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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 stiffnek®f the driving system and the driving velociyare studied in detail.

The stick-slip motion is almost periodic for spherical particles over a wide range of parameters, whereas it
becomes irregular whekis large andV is relatively small. At largel, 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 functiorVoft a critical valueV, a transition to continuous sliding motion
occurs. The transition is discontinuous fonot 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) dsspciated 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 pretau 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.
[S1063-651%98)03208-3

PACS numbe(s): 83.70.Fn, 47.55.Kf, 62.4@., 81.05.Rm

I. INTRODUCTION AND BACKGROUND grains. These phenomena have been largely explored from a
geophysical point of view, since frictional dynamics plays an
The dynamical properties of granular materials have beemmportant role in seismic faulting. Marori&] has provided
widely explored, but their complex behavior continues toan excellent review of the extensive laboratory studies at
challenge our understandifd,2]. The responses of these high pressures that have been made in studies too numerous
materials to applied forces, both compressional and sheato cite here. One of the central achievements of these efforts
are important physical properties. This paper is concernetlas been the development of friction laws that incorporate
with the behavior of granular layers that are subjected tanemory effects and history dependence; frictional forces are
applied shear forces and to the resulting frictional forces thahot simply determined by the relative velocity of the shear-
are generated in the material. The response to imposed shdag surfaces. Rather, localized contacts tend to strengthen
forces can be quite varied: The material can remain at rest awith age and weaken as they are replaced during motion.
it may yield in a way that leads to steady, fluctuating, orThese effects can be summarized by phenomenological fric-
stick-slip motion. The material may become inhomogeneousijon laws depending on velocity and one or more additional
with parts behaving as a fluid while other parts remain solvariables that characterize the macroscopic state of the con-
idlike. In fact, one of the fascinating aspects of granular fric-tacting surfaces. Often a single state variable that can be
tion is that it involves both the solid and fluid aspects of theregarded as a measure of average contact age is sufficient.
material. An earlier review of these friction laws may be found in the
Nonlubricated friction between solid surfaces, with or book by Schol44]. Additional studies of granular friction at
without an intervening layer of granular material, has beerpressures relevant to seismic phenomena may be found in
widely studied. Here the frictional forces and the resultingRefs.[5-9].
dynamics are controlled by the asperitipsotrusions$ of the Sensitive studies of solid-on-solid friction &iw pres-
contacting surfaces or the geometrical irregularity of thesures(without granular materialhave also been conducted,
especially by Baumberger and co-work¢d€—17. These
studies have highlighted the fact that there is generally not an
*Electronic address: nasuno@ele.kyutech.ac.jp absolute distinction between static and dynamic friction. Sur-
"Present address: Department of Physics, Clark Universityfaces subjected to a shear stress can exhibit slow evolution
Worcester, MA 01610. Electronic address: akudroll@clarku.edu and deformation even when there is little evidence of mac-
*Electronic address: jgollub@haverford.edu roscopic motion. In some cases this slow creep can appar-
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ently be thermally activated. As is now well known, the elas-
tic properties of the apparatus influence the observed
frictional behavior. It is also interesting to note the experi-
ments of Johanseet al.[13], who studied the behavior of a
metal-on-metal spring-block system and noted cleady-
periodic stick-slip dynamics if the normal force is not too
large. A much older study of solid-on-solid friction due to
Tolstoi [14] demonstrated the importance of vertical motion 15 1 schematic diagram of the apparatus, showing the granu-
in solid friction. For a general review on sliding friction see |ar jayer GL and a transparent cover plate CP pushed by a leaf
the recent book by Perss¢ms]. spring SP connected to a translating stage TS. An inductive sensor

The nonlinear dynamics of block-spring systems undelPS detects the deflection of the leaf spring. The microscope objec-
the influence of typical velocity-dependent friction laws hastive MO is also shown.
been recently discussed theoretically by EInj&é], who
Sho‘.NEd that in_addition to th_e usual_ st_ick-_slip and StPf""dyevents lasting only tens of milliseconds. As we will show,
motions, an oscillatory state without sticking is also possible - ; . : .

. ) ; the frictional force is multivalued, with the instantaneous

An earlier theoretical study of such a system using mor

complex rate and state-dependent friction laws was given b rce being less for decreasing than for increasing velocities.
Rice and Tsd17] econd, we are able to detect microscopic particle rearrange-

A considerable body of work beyond that already refer-ment events optically and to correlate these local events with

