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A correlation imaging velocimetry technique is applied to recover displacement fields in a granular material
subjected to extended shear. A thick~10 cm! annular sand sample~grain size: 1 mm! is confined at constant

pressure (s50.5 MPa) against a rough moving wall displacing at very low speed (ḋ583 mm s21). Localiza-
tion of the strain rapidly forms a shear band~seven particles wide! in which comminution develops. We
focused on the strain field outside this shear band and observed a rich dynamics of large and intermittent
mechanical clusters~up to 50 particles wide!. Quantitative description of the radial velocity profile outside the
shear band reveals an exponential decrease. However, a significant slip evolution of the associated character-
istic length is observed, indicative of a slow decoupling between the shear band and the rest of the sample. This
slow evolution is shown to be well described by power laws with the imposed slip, and has important
implications for friction laws and earthquake physics.
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I. INTRODUCTION

Shear processes in granular materials are described
perimentally from two very different approaches. Most of t
studies concern friction laws, i.e., evolutions of the sh
strength with slip history at a macroscopic scale@1–3#. Local
processes are averaged over the whole interface and a
stitutive law is proposed. A second approach focuses on
servations of local processes such as displacement fields
velocity profiles@4–6#, or stress field using photoelasticit
@7#. Experimental results are often compared to discrete
ment simulations, which usually provide higher spatial a
temporal resolution@8–10#. In particular, numerous studie
have addressed the properties of velocity profiles dur
shear in Couette configuration. However, little work has be
performed on the prolongation of these profiles far from
shear interface. Similarly, the influence of comminution
the granular flow remains mostly unknown, though very r
evant for the shearing of angular particles.

In this paper, we report on recent results obtained fr
the analysis of strain fields during shear of an assembly
angular sand grains. Using an annular pseudo-Couette a
ratus, we explore the evolution of the strain field over ve
large slips~several meters!. Because of angular shapes of t
particles, crushing exists inside a shear band and stro
influence the behavior of the material. In particular, we stu
extensively the large scale region surrounding the sh
band. This region appears marked by very slow and r
dynamics. The azimuthal velocity field established after
calization displays exponential radial profiles, with a char
1063-651X/2003/68~1!/011304~8!/$20.00 68 0113
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teristic penetration length that progressively decreases as
posed slip advances. This relaxation with slip denotes a s
decoupling between the shear band and the rest of
sample, which we interpret as a consequence of comm
tion inside the band. We relate this slow evolution with s
of the local strain to the recently observed large~seismiclike!
slip weakening of the macroscopic shear strength@11#.

II. EXPERIMENTAL SETUP

As sketched in Fig. 1, we use a pseudo-Couette sh
apparatus in which an annular sample of granular mate
~square cross section! is confined between an inner steel cy
inder and an outer neoprene jacket@12#. The cylinder is ro-
tated at a prescribed angular velocity of 0.8
31023 rad s21, which corresponds to a linear velocityḋ
583 mm s21 at the surface of the inner cylinder. A consta
confining pressures5500 kPa is applied through the jacke
Vertically, the sample is embedded between a glass plate
a rigid upper lid made of dural. Triangular grooves machin
on the cylinder surface perpendicular to the sliding direct
insure good transmission of the strain to the sample.

Results presented in this paper have been obtained
an angular quartz sand sieved between 0.80 and 1.25
~distribution mode: 1 mm!. Samples are prepared by pourin
the material into the apparatus in successive layers. E
layer is gently compacted by hand-applied vibrations. T
protocol results in relatively dense samples with an in
porosity ranging between 40% and 48%. The samples t
©2003 The American Physical Society04-1
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CHAMBON et al. PHYSICAL REVIEW E 68, 011304 ~2003!
cally exhibit dilatancy during the first increments of she
strain.

Direct observation of the granular sample while shear
is enabled by a window pierced in the apparatus bottom p
~Fig. 1!. Series of digital photographs are taken through t
window using a KODAK DCS 420 camera~resolution:
153631024 px, 8 bit gray levels! with a NIKON 35 mm
macrolens. Examples of digital images are shown in Fig

FIG. 1. Sketch of the annular simple shear apparatus~ACSA!.
The granular sample presents a cylindrical symmetry with an an
lar horizontal section. The inner rotating cylinder has a radius
R510 cm. The outside jacket is a cylinder of radius 20 cm and
submitted to a normal pressures50.5 MPa. The vertical dimen
sion of the sample is 10 cm. Position inside the sample is define
using cylindrical coordinates (r ,u,z), with the origin of radiusr
taken at the cylinder surface. The artificial roughness of the in
cylinder is magnified~1-mm-deep grooves!. The observation win-
dow W is figured.

