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Shearing of a confined granular layer: Tangential stress and dilatancy

C. Coste
Groupe de Physique des Solides, Campus Boucicaut 140 rue de Lourmel, 75015 Paris, France
(Received 11 June 2004; published 5 November 2004

We study the behavior of a confined granular layer under shearing, in an annular cell, at low velocity. We
give evidence that the response of the granular layer under shearing is described by characteristic length scales.
The tangential stress reaches its steady state on the same length scale as the dilatancy. Stop-and-go experiments
performed at several driving velocities show a logarithmic increase of the static friction coefficient with
waiting time, followed by rejuvenation on a characteristic length of the order of the magnitude of a Hertz
contact between adjacent grains. The dilatancy does not evolve during the stop, neither during the elastic
reloading when thelriving is resumed. There is a small variation whgiting sets anew, which corresponds
to the rejuvenation of the layer, and this variation is independent of the waiting time. We argue that aging is due
to the behavior of individual contacts between grains, not global evolution of the piling. Under an instanta-
neous increase of the velocity, the tangential stress reaches a new steady state, exhibiting velocity strengthening
behavior. An increase of dilatancy is also observed. It is much larger than fluctuations in the steady state,
variations in a stop and-go-experiment, but much less than for shearing of freshly poured grains. The dilatancy
variation during a velocity jump is not due to structural rearrangements of the piling. The evolutions of
tangential stress and dilatancy are logarithmic in the ratio of upper and lower velocities.

DOI: 10.1103/PhysRevE.70.051302 PACS nuni®erd5.70.Mg

I. INTRODUCTION If the mean radius of the annulus is large compared to its

The behavior of a sheared granular medium is importanyvidth, we can neglect the radial velocity gradient and this
for the design of silos and hoppers used to handle and stoREtUP is very similar to the direct shear box. This is the
many industrial materialgl] or for the understanding of the geometry used in the present study.
frictional behavior of earthquake faulfg,3]. This is also a A peculiarity of our shearing apparatus is that the grains
fundamental question of granular mechanics. In this papegannot escape from the cell, allowing unambiguous measure-
we are concerned with low shear rafsse below, Eq(1)].  ments of the layer dilatancy. When poured in the experimen-
Problems of interest in this regime include stick-slip insta-tal cell, the grains are in a dense state. The average volume
bilities [4,5], coupling between friction and dilatancy fraction is 0.61% +1%(see below, Sec. Il B very close to
[4,6—8, behavior of the granular layer at large shearing disthe so called random close packing of 0.637]. In this
tances [9,10, shear banding and strain localization regime, shearing necessarily implies dilatancy of the granu-
[3,6,10-13, aging[5,12,14,15%, and response to an instanta- lar layer [18]. The coupling between shear stress and dila-
neous velocity jumg3,7,14. In what follows, we will insist ~ tancy is still an open problem in granular media mechanics,
on the approach toward a steady state, then discuss agiagpout which we provide experimental information.
under constant normal and tangential stress, and last the re- Our experiments are done at low driving velocitytypi-
sponse to velocity jumps. cally Ve[3x1073,1] d/s in units of grain diameted per

Many laboratory devices may be used to study the resecond. More precisely, we may define a dimensionless shear
sponse of a granular layer to shear. The simplest apparatugtel [19], which compares the relative importance of inertia

may be a plate, placed on the top of a granular layer, driveRind confining stresses. With ti¢ angular velocity,R the

at a controlled velocity8,14]. The granular matter may be mean cell radiusH the cell depthp the grain density, anbl
put into two boxes, separated by a small gap, in relativghe normal stress, we set

translation and under normal stress: the direct shealf®jox

Geophysicists simulate the granular matter contained in (QE/H)d

faults by inserting a granular layéthe gougg between two |=——— e[2X1062x 104]. (1)
granite blocks; the relative translation and normal stress are VN/p

applied to those block§7,15]. An inconvenience of those

setups is that the displacement is limited to a few centimeWe are thus always in a very-low-shear-rate regime.

ters. One way to avoid this limitation is to use a Couette In our experiments, we impose the driving velocity and
geometry[10,12,13. In this geometry, experiments have normal stress to the system and measure global quantities,
been done at constant dendify2,13 or under constant pres- the average tangential stress, and the average dilatancy of the
sure by submitting the granular layer to a radial stfé€. A layer. We carefully compare the dynamics of those two quan-
third possibility is the use of an annular plane Couette geomtities. We study the transient to reach a steady shearing, be-
etry [3-5,9,16, in which the grains are contained in an an- ginning with freshly poured grains, under a constant driving
nulus, relative motion imposed between this annulus and theelocity. We then discuss stop-and-go experiments and aging
cover plate, and constant pressure applied on the cover plat@nd the system response to instantaneous velocity jumps.
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the shearing, despite a gap between the cover and annulus
that prevents friction between them.

The deflection of the cantilever spring is measured by
another position sensor, in order to know the mean shearing
stress applied to the granular layer. Some masses may be
added to the cover plate, so that the weight is in the range
[32,110N (which corresponds to a normal stré¢between
3.30 and 11.34 kBaThe weight of the cover alone is more
than 12 times that of the grains themselves.