enced is at least indirectly related to this investigation. Forc&h€ Slow global creep that precedesd follows major slip-
distributions in granular matter under normal and/or sheaPind events. These “precursors” and “afterslip” events
stresses have been studied both experimentally and theore#€€m analogous in some respects to those that occur on some
cally [18—20. The forces supported by the particles are notfaults before and after major earthquak8s—37. An ad-
homogeneous in space but are concentrated into “stresgntage of studying friction at low pressures is that particle
chains” that are quite important in sustaining frictional 9eometry, but not plasticity, should play the dominant role.
forces[2,21]. Discrete particle simulations have been used tdn addition, changes in the particle size distribution and
study friction both in the quasistatic regime where particlesshape do not occur.
are usually in contact and in the rapid flow regime that is Besides providing a more thorough treatment here, we go
often modeled using kinetic theory methd@g]. The strong beyond our previous brief report by showing in some detail
density dependence of friction in granular media has beeRow the stick-slip dynamics depends on the shear rate and on
studied experimentally by Hortta, Family, and Vicsek23].  the strength of the spring that connects the translating plate
Dilatancy has been shown to affect the onset of flows on aitP the external drive mechanism. We also measure explicitly
inclined bed24]. Fluidization of a granular material excited the dilation of the material that begins prior to slip and is the
by horizontal vibration has been studied experimentzhj major cause of the observed hysteresis in the friction force.
and may be related to the fluidization that occurs due to shedrhis effect has been noted in “molecular” dynamics simu-
in the present investigation. A simple one-dimensionallations of granular materials by Thompson and Gi&s]
model of spring coupled particles interacting with a randomand Zhang and Campbd22]. Finally, our extensive work
substraté26] reveals complex spatiotemporal dynamics. An-0n smooth glass particles is supplemented by some studies of
other one-dimensional model, but involving a periodic po-rough particles, though this aspect of the investigation will
tential, emphasizes the analysis of the relaxation behavidiequire further work before it can be considered complete,
during the slip eventg27]. since several different aspects of the material properties can

It is interesting to consider the parallels between frictioninfluence the results.
in granular layers and the study of friction between surfaces Following a discussion of experimental methods in Sec. Il
separated by a thin layer of lubricant, which has providedincluding the measurement apparatus, samples, imaging,
many surprises and insights. In that domain, sensitive experRnd methods of resolving the actual frictional forose dis-
mental methods have demonstrated the profound effects Uss the experimental results in Sec. Ill. The velocity depen-
molecular discreteness. Changes in the state of organizatigtence of the stick-slip behavior, the structure of the indi-
of the lubricant layer, e.g., shear-induced melting orvidual events, material dilation, microscopic precursors, and
pressure-induced “solidification,” are known to cause quali-the behavior of rough particles are considered in turn. We
tative transitions in the frictional dynamics as the conditionssummarize the observations and compare them to the results
are varied. As examples of these studies, we mention Ref&f other investigations in Sec. IV.
[28—32. Phenomenological friction laws capable of describ-
ing some of these phenomena have been discussed recently
[33]. Il. EXPERIMENTAL METHODS

Here we report an extensive study of sheared granular
layers at low normal stresses, in part using methods similar
to those of Refs[11, 17. A brief preliminary report on this A schematic diagram of the experimental setup is shown
study appeared previous[34]. This work is distinguished in Fig. 1. Shear stress is imposed by translating a transparent
from earlier investigations involving granular materials in cover plate over a uniform granular layer. The horizontal
several ways. First, we are able to determine the temporalimensions of the upper plate are generallyK® mn¥; the
variations of the frictional force within the individual slip lower one is much larger. The edges of the plate are rounded

A. Apparatus
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off to avoid the possibility of it digging into the granular
layer, but this precaution is found to have little or no effect
on the measurements.

In order to control the stiffness of the driving system, the
cover plate is pushed with a blue tempered steel leaf spring
(thickness 0.005-0.025 in., length less than 1 in., width 0.5
in., and spring constark) connected to a translating stage.
The stage is driven at a constant spaéthy a computer-
controlled stepping motor through a high-precision microme-
ter. The coupling between the spring and the cover plate is
accomplished through ak-in-diam stainless-steel ball,
which is glued to one end of the cover plate. This allows the
plate to move horizontally and also vertically as the thick-
ness of the granular layer may vary during the motion. The
coupling method ensures that the external force does not
exert a torque on the plate about its center of mass.

The elastic coupling through the spring allows relative
motion of the top plate with respect to the translator. The
relative motion in the horizontal direction is monitored by
measuring the displaceme#it(t) of the spring from its rest
position at the coupling point with an inductive position sen-
sor, model EMD 1050 from Electro Corporation as in Ref.
[12]. The horizontal position of the top plate in the labora-
tory frame is then given bx(t)=Vt—6x(t). The output
from the sensor is a weakly nonlinear function of the dis-
tance between spring and the sensor head. In addition, be- FiG. 2. Samples ofa) spherical glass particles 70—110n in
cause of the bending of the spring, it does not remain perdiameter andb) clean sieved sand, with nonspherical rough par-
fectly vertical with respect to the sensor head and this leadscles 100—-60Qum in diameter.
to a possible additional source of systematic error. Both
sources of systematic error are eliminated by using a calibra- B. Samples and surface treatment
tion function to obtain the actual spring deformatiéx(t). We have explored samples consisting @ smooth
This calibration function is accurately determined for eachspherical glass particles 70—130n in diameter(obtained
spring and is then applied to the measured data. We estimatem Jaygo, Ing.and (b) clean art sand consisting of rough
that the precision of the resulting deformation data is abouparticles 100-600um in diameter (obtained from Estes
0.1 um. This is mostly determined by electronic noise. Inc.). Images of these two samples are shown in Fig. 2. For

The deformation of the spring is sufficiently small that theour samples, cohesive forces are negligible. Samples are
force exerted on the top plate by the spring is given accuused only for a few runs to avoid the possible effects of
rately byF =kéx. We also monitor the vertical displacement wear, though we have not observed such effects. In this pa-
of the cover plate with a separate inductive sensor. per we focus primarily on the behavior of the spherical par-