FIG. 2. Background is a raw digital picture taken through t
observation window. It corresponds to an imposed slipd
52.5 mm. Superimposed vectors represent the incremental
placement fielddu in the sample. It is computed by applying CI
between this photo and the following one~taken in a 10-s delay!.
Subregions for correlation computation size 64364 px. The white
arrow gives the scale of the plot. A detail of the shear band
develops after localization is included in the upper left corner of
image:c, rotating cylinder;s, shear band;t, transition layer;b, bulk,
where original particles can be observed.
01130
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They comprise a small portion of the inner cylinder a
about 110360 sand grains. A single grain typically covers
surface area of 150 pixels. In the following, our data w
essentially come from one series of 400 pictures display
sufficient contrast and sharpness. Time interval between
successive photographs is 10 s, which corresponds to a
increment of the rotating cylinder ofDd50.83 mm. The se-
ries begins at the onset of shear~fresh sample! and covers
about 35 cm of slip. Other series recorded in similar con
tions have also been studied to check the reproducibility
our results.

Digital photographs are analyzed by means of correlat
imaging velocimetry~CIV! in order to recover grain motion
inside the sample~see Appendix!. This technique yields a
two-dimensional ~2D! local displacement fieldu(r ,u),
coarse grained over small subregions. A typical output
CIV is shown in Fig. 2. Note that we do not recover th
displacement of each individual grain, but an averaged va
over subregions, which typically comprises 4.534.5 par-
ticles. As discussed in the Appendix, the accuracy achie
in displacement determination is about 2mm. Obviously, the
technique does not account for possible off-plane~vertical!
components of grain motions. We checked, however, t
these components are sufficiently small in our experime
not to affect the determination of horizontal displacemen
~No grain ever ‘‘disappeared’’ from a series of photos.!

III. RESULTS

A. Strain heterogeneities inside the bulk

We consider here the incremental displacement fieldsdu
~proportional to velocityv) calculated between each pair o
successive photos. Comparison of Figs. 2 and 3 cle
shows localization of deformation: The magnitude of inc
mental displacements inside the sample has dramatic
dropped during the slip interval between these two figur
Actually, localization occurs during the very first millimete
of slip @13#. For values ofd typically larger than 10 mm,
most of the prescribed slip is already accommodated i
seven-grain wide interfacial layer around the inner cylind
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FIG. 3. Same plot as in Fig. 2, but for a pair of photos taken
largerd, namely, 320 mm. Note the considerable scale magnifi
tion. Typical incremental displacements outside the shear band
here about 10mm, that is, a hundredth of the imposed slip incr
mentDd. Inside the shear band, computed displacement are er
and not reliable.
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SHEAR WITH COMMINUTION OF A GRANULAR . . . PHYSICAL REVIEW E 68, 011304 ~2003!
i.e., in ashear band~see inset of Fig. 2!. Due to the confin-
ing pressure and the angularity of the used sand, grains
dergo intense crushing inside this band@layer ~s! in Fig. 2#.
As a consequence, CIV is inapplicable for this region of
sample~Fig. 3!.

On the contrary, the CIV technique is very well suite
outside the interfacial layer, i.e., in the bulk of the samp
Though very small compared to the cylinder slip increm
Dd, incremental displacements inside the bulk are well
solved ~Fig. 3!. Such small displacements~they may reach
50 mm at most, i.e., a few hundredths of the mean grain s!
presumably correspond to local vibrations of the grains. T
displacement field displays strong spatial heterogenei
Large patches of coherent displacement are commonly
served, whose extension might reach the window size~50
grains!. These zones seem characterized by rigid motion
the particles and are probably the hallmark ofmechanical
clusters. They are completely invisible from a direct obse
vation of the particle assembly~no associated microstruc
ture!. Also, these patches appear strongly intermittent on
time basis we used~0.1 Hz!: very little persistence is ob
served when comparing consecutive displacement fields

Raw displacement fields may involve a small but u
known artifactual component due to possible vibrations
the camera because of motor noise or ongoing comminut
slow creeping move of the camera tripod, etc. Neverthel
this experimental shift is expected to be homogeneous
space. It is thus eliminated when computing the increme
strain tensor classically defined asd«I5(1/2)(dGI 1dGI T),
where dGI 5“^ du. In Fig. 4, we show the incrementa
volumetric straind«V and incremental shear straindg de-
rived from the displacement field presented in Fig. 3. Th
fields are, respectively, defined asd«V5d«11d«2 and dg
5ud«12d«2u, whered«1 and d«2 are the two eigenvalue
of the tensord«I .