Side view (section)

Upper view B. Preparation of a sample

FIG. 1. Sketch of the apparatus. The drawing on the right is an The grains are glass beads, of diameter 1.5% +10% mm.
upper view, showing the cell that contains the beads and the 12 steBlefore using them in an experiment, we wash them carefully
teeth of the cover that are buried in them. The large arrow indicatef distilled water with an ultrasonic cleaner. This manipula-
the imposed rotation of the cell; the cover is blocked by a cantilevetion spectacularly decreases the wear during the experiments:
spring(not shown in the drawingthe deflection of which gives the it allows up to 15 m of cumulated sheared distance without
tangential stress applied on the beads. The drawing on the left is &ny systematic variation on the effective friction coefficient

cutting of the side view. The bottom arrow indicates the imposedyr dilatancy. It suppresses also stick-slip oscillations during
motion of the cell, while the top arrow indicates the motion of the shearing.

cover, moving freely in the vertical direction because of the dila- In order to improve the reproducibility of our experi-

tancy of the granular layer. ments, we prepare all samples in the same way. The grains
are poured with the help of a hopper, maintaining a constant
In Sec. I, we describe our experimental configuration.angular velocity of the empty cell of 20°/s. When the cell is
Section Il is devoted to the presentation and discussion ofull, the upper surface of the grain is not flat. We thus change
our experimental results. More specifically, we discusshe velocity down to 5°/s and drop the beads that may be in
steady-state shearing of freshly poured grains in Sec. Ill Aexcess with the help of a rake. At the end of this process, the
stop-and-go shear experiments in Sec. Il B, and velocityheight of the grains layer is 20 mm=7%&m, and its mass is
jumps in Sec. Il C. The conclusions are summarized in Sec266+2 g—, that is, an average volume fraction of
IV. 0.61% +1%. Granular media dynamics is oversensitive to
small variations in densit§20], and this uncertainty is most
Il. EXPERIMENTAL SETUP likely responsible for the scatter of the effective dynamical
friction coefficient(see below section Il A
The zero of dilatancy is, in all experiments, chosen to be
The experimental setup is an annular cell of inner radiughe position of the cell cover when we place it on the freshly
103 mm, outer radius 117 mm, and depth 20 mm. It ispoured grains. Ideally, the zero should be fixed once and for
placed on an annular rotation stagdewport RV240PF,  all. There are nevertheless two causes of inaccuracy. The first
with a stepper motor drive. The cover plate is prevented fronis that we have to remove the sensors to pull up the cell
following the rotation by using a cantilever spring, of stiff- cover and empty the cell, and we cannot be sure to replace
nessk=2.25x 10° N/m. In order to shear the bulk of the them exactly in the same fashion from one experimental run
granular layer, the cover plate has steel teeth, 5 mm longp the other. The second is that despite our care, the upper
every 30°(see Fig. 1 With this setup, shearing occurs in the surface of the grains is not perfectly flat and not at the same
plane tangent to the teeth extremities. mean position after each pouring process. The zero is thus
The cell width (14 mm) is much smaller than its mean known to a precision of +7%m. This value is used above to

radiusﬁ(llo mm), so that in the following we consider the estimate the uncertainty on the depth of the granular layer.
shearing velocityv as almost uniform in width, simply re-

lated to the angular velocit§) by V=RQ. This has been . EXPERIMENTAL RESULTS
shown to be basically correct for annular cells much larger in
comparison with their mean radifiS]. The angular velocity ) ) _ )
Q ranges from 5 107 to 16X 1073 rad/s, so that the ve- In Fig. 2, we display the evolution of the tangential stress
locity ranges from 5um/s to 1750um/s, that is, from 3 T., normalized by the_ normal stre_sts(upper plo}, and of the
x103d/s to 1d/s in units of a grain diameted dilatancy as a function of the displaceménilower plof.
~1.5 mm. The experiments are thus all done in the low-The rotation angle is definedas the product of the driving
shear-rate regime<1 [see Eq(1)]. angu_lar velpcity by the time since we start the motor. During
The cover plate is free to move vertically, and three posi-lastic loading of the cantilever springdoes not represent a
tion sensors measure its height. With those three measur&b€aring angle, but rather the deformation of the spring. In
hence the dilatancy of the granular layer. The cell and covelinear displacemerit is defined ad. =R#. The experiments
are designed in such a way that no grain can escape durirghown in Fig. 2 are done for a normal stress of 9.73 kPa and

A. Description of the apparatus

A. Shearing of freshly poured grains
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FIG. 2. Plot of T/N (upper curvepand the dilatancyin um, Normal stress (kPa)
lower curve$ as a function of displacemeiin cm), for the same ) ) )
normal stresg9.73 kPa and several driving velocities: 1Am/s FIG. 3. Plot of the tangential stre@s kPg as a function of the

(O), 110 um/s (O), and 1100um/s (). In the upper curve, the normal stresgin kPa. The tangential stress is measured in the
inset shows the very begining of the motion, when elastic responsgtéady state, for a driving velocity of 44m/s. The error bars cor-

of the layer occurs. The data correspond to three different initiaféSpond to the 7% fluctuations level observed in the steady state.
states of freshly poured grains. The spatial resolutibipoint per The'slo'pe of the straight line, which is constrained to go through the
micrometey is the same for all data, but for clarity the symbols are figin, is the average of all values pfy, (g =0.54.

shown each 1000 points only. The properties of the curves are sum- e . . =
marized in Table I. ters. The bead may slide if it increases its height uR{8,

being in contact with only two of the underlying beads.

driving velocities respectively equal to 11, 110, andHence the dilatancy iah~NR(y3-y8/3), whereN~10 is
1100 um/s. the number of .bealds between the tee;h extremities an_d the

