses on the increasing side implies that the force isnot
constant as the upper plate accelerates. However, to be
tain of these conclusions it is necessary to correct for
time variations of the spring force, as we do in the ne
subsection.

D. Instantaneous frictional force measurements

We explained in Sec. II C how the instantaneous friction
force from the granular layer can be determined. In Fig.

ll

FIG. 10. Strongly modulated oscillations in the vicinity of th
transition to steady sliding motion (k51088 N/m,M510.90 g, and
V55893mm/s).

FIG. 11. Instantaneous velocityv(t) of the cover plate during
slippage for various driving speeds in the stick-slip regimek
5135 N/m andM510.90 g). The time origins of the pulses a
forced to agree at the end of each event.
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we show the normalized instantaneous frictional forcem(t)
5F f /Mg, calculated from the deflection signal and plott
as a function of the instantaneous velocityẋ(t). During the
sticking interval,m increases linearly in time fromA to B.
When m reaches the static thresholdms5Fs /Mg, the top
plate starts to slide. As can be seen from Fig. 13, the f
tional force during acceleration is distinct from that duri
deceleration. During acceleration,m decreases monotonicall
from ms with the increase in the slip velocity~from B to C in
Fig. 13!. During deceleration,m is nearly constant for som
time starting fromC and then drops quickly for small speed
to the resticking atA. This loop is almost identical for all slip
events, independent ofV.

For the inertia-dominated oscillations, the loop depen
on driving speed. In this regime, creep is detectable fom
,ms and a clear distinction between stick and slip becom
more difficult to make; see the loopABC8 in Fig. 13. The
maximum slip speed increases withV, but the frictional force
m during rapid motion~near the maximum slip velocity, a
C8! is almost independent ofV.

These observations imply that the time-dependent f
tional force is determined not only by the instantaneous

FIG. 12. Comparison of the shapes of two velocity pulses
different driving speeds. The larger one is in the inertial regim
(k5134.7 N/m andM510.90 g.)

FIG. 13. Normalized instantaneous frictional forcem(t)
5F f /Mg as a function of velocityv(t). ~This should not be con-
fused with the external applied force.! Solid circles, stick-slip re-
gime (V5113mm/s); open circles, inertia dominated regime (V
55.667 mm/s).
-

s

s

-
-

locity, but also by the history of the motion or by a stat
variable such as the degree of fluidization. One mightat-
tempt to explain the observations by introducing a delay
memory effect, as was done long ago by Rabinowicz@39# to
describe hysteresis loops observed in solid-on-solid fricti
see also Ref.@40#. In that approach, the instantaneous fr
tional forceF f at timet would be determined uniquely by th
velocity at anearlier time (t2t0) through a single-valued
monotonically declining functionF0(v):

F f5F0„ẋ~ t2t0!…5F0„V2] tdx~ t2t0!….

The combination of a delay and a declining dependence
velocity would produce hysteresis ifF f is plotted as a func-
tion of the velocityẋ(t). Note that ifV!] tdx(t2t0) during
the motion, thenV could be neglected and the dynami
approximated as being independent ofV for part of the cycle,
as we have observed. However, this approachdoes not work;
a fixed delaycannotexplain the observed rapid fall inF f at
very small v. This observation implies that an addition
state variable is probably necessary. We return to this p
in the concluding section.

E. Dilation during slip pulses

Simulations@22,38# suggest that dilation and fluidizatio
play a role in the stick-slip instability. Microscopic visua
ization in our experiment reveals that the granular partic
in the upper few layers flow with the top plate during the s
period. Although dilation is known to occur for high-spee
continuous motion, it has not previously been detected
individual slip events. By using an additional vertical di
placement sensor, we are able to detect small dilation pu
associated with each slip event. The time-dependent ver
displacement is shown in the stick-slip regime in Fig. 1
Unfortunately, our sensitivity is less~due to instrumental
noise! for the vertical displacement. However, we can es
mate that the amplitude of the dilation is about 15mm, sub-
stantially less than the mean particle diameter.~The pulses
appear somewhat smaller in Fig. 14 because of filtering
was applied to the signal to improve the signal-to-noise
tio.! It should be noted that the mean depth is about 20 p
ticle diameters and that the dilation is probably largely n
the upper surface. In Fig. 14 we also show the correspond

r
.