The large scale patches observed in the displacement
appear as deformation bands characterized by compactio
dilatancy and large shear~Fig. 4!. These bands are general
inclined with respect to the slip direction. Note that becau
of the finite size of the CIV subregions, a significant smoo
ing of the strain fields is introduced, associated with a spa
spreading of the structures. Specifically, dilatancy and co
paction bands seem typically associated with the bounda
of the mechanical clusters. This confirms that the sam
behaves as an assembly of quasirigid regions, which ma
analogous to eddylike structures observed in Ref.@14#. Fur-
thermore, despite their very short life, it is sometimes p
sible to observe that these bands are emitted by the inte
cial layer, and then propagate into the bulk such as avalan
events.

B. Exponential radial velocity profiles

We now study the radial profiles of incremental displac
ments observed inside the bulk after localization~Fig. 5!.
Though less precisely resolved than strain, incremental
placements~and velocity! are at first easier to interpret. W
will focus on azimuthal displacements, which are alwa
greater in magnitude and less affected by artifacts than ra
01130
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displacements. To reduce spatial and time fluctuations,
presented profiles are averaged azimuthally as well as
small d windows. It appears that, above its detection thre
old, the azimuthal componentduu is reasonably well charac
terized by an exponential decay withr @Fig. 5~a!#:

duu5C0~d!e2r /l(d)Dd. ~1!

In general, the prefactorC0 should be regarded asd depen-
dent. Similarly, and despite significant fluctuations, the p
etration lengthl of the profiles clearly displays a decreasin
trend with slipd @Fig. 5~b!#. Extremal values ofl are about
9 mm for smalld, and 3 mm for larged.

Various studies have documented, in shear cells, the
muthal velocity profile established within the first ten gra
layers against the moving wall~i.e., within the shear band!
@5,6#. It reproducibly consists in the combination of a d
creasing exponential and a Gaussian. Here, we show tha
profile is prolongated by an exponential tail outside the
terfacial layer. Interestingly, such an exponential tail, asso
ated with highly heterogeneous and intermittent clusters
reminiscent of the small creep motion observed in
‘‘static’’ part of avalanching piles@15,16#. Particularity of
our situation, however, is the slow evolution of this creep,
denoted by the progressive decrease inl(d).

FIG. 4. Incremental volumetric~upper panel! and shear~lower
panel! strainsd«V anddg estimated from the incremental displac
ment field shown in Fig. 3. Positived«V indicates dilation, negative
d«V indicates compaction.
4-3
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C. A logarithmic slip relaxation

In Fig. 6, we show the postlocalization slip evolution
averaged incremental shear and volumetric strains. The
resented curves correspond to a zone of the bulk relati
close to the interfacial layer~small r ). Both quantities show
a transient regime over typically the first 50 mm of slip af
localization. Shear strain decreases in magnitude by a fa
of 4, while volumetric strain exhibits a transition from
strongly compactant toward a quasineutral regime. This s
relaxation of incremental strains can be seen as a co
quence of the progressive steepening of velocity profiles
side the bulk~Fig. 5!. Significant fluctuations during the sta

FIG. 5. ~a! Evolution of azimuthal componentduu of incremen-
tal displacements, as a function of radiusr and for eight values of
slip d ~semilogarithmic plot!. The profiles are averaged over all th
resolved anglesu, and over smalld windows detailed in the legend
The asymptotic limit at larged of all the profiles has been artifi
cially set to 0. On the raw data, this saturation value was finite,
always below the CIV detection threshold.~b! Evolution of the
penetration lengthl ~see text! as a function of slipd. Values of
l(d) are calculated from linear regressions of the profiles displa
in ~a!. Vertical error bars represent the range of possible res
depending on the chosen fitting region.

FIG. 6. Evolution of the azimuthally averaged incremental sh
and the volumetric strainŝdg&u and^d«V&u as a function of slipd,
for r 511.6 mm. The plot begins atd511.5 mm, i.e., after local-
ization.
01130
p-
ly

r
tor

w
e-
-

tionnary regime at larged illustrate the strong intermittency
of incremental displacements and strains in the bulk.