Let us first consider the evolution of the tangential stressCell bottom. This gives\h~750 um, which is an overesti-
The initial response of the granular layer to the driving, mate since the initial experimental packing fraction of 0.61 is
along the first 9Qum, is shown in the inset. We see that the 1€ss than the HCP one of 0.74. _ _
tangential stress evolves linearly with distance. Moreover, 1he striking feature of Fig. 2 is that either the tangential
this evolution is reversible and no hysteresis is observedtressupper curvepor the dilatancylower curves evolves
when we reverse the direction of rotation. This initial re-in the same fashion with distance, rather independently from
sponse is thus elastic, with a effective stiffness of 2 gthe ve_Iocny, which varies by two ord_ers of magnitude. Those
X 10° N/m, which does not depend on the velocity. Beyonde_volutlons are characterized by typidahgth scalesnot by
typically 150 um, the response is plastic and hysteresis belime scales. o _
comes observable. If we continue further the motion of the This discussion may be made more precise if we define
annular cell, the tangential stress reaches a maxirfum several typical 'Iength scale_s for the system. First we intro-
=uN, then decreases toward a stationary valeugN duce L(ug), which is the distance necessary to reach the
(apart from fluctuations, which are dealt with beljowhe maximum of tangential stress, after the elastic loading of the
maximum us may be defined as a static friction coefficient. granular layer. Then we may defingy), as the distance
When it has been reached, the granular layer undergoes sligecessary to reach the tangential stress steady state. In order
ing at a constant velocity. The coefficientuy, defined as o get a result which does not depend too much on fluctua-
the average of /N in this steady state, may indeed be iden-tions, we plot the tangent to the cur¥éN, shortly after the
tified with a dynamic friction coefficienty< us, as for solid ~ maximum. We then define(uy) as the necessary distance to
friction. When we plot the tangential stress in the steady statgecrease towargy along this tangent.
as a function of the normal stress, as in Fig. 3, we indeed Let us now consider the evolution of the dilatancy. We
obtain a straight line, with a slopey=~0.54. define a length scale(hy,,) as the position of the minimum

In the experiments shown in Fig. 2, an additional mass obf dilatancy. Then we introducie(h..) as the distance neces-
6.33 kg is placed on the cover, which explains why the initialsary to reach the steady-state dilatammgy We take advan-
dilatancy is negative. The evolution of dilatancy, shown intage of the fact that two straight lines naturally appear, tan-
the lower curve, is typical of dense granular pilifs], Sec.  gent to the experimental curve: one during the almost linear
6.5). There is first compactioabout 50um), then dilatancy increase of dilatancy that follows the minimum and the other
of the layer up to 45Qum. The order of magnitude of this almost parallel to the abcissa axis in the stationary regime.
effect may be recovered in a very simple fashion. As a veryThe intersection of those two straight lines provides a good
crude approximation, suppose an initial regular HCP latticedefinition of L(h.,), quite insensitive to fluctuations.
A bead is supported by three others, and its center is at a The values of those four different length scales are listed
heightRv8/3 from the plane defined by the three bead cenin Table |, which shows that indeed they do not depend on
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TABLE |. Measurements corresponding to Fig.\2is the driving velocity,u the static friction coeffi-
cient,L(ug) the length at which it is attainegdy the steady-state friction coefficient, ahd the steady-state
dilatancy. The length&(ug) andL(h,,) are the distances of shearing necessary to reach those steady states
(see text for their precise definitiprand finallyL(h,,,) is the position of the dilatancy minimum.

V(um/s)  ps  L(ug) (Mm) Hd L(ug) (mm)  h, (um)  L(h, )(mm)  L(hpyn )(mm)
11 0.65 2.2 0.52+0.03 8 453+5 11 0.6
110 0.75 25 0.59+0.03 9.5 488+4 9 0.5
440 0.75 3 0.60+0.04 8.5 413+4 10 0.8
1100 0.6 25 0.53+0.03 10 520+5 9 0.5
1760 0.77 2.2 0.67+0.04 75 440+6 10.5 0.5

the driving velocity. This result is quite obvious fbftus). It by direct observation of the spatial distribution of stresses,
only evidences that there is indeed a static friction coeffi-using photoelastic grains in a two dimensio(2D) Couette
cient, which implies a sufficient deformation of the cantile- geometry[9]. In the steady state the orientation of the force
ver spring in order for sliding to begin. This length scale thuschains in the shear band is indeed roughly 45° to the direc-
appears because of the measuring process. This explanatition of shear. Our experiment shows that the stationary dila-
is not relevant for the other length scales. Their very existancy is reached on a length scale of the same order of mag-
tence is strong evidence that the collective behavior of theitude. It means that, in order to build a shear band, shearing
layer is characterized by length scales, not time scales.  must be performed along a distance equal to its width.

The data collected in Table | show that, at all velocities, | et us add two remarks. The first one is that it is some-
L(h.)~L(uq). The stationary state for the dilatancy corre- what excessive to speak of shear bands in our setup, because
sponds to the one for the tangential stress. Recent theoretia@lere are typically ten glass beads between the cell bottom
approacheg21,27 insist on the coupling between shear and the steel teeth, and thus the deformation presumably ex-
stress and dilatancyor free volumg. Our data show that tends in the entire space between the teeth extremities and
indeed the respective evolutions of the dilatancy and tangenhe bottom. The second is that this characteristic size of shear
tial stress occur on the same length scales. The order @fands is strongly related to the fact that, in all the experi-
magnitude of this length scale is 7 bead diameters in ouments discussed until no—7,9,10,12,13,15,16the shear-
experiment. In the experiment of Chambeial. [10], for a  ing takes place at a solid boundary. Recent experiments, us-
Couette geometry, the typical displacement to reach théng a different setup where shear zones are created far from
steady state is of the order of 10 grain diametéos a ve-  the sidewalls, show that no characteristic scale is observed
locity of 83 um/s, a radial stress of 500 kPa, and a gapfor the shear zongl1].
between cylinders of 100 grain diameterfn the experi- Up to now, the focus has been on the mean values for
ments of Shibuyaet al. [6], two boxes of depth 750 grain tangential stress and dilatancy. As seen in Fig. 2, both quan-
diameters slide one on the othdor a velocity of 4um/s tities exhibit fluctuations, which may be characterized by the
and a normal stress of 50 kPdf we consider Fig. 12 of standard deviation of the data, in the steady state. Those of
their paper, we see that the displacement is sufficient to readfiilatancy are very small, less than £8n or 1%. It means
the steady state and evaluaté,,) ~L(ug) =4 mm—thatis, that in steady-state sliding, rearrangements of the grains are
25 grain diameters. Those values are in reasonable agregrade at almost constant density. The fluctuations of tangen-
ment and show that(h.) and L(xy) scale with the grain tial stress are much greater, their amplituller/N) being
diameter, not the depth of the layer. typically 0.035—that is, 7% Ofsg.