The granular sandwich is mounted on a microscope taicles and briefly summarize the behavior of the rough par-
allow the observation of microscopic motion of granular par-ticles. A further paper on the rough particles and other
ticles through the transparent top plate. The particle motiomaterials is anticipated.
can be captured on video tape for later quantitative analysis Before each run the granular layer is distributed on the
or digitized directly. Synchronization allows events in the bottom plate so that the depthis constant over the whole
images to be correlated with structure in the force measurdayer (generally 2.06-0.05 mm for the spherical particles
ments. The apparatus and microscope are contained withinand 4.0 mm for the rough particleand then the top plate is
temperature-controlled box and maintained somewhat abovglaced slowly upon it. Sometimes the upper plate sinks
room temperaturétypically 37.5 °C+0.2 °Q to reduce the slightly into the granular layer as the plate translates. This
extent of adsorbed water on the particles. The humidity durean lead to a small heap at the leading edge, though the
ing the experiments is typicall{20=2)%. Without this con-  effect is minimized by avoiding torques due to the driving
trol, we found unacceptable variations from run to run. How-force and by keeping the mass of the plate small. In the most
ever, it is likely that no experiment performed in air canrecent experiments, we bevel the leading edge of the glass
completely eliminate the effects of adsorbed water. plate to limit the accumulation of material there. We also

Detailed studies reported here utilized the following checked that there is no perceptible difference between data
ranges of the major parameters: imposed translation or drivacquired early in a run and that obtained late in a run. The
ing velocity V of the spring mount (1B-10* um/s), layer mass of any displaced material is small compared to the
thickness(2 mm), spring constank (10°—10* N/m), and  mass of the top plate and the resulting drag is also minimal
massM of the upper plat€10-50 g. Edge effectddue to  because the material is unconfined.
the finite horizontal size of the layeare believed to be neg- The surfaces of the plates are treated in several ways to
ligible. transmit the shear force to the granular layer without inter-

©)
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facial slipping. We roughen the bottom plate and eitter
glue a layer of particles to a glass top plate(by rule a
Plexiglas top plate with parallel grooves 2 mm apart, so that
imaging measurements can be made in the interstices. Simi-
lar results are found in the two cases.

500
400
300

dx (um)

800

C. Instantaneous velocity and frictional force measurements 600

The instantaneous horizontal velocity of the top plate can
be obtained simply by differentiating its positiotft) =Vt
— 6X(t). The time resolution depends on the sampling rate,
which is typically 1000 Hz. We can also determine the ve-
locity dependence of the instantaneous normalized frictional o
force u(t) =F;(t)/Mg exerted on the top plate by the granu- 15
lar layer. HereF¢(t) is the actual frictional forceM is the
mass of the cover plate, amis the gravitational accelera-
tion. This quantity is derived from the data by first obtaining
the positionx(t) and the acceleratior(t) of the top plate 0 I I T I
from the measured spring deflectior(t) =Vt—x(t). Some 0 2 4 5 8
digital filtering of the differentiated data is required, so there Time (s)
is a tradeoff between the signal-to-noise ratio and time reso- FIG. 3. () Spring deflectionsx(t) as a function of time for
lution. The acceleration of the top plate is determined by theﬁ)eriodi.c s.tick-slip motion. (Spring constank=134.7 N/m, mass
difference between applied and frictional forces. Thereforey, _ 14 g9 g, andv=113.33um/s) (b) Positionx(t) and (’c) in-
we use the force balance equation

400

200

Position x (um)

v (mm/s)
5
T
|

stantaneous velocity of the top plate. Pulses correspond to the slip

Mx=kaox— F, 1) events.

the top plate reveals that this onset of slipping involves fast
irregular motion(which we term “fluidization”) of granular
particles near the top plate. During the sliding period, the top
plate accelerates to catch up with the moving stage Fand
D. Image analysis decreases. At some lower value, the top plate sticks again.

To study the dynamics of particle motion in the upper few The slip durationrg;, is roughly of the order of the inertial
layers of material, we digitize microscopic images of thecharacteristic timer,=2mM/k and is substantially shorter
particles using a standard frame grabber and a shutterdfian the sticking intervatg, in this regime. The granular
charge coupled device camera. The resolution of the image #ow during slip seems to be confined to the top few layers of
640x480 pixels, with image depth of eight bits. We use thisgranular particles, but we do not have a quantitative measure
information mainly to search for local rearrangement eventsof the actual depth.

These small motions can be detected by taking differences The positionx(t) of the top plate shown in Fig.(B) is a
between images separated in time by a suitable interval, typpequence of apparently equal steps with nearly instantaneous
cally 1 s. To couniapproximately the number of particles jumps between them. The slip velocity achieved during each
that have moved, we first convert the image to a black anglip event is almost the sani&ig. 3(c)]. By magnifying
white (one-bit depthimage by using a threshold. We coarse X(t), we find that there is in fact gradual motion or “creep”
grain the image over a size comparable to the mean partici@ the sticking intervals. This is shown in Fig. 4 for two
diameter. The number of spots for which the difference im-
age is nonzero is a measure of the number of particles that
have been displaced between the two images.

to obtain theinstantaneoudrictional force as a fur_1ction of
either time or the instantaneous sliding spe¢t) = x(t).