It can be seen in Fig. 5~a! that, as soon asd.30 mm,
incremental quantities emerge from the noise level only
r ,20–30 mm, typically. To resolve for larger radii, cumu
lative quantities have to be computed. We determined
different cumulative displacement fields. The first, deno
u(r ,u;d), is calculated by applying CIV between the fir
picture of the series~reference is the fresh sample! and all
the following pictures. The second, denoteduL , is calculated
from a reference picture corresponding tod512 mm and
thus represents cumulative displacements since localiza
The fielduL can be considered as a refinement of the fieldu
for postlocalization. Indeed, CIV accuracy significantly d
creases when the magnitude of the searched displace
vectors reaches about one-fourth of the used subregion
@17#—a situation met even before localization in our she
experiments.

Averaged cumulative shear strains^g&u and^gL&u derived
from the fieldsu anduL are presented as a function of slip
Fig. 7. Here, we focus on postlocalization@Fig. 7~b!#. For
small values ofr, the slope of the curvêgL&u(d) slowly
decreases withd, consistent with the slow decrease of th
increment̂ dg&u(d) in Fig. 6. Whenr increases, besides a
overall reduction in magnitude, the shape of thed profiles
also displays a notable evolution. From smooth at smalr,
the transition between high and low strain increments p
gressively sharpens withr. For the highest displayedr val-
ues, this transition seems to occur quasi-instantaneously
tween two linear regimes, atd'26 mm @Fig. 7~b!#.

A more quantitative assessment of this sharpening pro
is proposed in Fig. 8. As shown, the slip evolution of^gL&u
for small values ofr is very consistent with a logarithmic
increase:

gL} ln~dL /d* !, ~2!

t

d
ts

r

FIG. 7. Evolution of the azimuthally averaged cumulative sh
strain as a function of slipd, for eight values ofr inside the bulk
~see legend!. For this plot only, the size of the subregions used
CIV computations is 1283128 px.~a! Cumulative shear strain from
initial state ^g&u . ~b! Cumulative shear strain since localizatio
^gL&u . The dashed lines have been traced qualitatively to indic
the transitions between the four deformation regimes~see text!.
4-4
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where slipdL is counted from localization, andd* is a nor-
malizing factor. For larger values ofr, on the contrary, data
show pronounced negative curvature in semi-log scales@Fig.
8~b!#, indicative of a faster decrease of the increments w
d. Hence, though postlocalization relaxation of strain inc
ments can be observed in the whole bulk, the duration of
process clearly changes whenr increases. Slow, logarithmi
relaxation only exists close to the interfacial layer, typica
up to r 520–30 mm. Furthermore, even for small values
r, the slip evolution of the nonaveraged shear straingL(r ,u)
generally significantly departs from logarithmic@Fig. 8~a!#.
This local quantity displays large fluctuations that tend
grow with slip. Thus, slow relaxation, when it exist
emerges only from an averaging in space. Local proce
are much sharper and strongly heterogeneously distribut

If the cumulative strain evolves logarithmically for sma
r, then the incremental strain relaxes following a hyperbo
law:

dg}d* /d. ~3!

From Fig. 6, the shear strain increments are clearly expe
to reach a nonzero limit for large values ofd. The above
relaxation law~3! should thus be restricted to small slip
only. Nevertheless, this empirical law is important since
clearly establishes that the slow relaxation we observe
small r @and thus the decrease ofl(d)] does not involve any
characteristic slip scale.

D. Proposed modeling

We now attempt to combine both results~1! and~2! into a
consistent expression for postlocalization slow relaxati

FIG. 8. Slip evolution of the azimuthally averaged cumulati
shear strain̂gL&u in semilogarithmic plot. Origin for slip definition
is here taken at localization:dL5d212 mm. ~a! Comparison be-
tween the azimuthal average forr 511.6 mm~solid curve! and five
local ~nonaveraged! data sets picked on the corresponding a
muthal profile~dashed curves!. ~b! Comparison between eight dif
ferent values ofr inside the bulk. Symbols are the same as in Fig
01130
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We propose to model the decrease in the velocity penetra
lengthl(d) using the following expansion:

l5l`F11n1

d*

dL
1n2S d*

dL
D 2

1•••G , ~4!

whered* here denotes the onset of slow relaxation~counted,
asdL , from localization!. Large-d limit of l is l` , whereas
small-d limit is expressed asl`(11n11n21•••).l` .
Within this framework, the coefficientn1 has to be treated a
a decreasing function ofr to account for the observed radia
evolution of the relaxation process@Fig. 7~b!#. Specifically,
for small values ofr, we should haven1.0, so that the
decrease inl(d) is slow, dominated by the first-orderd* /dL
term. On the contrary, for larger, we expectn150, so that
the long-term, stationnary regime is reached qua
instantaneously atd5d* .