In the experiment of Géminaret al. [8], the grains are If we Fourier transform the tangential stress as a function
immersed in water and the normal stress very sii2dllPg,  of distance, in the steady state, the Fourier spectrum exhibits
so it is difficult to make a direct comparison. Neverthelessa peak at a small wave vector, as shown by the inset of Fig.
their observations are quite the same as ours. They do ol Taking the inverse of this wave vector, we may define a
serve that the steady state is reached for both tangential strdesigth scale_q,, characteristic of the fluctuations. We now
and dilatancy after a displacement of typically 5 grain diam-want to see if this length scale depends on the driving veloc-

eters, for a depth of 30 particl¢see their Fig. 2 ity.
In granular media, the deformation is localized in shear For the sake of comparison, the data were taken on a
bands, first observed in triaxial experimeri3,24, typi-  unique sample—that is, a unique initial density. We sheared

cally extending to 10 grain diameters. Shear bands have be¢his sample at several velocities, along a distance sufficient
observed in the experiments of Chamlmgral. [10], with a7  to collect enough data in the steady state. In practice, a 6-
grain width, and in the experiments of Shibuga al. [6], cm displacement was done at each velocity, and we used the
with a 20 grain width. In our experiment, the deformationlast 3 cm of the registered data for each run. With this
presumably extends from the extremities of the steel teetimethod, the driving velocity is the only parameter that varies
toward the bottom of the cell—that is, 10 grains. Thus, infrom one experimental point to the other.

each case, the length scale necessary to reach the steady statén Fig. 4 we plot the amplitude of the tangential stress
is the same as the width of the shear band. This is confirmeffuctuations, together with their characteristic lengil)., as
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FIG. 5. Evolution of the normalized shear variatigapper

. - . ) ; curve) and dilatancy variatiolower curve, inum) with time, in a
tuations of normalized tangential strggs cm), in the steady state, ® y 0 P .) :
stop-and-go experiment. The resolution is 400 point/s or

as a function of the driving velocitgin um/s). Right ordinate O: 9 point/um. The sample is prepared under a normal stress of

amplitudeA(T/N) of those fluctuations as a function of the driving L . . L
velocity. The inset shows the power spectrum of the tangentia?'73 kPa and a driving velocity of 44m/s. The dotted lines indi

stress in the steady statarbitrary unit3, as a function of the in- cate the stqp timé=0 9 and the restar; tim@=7230 9. Here 3 s .
5 = _ are shown just after the stop, and 2 s just before the restart, during
verse wavelength ¥ (in cm™), and clearly exhibits a rather broad

peak, from which we calculateq,,~A~5 mm. For all data, the the creep. In the upper curve, we show an exponential fit of the

. . evolution of the tangential stress from its maximum value toward
normal stress is the sam&l=9.73 kPa; the power spectrum is T .
. o . the steady state. The small “spikes” in the tangential stress data may
obtained for a driving velocity of 88@m/s.

be due to the motor. Their typical frequency is roughly 2 times the
number of steps per seconds, and they disappear when the motor is
a function of the shearing velocity. Clearly, both quantitiesstopped. The high-frequency oscillations, in the dilatancy data, are
are basically independent of the velocity. The tangentialnstrumental noise. They are related to the electronics, not to the
stress fluctuations are thus characterized lypécal length  motor, since they persist during the stop.

scale ly,., with an order of magnitude of 5 mm. Since the . )

shearing extends on typically ten layers, it means that flucvalue of the tangential stress. It means that during the stop
tuations between adjacent layers are of the order ofnder normal and tangential stress there has been an evolu-
+500 um. A displacement of this size, not very different tion of the effective(statig friction coefficient. The system

from a grain radius, is sufficient for a grain to break a contacfa).(h.Iblts aging If we pursue the_d|splacement of th(_a grans,
%I ing occurs and the tangential stress recovers its steady-

and create another one, and such phenomena are presuma 4
responsible for the tangential stress fluctuations. state Vall_le’ at the same level as before the_ stop. There is
rejuvenationof the granular layer under shearing.

Let us defineAu as the difference between the value of
T/N at the peak and its value in the steady state. This quan-
In this section, the focus is on the tangential stress antity is plotted as a function of the waiting time in Fig. 6; to
dilatancy response when we stop the external drive and reestimate the error made in the measurements, ten identical

start it after some waiting time. The first step is to prepare stop-and-go experimentsame sample, same waiting time of
sample in a steady state. After pouring the grains in the an30 mn have been done. The standard deviation of the mea-
nular cell, we rotate the cell of an interval between two ad-surements for thé\u peak and the relaxation time (see
jacent teeth—that is, a 30° rotation or a displacement obelow) give the error bars in Figs. 6 and 7. The quantify
5.76 cm—at a given velocity. Then we proceed tgtop-  increases roughly as the logarithm of the waiting time, and in
and-goexperiments, stopping the motor and waiting a givenall experiments the slope ranges in the intef\aD1,0.02
time t,,i, from 90 s up to several hours. During the waiting per unit logarithm. We do not observe any significant evolu-
time, the grains are thus submitted to both normal and tartion of the slope with the imposed driving velocity. This
gential stress. Then we restart the motor atsamevelocity  logarithmic increment of the effective static friction coeffi-
V which was used to prepare the sample and so on. cient has been observed by de Rytlal. [5], with a slope of

A typical result of such an experiment is given in Fig. 5. 0.01, for normal stresses of the same order of magnitude as
Let us first focus on the upper curve, which shows the evoin our experiment. It is also observed for a quartz gouge
lution of the (dimensionlesstangential stress. Just after the between granite blocks at high normal stré2s MPg with
stop, there is a small decrease in tangential stress and a vesyslope 0.00915,16. In Fig. 6, we show two sets of data.
slow creep during the waiting time. When restarting theOpen circles correspond to experiments done just after
shearing, the interface resists elastically up to a maximunsample preparatio@pouring the grains and 30° rotation at