30 T T T T

lll. EXPERIMENTAL RESULTS
A. Low-strain-rate stick-slip phenomena

We concentrate on the behavior of the material containing
spherical particles and begin with an example for which the
stiffnessk is low, 134.7 N/m. For low driving velocities, the
top plate alternately sticks and slips, as shown in Fig. 3. 20 15 10 5 0
During the sticking periods, the top plate is at rest and the Time (s)
force F exerted on the top plaig@roportional to the displace-
ment 5x of the free end of the sprindncreases linearly in FIG. 4. Magnification showing displacement crefp variable
time up to a maximum valuéy. WhenF exceeds g, the  amounj before several major slip events.k=£134.7 N/m, mass
granular layer no longer can sustain the external shear stress=10.90 g, and/=11.33um/s.) The origin of the slider position
and the top plate begins to slide. Visual observation througls selected to be 0 far from the slip events.

Position (um)
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FIG. 5. (a) Irregular stick-slip motion at high stiffnessv( GOW
=11.33um/s, k=3636 N/m, andM =10.90 g).(b) A nearly peri- “or ]
odic case from the same run for=56.67 xm/s. 068 008 .10 ot 020 oss 030
Time (s)

sample slip events. We estimate that creep amounting to

about 1% of the total slip displacement is typical. However, FIG. 7. (8 Stick-slip motion atV=>5.67um/s. (b) Inertia-

the amount of creep before a slip event is highly variabledominated oscillation a¥=5.67 mm/s.(c) Steady sliding motion

from one event to the next. The standard deviation of thevith fluctuations, atV=11.33mm/s. k=1077N/m and M

total creep appears to be of the order of the mean valug;10-909.)

though we do not have sufficiently long runs to make a quan-

titative measurement of the variability. note that the slope of a linear fit to the points in Fig. 6 is
The observed stick-slip motion is almost periodic for aapproximately—1, which is the threshold for period dou-

wide range of parameter values. However, strongly nonperib“ng. If we think of this state in the context of nonlinear

odic motion occurs at very low and largek, as shown in dynamics, then by changing a parameter it should be pos-

Fig. 5@). When the stiffness is large, the mean period issible to exhibit a bifurcation. However, the phenomenon has

short and the displacement per cycle is small. Here the med#pt been studied in detail.

displacement is only about 2Zm, which is much less than We believe that the irregularity of these very small dis-

the particle diameter. Under these conditions, the maximurlacements is related to the huge number of microscopic ar-

static force is almost the same for each cycle, but the degré@ngements that are possible in a disordered medium and

to which the stress is unloadéend hence the time of re- also possibly to the tendency to form localized chains of

sticking) varies from cycle to cycle. We find that by increas- particles that sustain significant shear stfdsg|. Although

ing V by a factor of 5, the motion becomes approximatelythe number of particles in a layer is largabout 16 per

periodic, as shown in Fig.(B) for the same stiffness. layen, fluctuations are not eliminated. Even the apparently
Though the motion is irregular for high stiffness and low periodic motion of Fig. &) or 3 is not perfectly periodic, as

speeds, patterns do occur in Figab It appears that large Shown by the variability of the creep procd$sg. 4(b)].

slip events tend to be followed by smaller ones. This prop-

erty is emphasized in Fig. 6, where a return map for the slip B. Velocity dependence of stick-slip oscillations

distanceAx is shown. There is in fact a systematic anticor- We return to the case of somewhat lower stiffness and

relation of the slip distance between adjacent events, thouQ@bnsider the effect of varying the driving velocity. We

there is a lot of scatter. This anticorrelation could be re- resent results for several different values/dh Fig. 7. The
garded as an approximate period doubling. It is interesting t \rst example is similar to Fig. ). Though the motion is

nearly periodic, slight fluctuations in amplitude and period

=3 6 : ' ' b are visible in Fig. 7a). For sufficiently lowV, the mean
= period T of the stick-slip motion is proportional td~*; this
- °r % o ] dependence of onV is shown by the straight line portions
T o4l e '.' ¢ ] of Fig. 8. The period also decreases with increasinghe
E R productV T corresponds to the mean distance traveled by the
é 3l e ¢ - 4 stage during the mean periddand hence it is equal to the
o o« ° ." . mean slip amplitude. SinceT«V ™1 for low V, the mean
S 2r Y . % slip amplitudeA should be independent df and this is also
3 S e, e observed, as we show in Fig. 9.

S 1+ * L4 |

= o* 1. Inertial effects

® 03 1' é é "1 é g At higher driving speeds, e.g., fof>500um/s (and k

=1077 N/m), the slip duration is no longer negligible with
respect to the period. As V is increased, the periodic mo-
FIG. 6. Return map for the slip distanakex for successive tion becomes smoother, though not quite sinuso|dg.
events obtained from Fig.(8. Though there is substantial scatter, 7(b)]; the upper plate still sticks briefly once per cycle. The
large slips tend to be followed by small ones. period T declines more slowly with increasing and even-

Slip distance Ax(n)} (um)
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= ! ¢ ¢ ] Tim
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: ¢ . P g . %] FIG. 10. Strongly modulated oscillations in the vicinity of the
s, S *ea, vew | transition to steady sliding motiork & 1088 N/m,M =10.90 g, and
I 5 s P90 goon ] V=5893um/s).
001 T R Y YW E
10’ 10 10° 10* k<5000 N/m, it is more gradual whek is increased and
Driving velocity V {(um/s) then there is no pronounced dropAn(Fig. 9).