FIG. 14. Vertical displacement~upper curve! and horizontal ve-
locity ~lower curve! of the top plate as a function of time. (k
5135 N/m,M511.33 g, andV5226.7mm/s.) Note that the maxi-
mum vertical displacement precedes the maximum horizontal
locity.
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horizontal velocity during the pulses. The duration of t
dilation pulse is somewhat broader than the velocity pu
and it starts earlier. The peak of the dilation clearly occ
before the peak in the velocity. Further measurements in
cate that the dilation peak coincides approximately with
maximumacceleration. This fact makes qualitative sense
the dilation determines the frictional force once slippi
starts.

F. Microscopic precursors

Optical imaging allows us to search for localized partic
rearrangements between major slip events, as explaine
Sec. II D. To allow optical access, we use a ruled Plexig
plate as discussed earlier. We find that local rearrangem
of granular particles occur even during the sticking interva
An image of a portion of the layer~about ten grains or 1 mm
in width! is shown in Fig. 15, along with a sample differen
image showing local displacements in 1 s~circled!. We find
that the microscopic rearrangement rate, as indicated by
average number̂n(t)& of microscopic displacement sites~in
a 1-s interval and a 4-mm2 area! increases sharply near th
time of a major slip event. This time dependence is shown
Fig. 16~a!. The data have been averaged over 416 slip eve
Note that the event rate is asymmetric, with precursors be
somewhat more likely than microscopic events at an equ
lent timeafter a major slip occurs att/T50.

There is substantial variability in the number of micr
scopic rearrangements before~or after! a slip, just as there is
variability in the macroscopic creep~Fig. 4!. This variability
may be described by the probability distributionP(N) of the
total numberN of microscopic slip sites atany time before or
after a single major slip event. This quantity, shown in F
16~b!, is approximately an exponential function with a dec
time of 40 events, comparable to the mean value. The m
likely explanation for the local rearrangement events is
breaking of stress chains. Since the stress is highly inho
geneous at lowV, a few local events can allow measurab
global motion.

G. Results for rough particles

An extensive discussion of the shear friction for rou
particles will be given elsewhere, but we summarize
main effects here. The most important difference with
spect to the spherical particles is that approximately perio

FIG. 15. ~a! Image of a portion of a granular layer~about 1 mm
across! and ~b! difference image (Dt51 s) showing localized par
ticle rearrangements~circled! between major slip events.
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motion is never found; the dynamics is always irregular. T
is shown in Fig. 17, where we display the temporal evolut
of spring displacement signals for several different con
tions. In Fig. 17~a!, for example, one can see several sm
slips before each major one; after each small slip, the sp
deflection ~and therefore the frictional force! rises slightly
higher than the previous peak. These small slips are prob
due to the breaking of some of the stress chains. This st
tical behavior is reminiscent of that of avalanches.

In Fig. 17~b! we show the effect of increasing the drivin
velocity. The motion is even more irregular and a well d
fined maximum static stress does not exist. Some major
events are preceded by a number of smaller ones, while o
slip events are not. Finally, we show in Fig. 17~c! an ex-
ample of the dynamics for a weaker spring constant, wit
driving velocity similar to that of Fig. 17~a!. Again, the ma-
jor slips are irregular, though their larger mean size ma
the small slips~the minor glitches! less obvious.

In general, we find a broad range of event sizes~slip
displacements! for the rough particles. However, it appea
that there may typically be a gap between the large eve
and the small ones. Additional observations to be repor
elsewhere show that successive slip events leave the pla
a slightly different vertical height, so that the granular ma
rial is in a slightly different state~or mean density!. Finally,
the high-velocity inertial ‘‘resonance’’ seen in Fig. 9 fo
small k is not apparent in the rough material. At present,
limited total length of translation available in our apparatu

FIG. 16. ~a! Average number of displacement sites~per second
in a 4-mm2 area! as a function of time before or after a major sl
event, in units of the periodT of the stick-slip cycle. Precursory an
postslip events are prominent.~b! Probability distribution of the
total number of displacement sites observed at any time befor
after a single slip event.
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restricts our ability to gather adequate statistics on the
chastic behavior of the dynamics involving rough particle