FIG. 4. Left ordinate/\: characteristic lengthg,. of the fluc-

B. Stop-and-go experiments
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0.14 driving velocity (28.7 um or 0.25d/s in units of their grain
diametey and waiting times, but a very small normal stress
% of 20 Pa.
0.12} 1 This phenomenology is also observed in solid friction ex-
v periments[25,2§. In this context, the contact of the two
Y rough solids occurs between microasperities, and aging is
0.1+ 1T interpreted as a yielding of those microasperities under
% stress. This leads to an increase of the actual contact area
2- - ] v between the two solids during the waiting time, hence an
: increase in the friction coefficient. Resuming the shear, slid-
/{;{% . ing begins and the microcontacts are progressively destroyed
g {) and replaced by new contacts between fresh asperities. Slid-
0:06 | ] ing implies rejuvenation of the frictional interface. The phe-
nomenological rate and state model of Dieterich, Rice, and
oog [ Ruina [27,28 (DRR) has been introduced to describe the
) dependence of the friction coefficienton sliding velocityx
and on an internal variablé describing the age of contacts.
0.02 In this model,
100 1000 10* 10° y oV,
0
Waiting time (s) n=wotalng +bin<y %, 2
FIG. 6. Plot of the friction coefficient pealiu at restarting de ox
(linear scalg as a function of the waiting tim@ogarithmic scalg —=1-—, (3)
The two different symbols correspond to the same stop-and-go ex- dt D¢

periment, done on the same sample, just after sample preparati(wh . _ _
, . . . ere u is the steady-state friction coefficient at constant
(O) and after the first experimeiit\). The slope of the fit, which sliding velocity Vo, D, is a characteristic length, aradandb

corresponds to the coefficiebtof Eq. (2), is 0.010 in the first case terial-d dent tants. Th fi tb
and 0.012 in the second case. The velocity for sample preparatio'i\'v0 material-dependen (.x).ns ants. osg equations mus €
and restart was 2g2m/s, and normal stress was 10.78 kPa. completed by one describing the dynamics. Neglecting the

inertia, this last equation may be written

. du
constant driving velocity The logarithmic fit is not good at K(V-x) ZWE’ (4)
small waiting time. A curve of the same shape has already
been observed by Loseet al. [14] (see their Fig. § for a  whereK is the spring stiffness and/ is the weight supported
stop-and-go experiment in a linear geometry, at comparablpy the grains.

N
N
o

@ s (b)

-

o
N
o

-
o

o
o

o

Characteristic time (s)
O+
Characteristic distance (pm)
-
P
<D—+D»
<H@>—+—+—

0 ﬂ 2
100 1000 10 10° 100 1000 10 10°

Waiting time (s) Waiting time (s)

o

FIG. 7. (a) Plot of the characteristic time as a function of the waiting time, for stop-and-go experiments made at several different
driving velocitiesV (V, 5.5 um/s; O, 11 um/s; ¢, 22 um/s; @, 44 um/s; A, 88 um/s). (b) Plot of the productrX V, as a function of
the waiting time, for the same experimeiigame symbols It is clear that the data collapse around a mean value qfri0
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The state variablep is basically the age of the contact. 2
Without sliding—that, isk=0—¢=t and the model includes
the logarithmic increase of the static coefficient of friction
with contact time. Formally, there is a divergence in E).
at x=0 but any measurement of the friction coefficient im-
plies that the surface undergoes slip at some J@iléJnder
constant driving velocity/, the steady-state solution of Egs.

(2—4) is
X=V, ¢ =DJV, ug=po+@-b)In(VIVy). (5)

—

e

When sliding sets in, the structural agedecreases from
its initial value, after a waiting time,,,;;, toward the smaller
value ¢ reached in steady motion: the DRR model includes
rejuvenation of the interface as well.

Characteristic time (s)

The sliding velocity is equal to the driving velociyy in 0.5
the steady state. It is also the case just at the peak y2@je
Indeed K(V-x)=Wdu/dt=0 just at the peak. Hence a rough
estimate of the relaxation ap is obtained if we assume +/
=const=V. A small perturbationp=¢" + ¢ evolves follow-
. 0 L
'ng 0 0.005 0.01 0.015 0.02
dog v 56 © 1/Q (s/prad)
dt D ' FIG. 8. Plot of the characteristic time taken by the tangential

stress to evolve toward its stationary value, averaged over all wait-
qng times, as a function of the inverse angular driving velocit{21/
The error bars are the standard deviation around the mean value.

which corresponds to an exponential relaxation with th
characteristic timer=D_/V. Since ¢ is a small perturba-
tion, u is linear in 6¢ and its relaxation toward steady state
occurs with the same time scate The lengthD, is thus ing Hertz theory of the contact between sphei@9], Sec.
identified as the characteristic length necessary for conta®), we get for the contact diametam value ranging between
rejuvenation to occur. In what follows, we will use those 8 and 12um, for normal stresses ranging between 3.3 and
results obtained in a linear geometry, because as we saill.3 kPa. This order of magnitude compares very well with
before the radius of the annular cell is much greater than itthat of D.. We think that this comparison is relevant, because
width and curvature effects may be neglecfsfi a column of grains behaves like a chain of frictional contacts,
Let us focus now on the relaxation toward the steady statevhich before sliding behaves like a chain of springs resisting
for the tangential stress in our granular system. As shown isangential stress. Sliding will occur at the weaker contact,
Fig. 5, it is quite well described by an exponential fit. In the relaxing the stress in the rest of the chain: the typical length
case of the figure, the characteristic time is 0.27 s. We madeecessary to relax the stress in the chain is thus the size of
a systematic study of similar stop-and-go experiments, varythis weaker contact. This picture is of course oversimplified,
ing only the driving velocities. The results are displayed inbecause we consider only one column and sliding occurs on
Fig. 7. From Fig. 7a), we see that this relaxation time is all the annulus surface. Nevertheless, we think that it is rea-
independent of the waiting time, but depends on the shearingonable to consider that initially the sliding is concentrated
velocity V. When we plot the produc¥r, all the data col- on a single contact, rather than being shared among all con-
lapse on a single curve as shown in Figb)7 This means tacts. We tried to exhibit a variation @. with the normal
that the relaxation is described byharacteristic lengththe  stress. It is not completely convincing, because of the rather
value of which is about 1@m. Another way to see this is to large scatter in the dafaee Fig. b)] : we measure 9+3um
plot 7, averaged on all waiting times at a given angular ve-for 3.3 kPa and 14+3m for 11.3 kPa. The only thing that

locity ), as a function of 19). This is done in Fig. 8. can be said with confidence is that it does not contradict our
The order of magnitude fdD. is microscopic, but much interpretation oD.
larger than in the context of solid friction, wherB, Let us finally discuss the evolution of the dilatancy,