FIG. 8. Mean periodr of the stick-slip motion as a function of
driving velocity V for different values of the spring constamtsAt
low V, T declines a3/~ (M=10.90 g). We now consider the instantaneous velocity variations of
the moving plate during individual slip events as shown in
Fig. 11. Recall that this quantity is obtained by differentiat-
ing x(t). It is remarkable that the behavior during slip for
differentV is nearly identical whetk andM are fixed. Also
note that the acceleration and deceleration portions of the
pulse are different. The maximum slip speed is of the order
of F¢/\kM and decreases with increasikgThe slip dura-

C. Time-dependent velocity measurements

tually saturates at a vallg,,;,. By changing the weightl of
the top plate and the stiffnekf the spring,T i, is found to
be proportional to/M/k and somewhat larger than the char-
acteristic inertial timer;,=27M/k. We can describe the
deviation of T, from 7, by introducing an effective mass

Mei>M. For exampleM=1.7M for k=1077 N/m and . - _ o
M=1.09x 10" ? kg. These facts indicate that inertial effects tion 7, is about 40 ms fok=135 N/m andM =10.9 g; itis
of the order of the inertial time defined previously.

are prominent in this regime. The peak-to-peak spring de- . . -

flection amplitudedx,.,=A increases monotonically witkl Veloplty.pulses for two d|ﬁer9np d“‘"F‘Q s.peedsl are

in this regime, as shown in Fig. gEor low V, this quantity shown in Fig. 12. The larger one is in the inertial regime and

is close to the peak-to-peak displacement amplitude of th e two .pUIseS are made to coincidetat. N(_)te th_at the
alling side of the pulses approaches a straight line, espe-

top plate) cially for the larger pulse. This linearity suggests that the
frictional force from the granular layer is approximately con-
stant as the upper plate decelerates, while the curvature of
If V is increased sufficiently, the periodic motion is re- the pulses on the increasing side implies that the forcmis
placed by steady sliding motion with small intrinsic fluctua- constant as the upper plate accelerates. However, to be cer-
tions [Fig. 7(c)]. This transition can be seen as a sharp detain of these conclusions it is necessary to correct for the
crease in the peak-to-peak deflection amplitude for the lowetime variations of the spring force, as we do in the next
stiffness runs in Fig. 9. In the vicinity of the transition, noisy subsection.
oscillations are visible, but their amplitude is strongly modu-
lated, as shown in Fig. 10. Because of these fluctuations, we D. Instantaneous frictional force measurements
use the mean value @i,., when computingA.
We find that the transition threshold, tends to decrease
with k. Though the transition appears to be discontinuous fo

2. Transition to continuous sliding motion

We explained in Sec. Il C how the instantaneous frictional
force from the granular layer can be determined. In Fig. 13

T T T T
T T T T T orrTTTT ML | 14_
100F o k=1??67376’\lm1 3 5 V=56.67 pm/s

F A oser e ] & ?r o 11333
" - e £ o  566.64
E P e ¢ eee . e E 0F o 113327

£ ol
< qof |e g =
g 3 oo oe ] 2 6l
2 b s o ° s ] S
S [ eo o8 B Y es Tl S 4
g 4 ‘ 0]
< a o > 2
1 L A A A _
B & a E o]
T RN N ] 1 1
10" 102 10° 10* -0.15 -0.10 -0.05 0.00 0.05
Driving velocity V (um/s) Time (s)
FIG. 9. Mean peak-to-peak deflection amplituslas a function FIG. 11. Instantaneous velocity(t) of the cover plate during

of the driving velocityV for different values of the spring constant slippage for various driving speeds in the stick-slip reginke (
k. The transition to steady sliding motion is discontinuous for small=135 N/m andM =10.90 g). The time origins of the pulses are
k. forced to agree at the end of each event.
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Time (ms) FIG. 14. Vertical displacemeritipper curvg and horizontal ve-

locity (lower curve of the top plate as a function of timek (
FIG. 12. Comparison of the shapes of two velocity pulses for=135 N/m,M=11.33 g, and/=226.7um/s.) Note that the maxi-
different driving speeds. The larger one is in the inertial regime.mum vertical displacement precedes the maximum horizontal ve-
(k=134.7 N/m andM =10.90 g.) locity.

we show the normalized instantaneous frictional forqe) ~ 'OCity, but also by the history of the motion or by a state

=F;/Mg, calculated from the deflection signal and plottedvariable such_as the degree_ of quid?zation. Qne might
as a function of the instantaneous velociyt). During the temptto explain the observations by introducing a delay or

sticking interval, i increases linearly in time from to B. memory effect, as was done long ago by Rabinom to
When u reaches the static threshole.=F./Mg, the top describe hysteresis loops observed in sqlld—on-solld fr|ct|'on;
plate starts to slide. As can be seen from Fig. 13, the fricS€€ also Ref[40]._ In that approach, th_e |nstar_1taneous fric-
tional force during acceleration is distinct from that during fional forceF at timet would be determined uniquely by the

deceleration. During acceleration decreases monotonically VeloCity at anearlier time (t— 7o) through a single-valued,

from ¢ with the increase in the slip velocitfrom Bto Cin ~ monotonically declining functioro(v):

Fig. 13. During decelerationy is nearly constant for some (Yt _ _ _

time starting fromC and then drops quickly for small speeds Fi=Folx(t=70))=Fo(V— doX(t=70)).