Inserting the above expansion~4! in Eq. ~1! yields

duu

dd
5C0e2r /l`1C0n1~r !

r

l`
e2r /l`

d*

dL
1•••. ~5!

For simplicity, we neglected here variations withd of the
prefactorC0. Straightforward integration of Eq.~5! yields an
expression for the cumulative displacementuu and, taking
advantage of the relationR@r @l` , the cumulative shea
straing'u]uu /]r u. Limiting expansions to the first order in
d* /dL , we obtain the following approximation:

gL' f 0~r !~dL2d* !1 f 1~r !d* lnS dL

d*
D 1G0~r !, ~6!

where f 0(r )5C0 exp(2r/l`)/l` ,

f 1~r !5C0S n1

l`
1Udn1

dr U D r

l`
e2r /l`, ~7!

andG0(r ) represents the ‘‘initial’’ value ofgL at d5d* .
The first term in Eq.~6! represents the stationnary, long

term increase ofgL , whereas the second term corresponds
the slow relaxation part. Consistent with Fig. 8, express
~6! indeed predicts, for sufficiently small values ofr anddL ,
a regime in which the logarithmic increase ofgL(dL) is
dominant over the linear increase. To check further the
lidity of this model, we plotted, for low values ofd, the
radial profiles of̂ gL&u normalized by log(dL /d* ) ~Fig. 9!. As
shown, it is possible to find a unique choice of the parame
d* for which all the displayed profiles collapse reasonna
well ~indicating thatG0'0). Furthermore, the radial depen
dence of̂ gL&u is found in good agreement, over a significa
range ofr, with expression~7! and a constantn1 ~Fig. 9!.
Actually, though suppressed in Fig. 9, raw profiles genera
display a nonzero asymptotic limit for larged. This is not
accounted for by Eq.~6!, and can presumably be attributed
corrective terms such as influence of radial displaceme
etc.

-

.
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IV. DISCUSSION

A. Four regimes of deformation

From the previous results, we can identify four differe
regimes for the deformation of the granular sample. T
situation is illustrated by the ‘‘phase diagram’’ in Fig. 10~see
also Fig. 7!. Regime I, for 0<d<d1'10–12 mm, corre-
sponds to the prelocalization deformation of the samp
During this stage, the whole sample undergoes large
placement increments of the same order asDd. This regime
is not stationnary and eventually becomes unstable at lo
ization.

Regime II establishes after localization and before rel
ation onset, i.e., ford1<d<d25d11d* . Displacement and
strain increments are greatly reduced inside the bulk~com-
pared to regime I!, and velocity follows an exponential radia
profile with a penetration lengthl'9 mm~Fig. 5!. For large
values ofr, this regime is clearly visible and quasistationna
up to d2'26 mm @Fig. 7~b!#. On the contrary, for smallr,
regime II is much shorter lived, or even nonexistent, as
dicated by the absence of an evident plateau ford*12 mm
in Fig. 6~a!, and the small value ofd* found in Fig. 9
~'2 mm!.

Regime III corresponds to the long-term, stationnary e
lution of the bulk. Displacements and strain increments h
undergone further, significant reduction since regime II. V
locity profile is still exponential but with a much shorte
penetration length:l`'3 mm. As for regime II, regime III
can clearly be identified for large values ofr in Fig. 7b, but
never fully establishes, in thed range we investigated, a
smaller values ofr.