~0.5 um, an order of magnitude roughly comparable withshown in the lower curve of Fig. 5. If we consider what
that of a microcontact between asperiti2§]. A length scale happens when we restart the driving, it is perfectly clear, and
much smaller than the bead radius and much greater than tlsbserved in every such experiment, that the dilatancy does
typical size of asperities, which appears naturally in a granunot evolve during the elastic reloading of the granular layer.
lar piling, is the size of the contacts between the grains. Thist means that configurational rearrangements of the grains do
latter may be roughly estimated if we consider that the nornot occur in the granular layer at a significant level until the
mal stress is borne by “columns” of grains. [®be the area beginning of sliding. The dilatancy evolution at the resuming
of the cell andd the mean grain diameter. There are roughlyof sliding is very small, even smaller than typical fluctua-
S/d? columns of grains that bear the normal fold§ for a  tions in the steady state. Moreover, it does not depend on the
normal stresdN. The force on each column is thise?. Us-  waiting time, as shown in Fig. 9. This is another piece of
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35 | C. Velocity jumps
In the Dieterich-Rice-Ruina modéR), the friction coef-

3 ficient depends on the sliding velocity. A velocity jump from
V_to V, should lead to a variation of the steady state friction
coefficient:

/E\ 2.5

= V.

b= Aptar= (2= D)IN=*. (7

L 5 V_

<

§ \ A sudden change of velocity is not necessary to observe this

& effect, which expresses the fact that the steady-state friction

8 WX coefficient depends on the sliding velocity. We may use the

g data already used for Fig. 4, since they were obtained for
1 several sliding velocities, but only one initial density. In Fig.

11(a), below, we plot the effective friction coefficient, aver-

aged on a large sliding distan¢gypically 3 cm), as a func-

05 tion of the sliding velocity. The data are consistent with the

DDR model, but the error bars, which are given by the am-

plitude of fluctuations displayed in Fig. 4, are quite large. In

100 1000 10% this respect, velocity jump experiments give better results.

Waiting time (s) If the velocity jump is instantaneous, there is another ef-
fect: The value of¢ just after the jump is unchanged

FIG. 9. Plot of the dilatancy variation after restarting as a func-=D./V_, and there is an instantaneous increment in the fric-

tion of waiting time, in logarithmic scale. The data correspond totion coefficient

the same experiments as in Fig. 6, and the symbols have the same

significance. The variation of dilatancy is always very sni@tim-

pared either to a mean level of 350n or to fluctuations about

+5 um; see Fig. 2and independent of the waiting time.

vV
Aptingt=2a lnv_t- (8

The relaxation from the peaku;,s; toward the steady state at
velocity V., Aug,, takes places on a characteristic distance
evidence that, during the stop, basically no structural rearequal toD, [2].
rangement occurs in the granular layer. We thus perform(quasijinstantaneous velocity jumps,

This is consistent with our previous picture of “columns” from V_ to V, >V_. The sample is prepared by initial shear-
of grains, in which contacts are established between grains iimg at uniform driving velocityV_ during a 30° rotation.
such a way that they support the weight of the cover. Theyrhen, we perform series of jumps withe same V, and
age during the waiting time, and when we resume the sheaweveral values o¥,, in increasing and then decreasing order
they respond elastically, up to a maximum stress. Then sliditypically from 0.2 up to 1.8 mm/js We make sure that the
ing occurs, and the dilatancy evolves. This picture is supfarge velocity displacement is sufficient to reach a steady
ported by the results of Utter and Behring#ral. [12]. Ina  state.
2D Couette experiment at constant volume, with photoelastic A typical experimental result is given in Fig. 10, showing
grains, they visualize the stress distribution at the grain scalthe (dimensionlesstangential stress in the upper curve, the
during a stop-and-go experiment. This distribution is not ho-dilatancy in the lower. We do observe the variatibpg;,; Of
mogeneous, but rather concentrated along stress chairthe stationary values for the effective friction coefficient. The
Those stress chains, established in the steady state, are gtanular layer is velocity strengthenir{ge., the tangential
most not perturbed during the wait, neither by restarting thestress increases with the velogityDur velocity jumps are
shear in the same direction as before the stop. The lack gferformed after large cumulated shear displacements, 6 cm
large grain rearrangements in their observations is consisteot 40 bead diameter for each data point, and we always do
with the lack of dilatancy variations during the stop which is observe velocity strengthening of the granular layer. This
seen in our experiments. Aging, as evidenced by the peak iwas not the case in the experiments of Mair and Mai{@ie
tangential stress at restarting shown in Fig. 5, is thus notvho observed a transition from a first velocity strengthening
explained by structural rearrangements of the piling, butegime toward a velocity weakening one, for a displacement
rather by the behavior of contacts between grains. of 100 grain diameters. But in the case of their experiments,