to the re_sticking ah. This loop is almost identical for all slip  The combination of a delay and a declining dependence on

events, mdt_epen_dent M I velocity would produce hysteresisH; is plotted as a func-
For the inertia-dominated oscillations, the loop depends;ion of the velocityx(t). Note that ifV<a,8x(t— 7o) during

on driving speed. In this regime, creep is detectablegor o motion, thenV could be neglected and the dynamics

<us and a clear distinction between stick and slip become%pproximated as being independenv/dbr part of the cycle,

more difficult to make; see the 00pBC’ in Fig. 13. The 45 we have observed. However, this appradms not work

maximum slip speed increases withbut the frictional force  ; fixed delaycannotexplain the observed rapid fall if; at

# during rapid motion(near the maximum slip velocity, at yery smally. This observation implies that an additional

C') is almost independent of. _ _ state variable is probably necessary. We return to this point
These observations imply that the time-dependent fricy, ne concluding section.

tional force is determined not only by the instantaneous ve-

E. Dilation during slip pulses

0.7 T T T
ug —> Simulations[22,3§ suggest that dilation and fluidization
) play a role in the stick-slip instability. Microscopic visual-
. O \ . ization in our experiment reveals that the granular particles
o s, Q. . in the upper few layers flow with the top plate during the slip
§ o5 %5”.@) o C ® & 90 m o period. Although dilation is known to occur for high-speed
= 1 WG 9@%@ continuous motion, it has not previously been detected for
5 $ &)’,%:g ° 9 g%pc@% individual slip events. By using an additional vertical dis-
5 04 5 -— n placement sensor, we are able to detect small dilation pulses
& G associated with each slip event. The time-dependent vertical
03 o ] displacement is shown in the stick-slip regime in Fig. 14.
Unfortunately, our sensitivity is les&ue to instrumental
o s 1'0 1'5 2 noise for the vertical displacement. However, we can esti-

mate that the amplitude of the dilation is about A, sub-
stantially less than the mean particle diamet&he pulses
FIG. 13. Normalized instantaneous frictional force(t)  appear somewhat smaller in Fig. 14 because of filtering that
=F;/Mg as a function of velocity (t). (This should not be con- Wwas applied to the signal to improve the signal-to-noise ra-
fused with the external applied forgeSolid circles, stick-slip re-  tio.) It should be noted that the mean depth is about 20 par-
gime (V=113um/s); open circles, inertia dominated regimé ( ticle diameters and that the dilation is probably largely near
=5.667 mm/s). the upper surface. In Fig. 14 we also show the corresponding

Velocity v (mm/s)
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FIG. 15. (a) Image of a portion of a granular lay&bout 1 mm
acros$ and (b) difference image £t=1 s) showing localized par-
ticle rearrangementircled) between major slip events.

Microscopic events <n(t)>

01

horizontal velocity during the pulses. The duration of the
dilation pulse is somewhat broader than the velocity pulse
and it starts earlier. The peak of the dilation clearly occurs
beforethe peak in the velocity. Further measurements indi-
cate that the dilation peak coincides approximately with the
maximumacceleration This fact makes qualitative sense if

the dilation determines the frictional force once slipping

0.0001 L L L L
starts. 0 50 100 150 200 250

0.01 |

P(N)

0.001 |

F. Microscopic precursors FIG. 16. (a) Average number of displacement si{@er second

Optical imaging allows us to search for localized particlein a 4-mnf area as a function of time before or after a major slip
rearrangements between major slip events, as explained @vent, in units of the period of the stick-slip cycle. Precursory and
Sec. 11 D. To allow optical access, we use a ruled Plexiglagostslip events are prominer() Probability distribution of the
plate as discussed earlier. We find that local rearrangementgtal number of displacement sites observed at any time before or
of granular particles occur even during the sticking intervalsafter a single slip event.

An image of a portion of the laygabout ten grains or 1 mm

in width) is shown in Fig. 15, along with a sample difference motion is never found; the dynamics is always irregular. This
image showing local displacements in Icercled. We find s shown in Fig. 17, where we display the temporal evolution
that the microscopic rearrangement rate, as indicated by ths spring displacement signals for several different condi-
average numben(t)) of microscopic displacement sitéi8 yjong n Fig. 17a), for example, one can see several small
a 1-s interval and a 4-mifrareq increases sharply near the slips before each major one; after each small slip, the spring

time of a major slip event. This time dependence is shown iny : _ . :
) ; eflection (and therefore the frictional forgaises slightly
Fig. 16a). The data have been averaged over 416 slip event?l‘igher than the previous peak. These small slips are probably

Note that the event rate is asymmetric_, with precursors b(_aingue to the breaking of some of the stress chains. This statis-
somewhat more likely than microscopic events at an equwat-iCaI behavior is reminiscent of that of avalanches

lent time after a major slip occurs at/T=0. i . : -
There is substantial variability in the number of micro- vellc:]cil?g"|'1k17<(ab)mvg)$i;:?;vécgnegqeocrteoifrgCLelerIQr?dth;v(\j/g?lmc]jge]-
scopic rearrangements befd@ aftep a slip, just as there is . y- 1 . gu . .
fined maximum static stress does not exist. Some major slip

variability in the macroscopic credpig. 4). This variability .