Lastly, the fourth regime, confined to small values ofr,
represents the slow transition between regimes II and III.
characterized by slow, hyperbolic relaxation of the strain

FIG. 9. Radial profiles of the quantitŷgL&u /r normalized by
the slip function ln(dL /d* ), for seven~relatively low! values of slip
d ~semilogarithmic scale!. Best collapse of the represented profil
is reached for a value ofd* 52.3 mm. Good linearity of the curve
in the chosen mode of representation indicates thatgL

}r exp(2r/l`). The order of magnitude ofl` induced from the
slope of the profiles ('5 mm) is consistent with Fig. 5. Note tha
for all profiles, the asymptotic limit at larged has been artificially
set to 0~see text!.
01130
t
s

.
s-

l-

-

-

-
e
-

is
-

crements~and of the velocity penetration lengthl). In Fig.
10, the boundaryd t(r ) between slow relaxation and regim
III actually represents a soft transition. We can also progn
ticate that this boundaryd t(r ) should be a relatively stee
function of r. Indeed, the quality of the spatial fit in Fig.
does not appear much dependent ond. Note that an equation
for d t(r ) can easily be extracted from expression~6!:

d t5d21
f 1~r !

f 0~r !
d* lnS d t2d1

d22d1
D . ~8!

As expected, this equation admits a solutiond tÞd2 only for
r smaller than a characteristic valuer t ~Fig. 10!. Further-
more, it can also be shown that Eq.~8! predicts a fast growth
of the solutiond t when r decreases.

B. Jamming transition

The transition between regimes I and II appears w
marked in Fig. 7~a!. The corresponding reduction in stra
increments occurs simultaneously for allr values and, more
generally, for all points inside the bulk. This transition th
marks a clear bifurcation in the sample behavior, which
characteristic of a localization process. At localization, t
interfacial layer continues to flow while the bulk probab
switches to a jammed state~since further displacement incre
ments are far less than a grain size!.

In this respect, the analogy between postlocalization
formation in our samples and findings for the static part
avalanching piles is particularly interesting. Following@15#,
we may suggest that intermittent and heterogeneous velo
clusters, resulting in average in an exponential profile withr,
do constitute the generic response of a jammed pack
sheared by a ‘‘flowing’’ layer. In the same spirit, we note
Fig. 6 that the bulk compacts during regime II and slo
relaxation. Various studies have shown that slow compac
is ubiquitous in jammed packings submitted to small exc
tions @18,19#. In our case, the excitation signal triggerin

FIG. 10. Diagram picturing the existence domains for the fo
deformation regimes of the bulk~see text!. Full curves represen
sharp ~‘‘instantaneous’’! transitions, dashed curves represent s
transitions. These boundaries have been traced qualitatively,
precise shape being unknown. In particular, the question mark
cerns the existence of regime II at small values ofr.
4-6
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compaction is probably generated internally by the interm
tent bursts of displacement and shear.

C. Decoupling transition

As seen, the transition between regimes II and III
marked by a significant decrease with slip of the veloc
penetration lengthl. It thus corresponds to a coupling re
duction between the interfacial layer and the bulk. A possi
reason for such a decoupling could be a sudden change i
bulk sollicitation. Indeed, this could explain the sharpness
the transition for large values ofr. This also implies that the
slow process observed for smallr is due to~nonlinear! re-
laxation mechanisms active locally within this particular p
of the bulk. In fact, everything happens as if regions ins
the bulk would retain a memory of the strain rates they h
undergone previously. Hence, regions at smallr, where strain
rate was higher, need more ‘‘time’’ to adapt to the new co
pling mode, and thus relax slower~in average! than regions
at large radii where shear was already very low. It is not
first time that memory effects are invoked in combinati
with slow dynamics for jammed granular systems@20#. Note,
however, that the notion of ‘‘time’’ should in our case b
replaced byslip: it is ultimately the cylinder rotation tha
creates fluctuations allowing for small rearrangements ins
the bulk and hence for~slow! relaxation.

Interestingly, slow relaxation active at smallr has presum-
ably a signature at the macro-scale. Indeed, we described
previous paper@11# the evolution of the macroscopic torqu
G exerted to rotate the inner cylinder. This quantity displa
after localization, a significant and monotonic decrease w
slip. Furthermore, this slip-weakening process is very w
fitted by a power law ind, without any characteristic slip
scale. The observed macro- and microrelaxations t
present strong similarities. They probably both represent
same effect envisioned at two different scales.