When the contacts are between plastic materials, such dsey begin the velocity jumps before reaching the steady
contacts between microasperities of PMMA blo¢R%|, or  state. Their velocity strengthening regime is a transient, dif-
between quartz grains at very high normal stii&#g], aging  ferent in nature from the one that we observe.
may be interpreted as due to yielding at contacts, which in- In Fig. 11(b), we plot the evolution of the variation of
creases the actual contact area, hence the strength of tfréction coefficient with the higher velocity,, for several
contact. This is difficult to invoke for brittle material such as lower velocitiesV_. The data follow a logarithmic evolution,
glass. Aging at the contacts may be due to some contamand when plotted as a function of the ratfe/V_ they col-
nants or to condensation of water vapor. lapse onto a single curve, in agreement with the DRR model
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0.7 - ' - - - =60 GPa or granite ([2,3,7, Y €[50,70 GP39, are very
0.65+ | similar.
Z No evolution of the friction coefficient is observed|i,
= 07¢

with a velocity varying over four orders of magnitude, from
0.55r 1 0.1 up to 100Qum/s, or 10° up to 10 bead diameters per
05 ; . second. Under high stresses, both instantaneous increment
1 05 ? Aping @nd steady-state incrememdu,, are observed in
[2,3,7. We do not see the instantaneous incrememnf,g; in
our experiment, in contrast with the DRR model, E8).
The instantaneous incremefju;, is linked to the state
variable ¢ that describes aging in Eq&®) and(3). Since we
do observe aging in our system, it is quite puzzling not to see
any instantaneous increment. We will thus discuss at length
1 05 0 05 1 15 2 the possible explanations for our result.
Time (s) The space resolution of the data is at least Quiv be-
tween two points, at velocity,. This is much less than the
FIG. 10. Example of velocity jump; the upper curve shows theygjye of D.~10 um, so that a lack of resolution is not a
tangentigl stress, the lower curve the dilatancyin, as functipns relevant explanation.
of time, in s. The low velocity isv_=11 um/s (t<0), the high The variations of friction coefficient are rather small com-
velocity is V,=880 um/s (t>0). The normal stress is 9.73 kPa. 504 15 the fluctuations in the steady state, and we must
The time origin is taken at the jumy@_—V,. The amplitude of make large changes in velocityy a factor of 20’ typically:
dilatancy variation should be compared to the dilatancy quctuation?t is thus not obvious that the velocity chanée is actually
in s_tegdy_state, typically +pm (see Table)y and to the dilatancy instantaneous. The rotation is ensured by a stepping motor
variation in a stop-and-go experimesee Fig. 9. and the maximum angular acceleration is 0 to 0—40°/s in

(7) [see Fig. 1{c)]. The data are consistent with those of Fig. 250 ms, henc&,,,,=0.3 m/£. In all cases, the low velocity
11(a), which are obtained in a completely different way. Theis negligible. For a high velocity ranging from 0.2 up to
slope, equal t@a—b in the model, is 0.036 and ranges in the 1.8 mm/s, the duration of the accelerated motion ranges be-
interval [0.03 0.05% in all experiments. With our previous tween 0.36 and 5.7 ms, corresponding to a distance between
measurement o, this means thaa ranges in the interval 0.02 and 5.1um. Even in the worst case, this distance is less
[0.04 0.07. thanD. (for the case of Fig. 10, the motion is accelerated for
We may compare our results to those of the geophysicistthe first 1.25um, much less thaD.). Hence it does not
[2,3,7, and those of Géminaret al. [8]. Those experiments seem that an insufficient acceleration should be the explana-
are quite similar, except for the normal stress which is venyion.
low in [8], typically 20 Pa, and very high if2,3,7], typically Assuming that the instantaneous change of driving veloc-
25 MPa, to be compared to the order of magnitude of thety creates a sudden jump in friction, this implies further
normal stress in our experiments, 30 kPa. Those stresses mdgformation of the cantilever spring, hence the motion of the
be compared directly because the Young’s modubf the  cover plate. The typical time scale for cover motion is
grains, either glass bead as in the present w@8, Y \m/(2k), where the factor of 2 comes from the moment of

05 1 15 2
Time (s)

g

Dilatancy (pm)

0.7
(a) 016 | (b (©) %
0.65 L 0.15 i ,.
06 Al 012 4 /] - o
A LT S . A S )5
=055 A % 'yt m 01 y
v Jieg 3 o008 = , F L7
05 f A A -4
v 00442 A 0.05 ¥
045 L~ + i
0
0415 100 1000 1000 10000 10 100
V (um/s) V4 (um/s) V4/V.

FIG. 11. (a) Value of the effective friction coefficientu) (averaged over a large distance, typically 3)cin the steady state, as a
function of the velocityV in a logarithmic scale. Data are the same as those used in Fig. 4. Note that erryjasdly +0.05 are much
lager than in the case ¢b) (typically £0.02, due to the measuring proceds) Value of the increment of effective friction coefficiefjig,;
for a velocity jumpV_—V,, in the steady state, as a funtion\éf. The abcissa is given in a logarithmic scale, for several valuas of
V_=5.5 um/s (solid triangle$, V_=11 um/s (soild circleg, andV_=22 um/s (solid squares (c) Same data, with the same symbols, but
plotted as functions dahe ratio V,/V_, in logarithmic scale. All data collapse on a single curve. The normal stress is 9.73 kPa. The error bars
are estimated from the fluctuations BfN. For (a), those fluctuations are displayed in Fig. 4. Forand(c) they are much less since they
are calculated on a much shorter distance.
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inertia of a plain disk of masm. In the case of Fig. 10m 80
=9.6 kg and this time scale is only 2.5 times less tBafV;
it is not obvious to consider the cover motion as instanta- 70 |
neous, so that we cannot exclude completely inertial effects.
The physical reason for the instantaneous julmp,, in /
the context of solid friction, is that the system has to slide on 60
a distanceD,. for the complete renewal of asperitif&7]. In A A
experiments on granular goug®,3,7], the thinest granular 50 [

particles created by wear of the rocks surface and comminu- ~
tion of the initial grain layer should play the role of the §_
asperities. Such phenomena are not relevant for our experi- = 40
ments, which are done at much smaller normal stresses. An- 3
other point is that, in order to see aging in our system, we 30
have to wait typically hundreds of seconds: no effect is seen
for a waiting time of 1 or 10 s. The steady state vadiefor

a sliding at the lowest velocity of pm/s, is 2 s, which is
probably not enough to see any effect.