may be described by the probability distributiBN) of the :I\i/ené\s/;r:?sngfger?gtd E?naalrurcvgersﬁgjvmii”iri orzg;évr;/hgiother

total numberN of microscopic slip sites anytime before or P . Y, | Mg .
ample of the dynamics for a weaker spring constant, with a

after a single major slip event. This quantity, shown in Fig., . ™ LT ; X
: : : : : driving velocity similar to that of Fig. 1(&). Again, the ma-
16(b), is approximately an exponential function with a decay. ; sligs are ir%egular though theirglarg;r rr?ean size makes

time of 40 events, comparable to the mean value. The mo{;ﬁe small slipsthe minor glitchelless obvious

likely explanation for the local rearrangement events is the In general, we find a broad range of event sifstip
breaking of stress chains. Since the stress is highly inhomod-is Ia?:emeni)’sfor the rouah articlesg However it apDears
geneous at low/, a few local events can allow measurable P . gnp : ' PP
global motion. that there may typically be a gap between the large events

and the small ones. Additional observations to be reported
elsewhere show that successive slip events leave the plate at
a slightly different vertical height, so that the granular mate-
An extensive discussion of the shear friction for roughrial is in a slightly different statéor mean density Finally,
particles will be given elsewhere, but we summarize thethe high-velocity inertial “resonance” seen in Fig. 9 for
main effects here. The most important difference with re-smallk is not apparent in the rough material. At present, the
spect to the spherical particles is that approximately periodidimited total length of translation available in our apparatus-

G. Results for rough particles
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substantially less than the mean particle diameter. The maxi-
mum static forcgFig. 5@)] is almost the same from cycle to
cycle, but the minimum frictional force fluctuates strongly.
We believe that these observations are worthy of theoretical
attention since one might have thought that the large number

: of particles per layetabout 18) would be enough to aver-
0 =50 T 150 age out such fluctuations. The motion in this regime seems to
Time (s) involve both deterministic nonlinear phenometepproxi-

T E mate period doublingand stochastic aspedtgariability).

At larger driving velocity V, the oscillations become
smoother and are dominated by inefttdg. 7). The periodT
initially declines asV~! and then saturategFig. 8. The
amplitudeA of the relative motior(Fig. 9 grows withV and
then declines sharply at the onset of continuous sliding mo-
tion. This transition al/; appears to be discontinuous for
not too large, but may be continuous for latgéVe observe
large fluctuations in the oscillation amplitude in the neigh-
borhood of the transitioiiFig. 10. It may be productive to
think of the system as a noise-driven resonant system in this
regime. Perhaps this oscillation is related to that noted in the
stability analysis of Elmef16].

,,,,, , ] The time dependence of the instantaneous velocity of the
50 100 150 upper plate(Fig. 11) and the frictional force exerted by the
Time (s) . T S
granular layer are determined within individual slipping

FIG. 17. Spring deflection8x(t) as a function of time for rough evenf[s. The frl_ctlonal force is four_1d to _be a_mult_lvalued
particles(Estes art sand () Spring constank= 1568 N/m, mass function of the instantaneous velocity during slip, with pro-
M=13.47x 10 2 kg, and velocityV=5.636um/s. (b) Larger ve- nounced hysteresis and a sudden drop just prior to resticking

locity V=112.7um/s. (c) Lower spring constank=220.9 N/m (Fig. 13. . ]

(M=11.27x 1072 kg and V=11.27um/s). The motion is much Measurements of vertical displacement reveal a very

more irregular than that of the glass spheres. small dilation of the materialtypically 15 um) associated
with each slip even{Fig. 14); the kinetic frictional force

restricts our ability to gather adequate statistics on the steppears to reach its minimum value when the dilation is

X ) o ; . greatest. We believe that improved measurements of vertical
chastic behavior of the dynamics involving rough particles. dilation will be very helpful in understanding the force data.

We used optical imaging to reveal localized microscopic
rearrangements that occur before and after each macroscopic
slip. Their number is highly variable and has a roughly ex-
A. Summary of observations ponential distributioriFig. 16b)]. It seems probable that the
?gcumulation of these local displacements is the microscopic
manifestation of macroscopic creep. It may be that the slip
évents result from the spatial growth of the local rearrange-
g1ents, but we are unable to test this hypothesis without a

Deflection 8x (um

g »m
[= 2]
(= =]

Deflection 8x (um
F N
8 3

w
n
o

IV. DISCUSSION AND CONCLUSION

We have reported sensitive and fast force measuremen
on sheared granular layers undergoing stick-slip motion
along with simultaneous optical imaging. Most of the work
reported here pertains to spherical glass particles with . .
+20% size distribution; limited measurements have alsd“uch faster imaging system. . - .
been made for rough particles. Though we measure only the Measurements on rough particles show significant differ-

deflection of the coupling spring, we are able to Computeences from those made on spherical particles. Most notably,

from the measured data the slider’s position, instantaneoJQe stick-slip motion at lowV is always nonperiodic; both

velocity and acceleration, as well as the instantaneous fricg’maII and large slip events occur. The force hysteresis loops

tional force produced bfor within) the layer. The time reso- are also different on each cycle.
lution of the measurements is high enough to resolve the

detailed dynamics within individual slip events lasting about _ ) e __
40 ms y P 9 B. Comparison to solid-on-solid friction, lubrication,