A detailed study of the macroscopic slip weakening poi
out the role of comminution in our results. In particular, n
slip weakening is observed for experimental configuratio
that prevent comminution inside the interfacial layer~use of
a smooth cylinder, or of glass beads!. When comminution is
present, on the contrary, slip weakening appears during
initial shear of fresh samples as well as after reversals of
cylinder rotation@11#. A possible mechanism is that comm
nution, acting as a weakening factor for the interfacial lay
triggers a secondary bifurcation inside this zone. This wo
result in a modification of the velocity profile in the interfa
cial layer and, consequently, of the ‘‘boundary conditio
exerted on the bulk. Specifically, we observe for large val
of d a thin transition layer between the interfacial zone a
the bulk ~Fig. 2!. It is identifiable as a highly compact are
where crushed particles fill the porosity between initial p
ticles ~layer t). This well-lubricated layer probably tends t
accommodate most of the imposed straining. It then con
tutes a decoupling surface between the interfacial zone
the bulk.

V. CONCLUSIONS

In conclusion, we have studied the postlocalization str
field outside the shear band in an extended shear experim
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Though very small compared to strains within the band, t
strain field displays the rich dynamics, typical of jamm
packings. Large scale patches of coherent strain freque
develop. However, they are fleeting and very intermitte
They are probably the signature of macroclusters of pur
mechanical origin, and might denote eddylike structures.

Azimuthally averaged velocity profiles have an expone
tial shape with radiusr. Furthermore, the penetration leng
l of these profiles exhibits a slow decrease with slipd, de-
noting a progressive decoupling between the interfacial la
and the bulk. Further investigations using cumulative qu
tities reveal that slow relaxation is, in fact, essentially co
centrated close to the interfacial layer, whereas more dis
regions switch quicker to the new coupling mode. We e
phasize the role of comminution for this decoupling pheno
enon, through the creation of a well-lubricated transiti
layer between the interfacial and the bulk.

For small radii, relaxation of shear strain is well model
by a 1/d law, without any characteristic length scale. Th

FIG. 11. Differences between computed and imposed displa
ments~residuals!. This result is obtained by testing CIV for recov
ering a known displacement field—in this case, the field displa
in Fig. 3 ~see text!.

FIG. 12. Statistical distribution of the residuals inside the bu
Ten tests of synthetic deformation are integrated in this plot, us
constant displacement fields. The two curves, respectively, co
spond to the cartesian coordinatesx andy ~‘‘natural’’ coordinates of
CIV! of the residual vectord. Dispersion of the values, at a 95%
confidence level, is63 1022 px.
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denotes extremely long rearrangement processes in the p
ing. Furthermore, this compares qualitatively well with t
slow decrease of the macroscopic torqueG in the postlocal-
ization domain. Our results thus provide an important li
between the macroscopic friction law of a granular syst
and microscopic processes active at the grain scale. The
tailed understanding of nonlinear slip-weakening effects
friction laws has very important implications, particularly fo
the physics of earthquakes@21#. Here, we show that, in spite
of localization, the portion of the sample effectively involve
in the macroscopic response substantially extends outsid
shear band. The thickness of this zone, which can be defi
from the boundary of the slow relaxation domain in Fig. 1
displays only weak dependence on imposed slip.

APPENDIX: CIV ACCURACY

CIV is generally applied to a pair of photos represent
the same object in two~slightly! different deformation
stages. The essence of the technique is to determine
maximum cross correlation between small zones extra
from these two images. This maximum corresponds to
displacement~translation! vector of the considered zone. B
moving the zone of interest, it is then possible to determ
displacements at various positions inside the photo. A refi
h-

.R

e

h

es

t

01130
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ment of the technique, crucial in our case, allows to achi
subpixel accuracy in this displacement computation.
briefly consists in iterative interpolations of the correlati
function @22,23#. For the sake of efficiency, we make a
extensive use of the Fourier transforms. Furthermore, to
prove the contrast, we evaluate correlations from image g
dients rather than from direct gray levels.

In Fig. 11, we show an illustration of CIV precision usin
a synthetically deformed image. We interpolated the d
placement field represented in Fig. 3~which is itself a CIV
output! and used it to deform the digital picture displayed
the background. CIV was then applied between the ini
and the deformed images. Note that, due to interpolatio
the computed residuals are likely to be overestimated by
procedure. Still, only minor differences show up between
imposed and the computed displacement fields~Fig. 11!. In
particular, all the characteristic structures of the initial fie
are very well recovered.

Quantitatively, we calculated CIV accuracy, using t
same procedure of synthetic deformation, but with const
displacement fields in order to minimize interpolation effe
~Fig. 12!. This yields a value of 331022 px, i.e., 2mm.
Note that this value slightly depends on the considered se
of photos.
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