A careful measurement of the coefficiembf Eq. (2) has 10 |
been made by de Ryakt al. [5], and they found good agree-
ment between the model and their data. They used an annular
shearing box, normal loads comparable to ours, and siliga gel 20 40 60 80 100
grains of typical size 0.1 mm. But they measurediuring vV /V
the creep in a stop-and-go experiment, not by imposing ve- o
locity jumps on the grains. In the creep phase, the response FIG. 12. Plot of the increment of dilatancy, ium, for a velocity

OT the granular layer _iS mainl_y d}!e to the behavior of the'umpV_HVJ,, as a function of the rativ/,/V_ in logarithmic scale.

frictional contacts, without significant rearrangements ofro ormal stress is 9.73 kPa.

grains, which is definitely not the case for a velocity jump.
As shown by Fig. 10, an increment of dilatancy follows a . - . -

driving velocity jump. Such a dilatancy increment has beerFhe dilatancy variation during a velocity jump may be related

observed by Mair and Marori@], but not by Géminaret al. to the_ behavior of individual frif:tional contacts, whereas the
[8]. It is very difficult to compare those results, because ofshearlng of freshly poured grains necessarily involves struc-
the very different orders of magnitude for the normal tural rearangements of the grains.
stresses. In the experiments of Mair and Margig the
grains are progressively broken and the granularity is not
constant during the shearing, which is not the case in our
experiment. They nevertheless measure a dilatancy incre- We have studied the low-velocity shearing of a confined
ment of typically 2% of the mean grain diameter, for granular layer. The dimensionless shear rate varies between
V,/V_=10 and a layer of 40 grains. This is roughly the same1076 and 10* [Eq. (1)].
in our experimentgsee Fig. 12; the increment is 1 for A first result is the evidence that the response of the
V,./V_=20 and a layer of 15 grainsThe lack of dilatancy granular layer under shearing is describedchgracteristic
increment when varying the driving velocity, evidenced inlength scalesnot time scales. Those length scales describe
the experiments of Géminagd al. [8], is probably due to the the evolution of the layer toward a steady state and the stress
very low normal stress in their experiments. In fact, theyfluctuations when this steady state is reached. Importantly,
always observe a smaller dilatancy than we do. When theyhe steady state for tangential stress is reached on the same
shear freshly poured grains at constant driving velocity, théength scale as that for dilatancy. It shows that there is an
dilatancy increment is m or d/20, for a layer of depth intricate coupling between the tangential stress variations
30d, in units of the beads diametelr In the same kind of and those of dilatancy, or free volume.
experiment, we obtain a dilatancy df3 for a layer of 18. When the driving is stopped and the grains are kept under
The dilatancy increment depends on the amplitude of th@ormal and tangential stress, the system ages, showing a
driving velocity jump. The evolution of the dilatancy is l|ogarithmic increase of static friction coefficient with waiting
shown in Fig. 12, as a function &, /V_. It evolves logarith-  time. There is no evolution of the dilatancy during either the
mically, with slope 13um per unit of the quantity I,/V_).  stop or elastic reloading of the granular layer at the begining
The dilatancy variation(typically 50 um) is significantly  of restart. Aging is thus not due to structural rearrangements
greater than the dilatancy fluctuations in steady stat®f the granular layer, which would imply changes in density.
(5 um). However, this variation is quite small when com- The contacts between the grains, established at the stop and
pared to the dilatancy of freshly poured graiftgpically  supporting the stress during the waiting time, are responsible
500 um). For V,/V_=100, the dilatancy increment is about for aging.
50 um. Dividing by the number(=10) of granular layers Resuming the shearing, there is rejuvenation of the sys-
below the teeth extremities, we getu#n, which is compa- tem. Several experiments, done at different driving veloci-
rable to the roughness of the beads. Thus the mecanism ties, provide evidence that this rejuvenation occurs with a

IV. CONCLUSION
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characteristic lengttthat may be identified with the param- ~ When the higher velocity is kept constant on a sufficient
eter D, of the Dieterich-Rice-Ruina model. We find,  distance, a steady state is reached for the dilatancy, and the
~10 um, which is the order of magnitude of a Hertz contactdilatancy increase is a logarithmic function @f/V_. The
between adjacent grains. The cover plate, during the waitingrder of magnitude of this effect indicates that the response
time, is held by several chains of contacting grains. Eacl®f the layer probably does not involve structural rearrange-
contact resists to shear up to a maximum value, and thEents of the grains.

chains are broken when the weakest contact breaks. A length With our experimental protocol, the stop-and-go and ve-
scale of the order of the lateral size of a Hertz contact is thufoCity jJump experiments are done when the shear band is

sufficient for this process to take place everywhere in thdully established. In this regime, our measurements are well
cell, such that sliding occurs and rejuvenates the granulacliescrlbed by the Dleterlc_h-Rlce-Rum_a moged, 23, which
layer. does not include the dilatancy, which thus appears as a

When driving velocity jumps are imposed on the grains slaved variable. On the contrary, the dynamics of shear band

the system exhibits velocity strengthening behavior. Thegu'tl\zmgr’] Jtusnt afrt](;r {'”'tr:g the r?g”(;”e):h'nb'ts a strong coupling
variation of friction coefficient, in the steady state, is a loga- etween tangential stress a atancy.
rithmic function of the upper velocity,. Data obtained for
several lower-velocityv_ collapse onto a single curve when
plotted as a function of [V./V_). No instantaneous increase | thank A. de Ryck and A. Lemaitre for useful discussions.
is observed for the friction coefficient. This cannot be related am indebted to T. Baumberger and C. Caroli for a critical

to a poor resolution, neither to insufficient acceleration.  reading of the manuscript and many useful remarks.
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