IV. DISCUSSION AND CONCLUSION

A. Summary of observations

We have reported sensitive and fast force measurem
on sheared granular layers undergoing stick-slip moti
along with simultaneous optical imaging. Most of the wo
reported here pertains to spherical glass particles wit
620% size distribution; limited measurements have a
been made for rough particles. Though we measure only
deflection of the coupling spring, we are able to comp
from the measured data the slider’s position, instantane
velocity and acceleration, as well as the instantaneous
tional force produced by~or within! the layer. The time reso
lution of the measurements is high enough to resolve
detailed dynamics within individual slip events lasting abo
40 ms.

The effects of varying the elastic coupling constantk and
the driving velocityV are studied in detail. Stick-slip motio
~Figs. 3 and 5! occurs for low driving velocity. Between th
slip pulses, we find slight creep~Fig. 4! that is highly vari-
able from one event to the next. The total displacement
sociated with the creep is much less than that during
slips. When the stiffness is large~and the driving velocity
small!, the stick-slip motion becomes irregular even for t
smooth particles and the mean displacement~about 2mm! is

FIG. 17. Spring deflectionsdx(t) as a function of time for rough
particles~Estes art sand!. ~a! Spring constantk51568 N/m, mass
M513.4731023 kg, and velocityV55.636mm/s. ~b! Larger ve-
locity V5112.7mm/s. ~c! Lower spring constantk5220.9 N/m
(M511.2731023 kg and V511.27mm/s). The motion is much
more irregular than that of the glass spheres.
o-

ts
,

a
o
he
e
us
c-

e
t

s-
e

substantially less than the mean particle diameter. The m
mum static force@Fig. 5~a!# is almost the same from cycle t
cycle, but the minimum frictional force fluctuates strong
We believe that these observations are worthy of theoret
attention since one might have thought that the large num
of particles per layer~about 105) would be enough to aver
age out such fluctuations. The motion in this regime seem
involve both deterministic nonlinear phenomena~approxi-
mate period doubling! and stochastic aspects~variability!.

At larger driving velocity V, the oscillations become
smoother and are dominated by inertia~Fig. 7!. The periodT
initially declines asV21 and then saturates~Fig. 8!. The
amplitudeA of the relative motion~Fig. 9! grows withV and
then declines sharply at the onset of continuous sliding m
tion. This transition atVc appears to be discontinuous fork
not too large, but may be continuous for largek. We observe
large fluctuations in the oscillation amplitude in the neig
borhood of the transition~Fig. 10!. It may be productive to
think of the system as a noise-driven resonant system in
regime. Perhaps this oscillation is related to that noted in
stability analysis of Elmer@16#.

The time dependence of the instantaneous velocity of
upper plate~Fig. 11! and the frictional force exerted by th
granular layer are determined within individual slippin
events. The frictional force is found to be a multivalue
function of the instantaneous velocity during slip, with pr
nounced hysteresis and a sudden drop just prior to restic
~Fig. 13!.

Measurements of vertical displacement reveal a v
small dilation of the material~typically 15 mm! associated
with each slip event~Fig. 14!; the kinetic frictional force
appears to reach its minimum value when the dilation
greatest. We believe that improved measurements of ver
dilation will be very helpful in understanding the force dat

We used optical imaging to reveal localized microsco
rearrangements that occur before and after each macrosc
slip. Their number is highly variable and has a roughly e
ponential distribution@Fig. 16~b!#. It seems probable that th
accumulation of these local displacements is the microsco
manifestation of macroscopic creep. It may be that the
events result from the spatial growth of the local rearran
ments, but we are unable to test this hypothesis withou
much faster imaging system.

Measurements on rough particles show significant diff
ences from those made on spherical particles. Most nota
the stick-slip motion at lowV is always nonperiodic; both
small and large slip events occur. The force hysteresis lo
are also different on each cycle.