The effects of varying the elastic coupling consthtnd simulations, and geophysical studies

the driving velocityV are studied in detail. Stick-slip motion In many respects, the results of this investigation parallel
(Figs. 3 and b occurs for low driving velocity. Between the those previously reported for solid-on-solid friction on rough
slip pulses, we find slight creefig. 4) that is highly vari-  surfaced10-12. The similarities include the occurrence of
able from one event to the next. The total displacement asstick-slip motion at low driving speed, a transition to con-
sociated with the creep is much less than that during théinuous sliding motion at a critical speed that depends on
slips. When the stiffness is largand the driving velocity stiffness, transitional behavior that switches from being dis-
smal)), the stick-slip motion becomes irregular even for thecontinuous at low stiffness but may be continuous at higher
smooth particles and the mean displacenmahbut 2um) is  stiffness, and observable creep before major slip events. In
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very recent work to be reported elsewhere, we find a depen- C. Future work

dence of the.maX|mu_m stauc_force on the ;tlck|ng time, i.e., e have varied many aspects of the experiments, includ-
a strengthening of microscopic contacts with time. This wagng the translation velocity, spring constant, mass of the up-
att”buted to thermal I’e|axatI0n n the Sol|d-0n-SOI|d fr|Ct|0n per p|ate, and the mean size and roughness of the partic'es_
work. Thermal effects related to plastic deformation may bQ/\/e have taken care to minimize extraneous factors that
much weaker here, while geometrical effects are probablyould affect the results, including humidity variations and
larger. edge effects. We have taken care that the cover plate is suf-
Our results on stick-slip dynamics in granular materialsficiently rough to pin the first layer. The qualitative effects
also resemble those reported for delicate studies of lubricateported here are robust.
films between smooth mica surfacdsr example, those of On the other hand, the investigation leaves many ques-
Ref.[30]). Those experiments have been interpreted in termgons open for the future. Optical studies with high time reso-
of a slip-induced melting of the lubricant and resticking duelution may give insight into the nucleation of slip events. The
to a time- and velocity-dependent refreezing transition. Pervelocity dependence of the frictional force should also be
haps one can think of the shear-induced dilation of thestudied at high stiffness where the motion is continuous.
granular material observed in our experiments as beinéQur measurement sensitivity decllr_]es at high stlffnes_s so a
analogous to the slip-induced melting of a thin lubricantdifferent apparatus is needed for this purpp3ée velocity

layer. In both cases, geometrical constraints related to paf€Pendence of the “static” friction coefficient is apparently
ticle (or moleculaJ size are important rather small, but needs to be measured more accurately. The

A clear phase boundary between solid and “liquid” work should be extended to higher normal forces and the
phases was seen in the two-dimensional numerical simul statistical properties of the fluctuations in the regime of con-
tions of sheared granular layers in RE2Z]. In fact, the %inuous motion deserve study. Much more can be usefully

diti ; : i ble to th f thdone to characterize friction in materials of different types.
conditions of our experiments are comparable to those of thg . o, ample, we have not yet studied the effect either of an

simulation, except that the mass of the upper plate leads 10 & remely wide distribution of particle sizes or of strictly
somewhat larger applied normal stress in the experimentgnitorm particles. Also, we do not know whether the creep
and the particles are not identical. observed here is related to that observed in solid-solid fric-

It may be possible to define a state variablehat is  {jon: we suspect it is quite different because of the role of
related to the degree of fluidization. Then one could describgyress chains in granular material.

the frictional force in terms o and the instantaneous slider On the theoretical side, models of the hysteretic frictional

velocity x(t), together with the evolution equation f@t  force and its relation to the very small dilatigiess than one
With improvements in our measurements of the vertical diparticle diameterare needed. The persistence of stochastic
lation, it might be possible to carry out this program andeffects in the macroscopic measurements even for smooth
hence to relate our work to the abundant literature on rocknaterials deserves consideration. The statistical properties of
friction and sheared granular gouf, where the utility of  he fluctuating slip dynamics of rough materials can perhaps
rate- and state-dependent friction models has been amplye modeled. It may be possible to explore some of these
demonstrated. However, there are also clearly some signifsnenomena numerically in three dimensions. Impressive

cant differences. For example, the high normal forces used iBgges for studying sheared granular materials have been de-
most laboratory geophysical measurements cause the Prop&ksioped[41].

ties of the granular materidincluding the size distribution
to evolve in time, an effect that is nearly absent here.

It is provocative to note that some earthquakes show
peaks of activity near the times of major slip events, as do This work was supported in part by the National Science
some models of single strike-slip fault87]. Creep and af- Foundation under Grant Nos. DMR-9319973 and DMR-
terslip are also well known in geophysics; the latter can ac9704301 and by a Grant-in-Aid for Scientific Research from
count for a significant fraction of the total energy releasethe Ministry of Education, Science, Sports, and Culture of
[36]. Though the conditions of our experiments are far fromJapan, No. 09740317. J.G. appreciates the support of a Bel-
those relevant in geophysics, they do provide fundamentatin Visiting Professorship at the Weizmann Institute of Sci-
information about the dynamics of sudden slip events involvence, where the writing of this paper was completed. We
ing granular materials under stress and about localized prehank J. M. Carlson, G. S. Grest, and P. Molnar for helpful
cursors. discussions and suggestions.
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