B. Comparison to solid-on-solid friction, lubrication,
simulations, and geophysical studies

In many respects, the results of this investigation para
those previously reported for solid-on-solid friction on rou
surfaces@10–12#. The similarities include the occurrence o
stick-slip motion at low driving speed, a transition to co
tinuous sliding motion at a critical speed that depends
stiffness, transitional behavior that switches from being d
continuous at low stiffness but may be continuous at hig
stiffness, and observable creep before major slip events
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very recent work to be reported elsewhere, we find a dep
dence of the maximum static force on the sticking time, i
a strengthening of microscopic contacts with time. This w
attributed to thermal relaxation in the solid-on-solid frictio
work. Thermal effects related to plastic deformation may
much weaker here, while geometrical effects are proba
larger.

Our results on stick-slip dynamics in granular materi
also resemble those reported for delicate studies of lubric
films between smooth mica surfaces~for example, those of
Ref. @30#!. Those experiments have been interpreted in te
of a slip-induced melting of the lubricant and resticking d
to a time- and velocity-dependent refreezing transition. P
haps one can think of the shear-induced dilation of
granular material observed in our experiments as be
analogous to the slip-induced melting of a thin lubrica
layer. In both cases, geometrical constraints related to
ticle ~or molecular! size are important.

A clear phase boundary between solid and ‘‘liquid
phases was seen in the two-dimensional numerical sim
tions of sheared granular layers in Ref.@22#. In fact, the
conditions of our experiments are comparable to those of
simulation, except that the mass of the upper plate leads
somewhat larger applied normal stress in the experim
and the particles are not identical.

It may be possible to define a state variableu that is
related to the degree of fluidization. Then one could desc
the frictional force in terms ofu and the instantaneous slide
velocity ẋ(t), together with the evolution equation foru.
With improvements in our measurements of the vertical
lation, it might be possible to carry out this program a
hence to relate our work to the abundant literature on r
friction and sheared granular gouge@3#, where the utility of
rate- and state-dependent friction models has been am
demonstrated. However, there are also clearly some sig
cant differences. For example, the high normal forces use
most laboratory geophysical measurements cause the pr
ties of the granular material~including the size distribution!
to evolve in time, an effect that is nearly absent here.

It is provocative to note that some earthquakes sh
peaks of activity near the times of major slip events, as
some models of single strike-slip faults@37#. Creep and af-
terslip are also well known in geophysics; the latter can
count for a significant fraction of the total energy relea
@36#. Though the conditions of our experiments are far fro
those relevant in geophysics, they do provide fundame
information about the dynamics of sudden slip events invo
ing granular materials under stress and about localized
cursors.
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C. Future work

We have varied many aspects of the experiments, inc
ing the translation velocity, spring constant, mass of the
per plate, and the mean size and roughness of the parti
We have taken care to minimize extraneous factors
could affect the results, including humidity variations a
edge effects. We have taken care that the cover plate is
ficiently rough to pin the first layer. The qualitative effec
reported here are robust.

On the other hand, the investigation leaves many qu
tions open for the future. Optical studies with high time res
lution may give insight into the nucleation of slip events. T
velocity dependence of the frictional force should also
studied at high stiffness where the motion is continuo
~Our measurement sensitivity declines at high stiffness s
different apparatus is needed for this purpose.! The velocity
dependence of the ‘‘static’’ friction coefficient is apparent
rather small, but needs to be measured more accurately.
work should be extended to higher normal forces and
statistical properties of the fluctuations in the regime of co
tinuous motion deserve study. Much more can be usef
done to characterize friction in materials of different type
For example, we have not yet studied the effect either of
extremely wide distribution of particle sizes or of strict
uniform particles. Also, we do not know whether the cre
observed here is related to that observed in solid-solid f
tion; we suspect it is quite different because of the role
stress chains in granular material.

On the theoretical side, models of the hysteretic friction
force and its relation to the very small dilation~less than one
particle diameter! are needed. The persistence of stocha
effects in the macroscopic measurements even for sm
materials deserves consideration. The statistical propertie
the fluctuating slip dynamics of rough materials can perh
be modeled. It may be possible to explore some of th
phenomena numerically in three dimensions. Impress
codes for studying sheared granular materials have been
veloped@41#.
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