N

N

Shear with comminution of a granular
material: Microscopic deformations outside the shear
band
Guillaume Chambon, Jean Schmittbuhl, Alain Corfdir, Jean-Pierre Vilotte,
Stéphane Roux

» To cite this version:

Guillaume Chambon, Jean Schmittbuhl, Alain Corfdir, Jean-Pierre Vilotte, Stéphane Roux. Shear
with comminution of a granular material: Microscopic deformations outside the shear band. Physical
Review E , 2003, 68 (1), 10.1103/PhysRevE.68.011304 . hal-01982360

HAL Id: hal-01982360
https://hal.science/hal-01982360v1

Submitted on 28 Jan 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01982360v1
https://hal.archives-ouvertes.fr

PHYSICAL REVIEW E 68, 011304 (2003

Shear with comminution of a granular material: Microscopic deformations
outside the shear band
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A correlation imaging velocimetry technique is applied to recover displacement fields in a granular material
subjected to extended shear. A thid0 cm annular sand sampl@rain size: 1 mmis confined at constant
pressure ¢=0.5 MPa) against a rough moving wall displacing at very low spe&d§3 ums '). Localiza-
tion of the strain rapidly forms a shear bafgkven particles widein which comminution develops. We
focused on the strain field outside this shear band and observed a rich dynamics of large and intermittent
mechanical cluster@ip 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.

DOI: 10.1103/PhysRevE.68.011304 PACS nuni$)er83.80.Fg, 62.20.Fe, 83.10.Pp, 91.30.Bi

[. INTRODUCTION teristic penetration length that progressively decreases as im-
posed slip advances. This relaxation with slip denotes a slow

Shear processes in granular materials are described eslecoupling between the shear band and the rest of the
perimentally from two very different approaches. Most of thesample, which we interpret as a consequence of comminu-
studies concern friction laws, i.e., evolutions of the sheation inside the band. We relate this slow evolution with slip
strength with slip history at a macroscopic sddle3]. Local  of the local strain to the recently observed latgeismiclike
processes are averaged over the whole interface and a caslip weakening of the macroscopic shear strefigtj.
stitutive law is proposed. A second approach focuses on ob-
servations of local processes such as displacement fields and
velocity profiles[4—6], or stress field using photoelasticity Il. EXPERIMENTAL SETUP
[7]. Experimental results are often compared to discrete ele- o
ment simulations, which usually provide higher spatial and AS sketched in Fig. 1, we use a pseudo-Couette shear
temporal resolutiof8—10]. In particular, numerous studies aPParatus in which an annular sample of granular material
have addressed the properties of velocity profiles duringSduare cross sectipfs confined between an inner steel cyl-
shear in Couette configuration. However, little work has beernder and an outer neoprene jack&g]. The cylinder is ro-
performed on the prolongation of these profiles far from thdated at a prescribed angular velocity of 0.83
shear interface. Similarly, the influence of comminution onx10 2 rads !, which corresponds to a linear velocity
the granular flow remains mostly unknown, though very rel-=83 ums  at the surface of the inner cylinder. A constant
evant for the shearing of angular particles. confining pressure=500 kPa is applied through the jacket.

In this paper, we report on recent results obtained fronVertically, the sample is embedded between a glass plate and
the analysis of strain fields during shear of an assembly o# rigid upper lid made of dural. Triangular grooves machined
angular sand grains. Using an annular pseudo-Couette appan the cylinder surface perpendicular to the sliding direction
ratus, we explore the evolution of the strain field over veryinsure good transmission of the strain to the sample.
large slips(several meteds Because of angular shapes of the  Results presented in this paper have been obtained with
particles, crushing exists inside a shear band and strongign angular quartz sand sieved between 0.80 and 1.25 mm
influence the behavior of the material. In particular, we study(distribution mode: 1 mm Samples are prepared by pouring
extensively the large scale region surrounding the shedhe material into the apparatus in successive layers. Each
band. This region appears marked by very slow and ricHayer is gently compacted by hand-applied vibrations. This
dynamics. The azimuthal velocity field established after lo-protocol results in relatively dense samples with an intial
calization displays exponential radial profiles, with a characporosity ranging between 40% and 48%. The samples typi-
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FIG. 1. Sketch of the annular simple shear appare@SA).
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FIG. 3. Same plot as in Fig. 2, but for a pair of photos taken at
larger 8§, namely, 320 mm. Note the considerable scale magnifica-
tion. Typical incremental displacements outside the shear band are
here about 1Q:m, that is, a hundredth of the imposed slip incre-
mentA §. Inside the shear band, computed displacement are erratic
and not reliable.

The granular sample presents a cylindrical symmetry with an annufhey comprise a small portion of the inner cylinder and
lar horizontal section. The inner rotating cylinder has a radius ofghout 110 60 sand grains. A single grain typically covers a
R=10 cm. The outside jacket is a cylinder of radius 20 cm and isgrface area of 150 pixels. In the following, our data will

submitted to a normal pressute=0.5 MPa. The vertical dimen-

essentially come from one series of 400 pictures displaying

sion of the sample is 10 cm. Position inside the sample is defined bgufficient contrast and sharpness. Time interval between two

using cylindrical coordinatesr(6,z), with the origin of radiusr

taken at the cylinder surface. The artificial roughness of the inne

cylinder is magnified1-mm-deep groovesThe observation win-
dow W is figured.

cally exhibit dilatancy during the first increments of shear
strain.

Direct observation of the granular sample while shearinqm

is enabled by a window pierced in the apparatus bottom plat
(Fig. 1). Series of digital photographs are taken through thi
window using a KODAK DCS 420 camerg&esolution:
1536x 1024 px, 8 bit gray leve)swith a NIKON 35 mm
macrolens. Examples of digital images are shown in Fig. 2

e s il

R G N

FIG. 2. Background is a raw digital picture taken through the
observation window. It corresponds to an imposed shp
=2.5 mm. Superimposed vectors represent the incremental di

placement fielddu in the sample. It is computed by applying CIV S

between this photo and the following ofiaken in a 10-s delay
Subregions for correlation computation sizex@¥4 px. The white

successive photographs is 10 s, which corresponds to a slip
[ncrement of the rotating cylinder & 6=0.83 mm. The se-
ries begins at the onset of shdfresh samplgand covers
about 35 cm of slip. Other series recorded in similar condi-
tions have also been studied to check the reproducibility of
our results.

Digital photographs are analyzed by means of correlation
ir aging velocimetryCIV) in order to recover grain motions
nside the sampldésee Appendix This technique yields a

Swo-dimensional (2D) local displacement fieldu(r,6),

coarse grained over small subregions. A typical output of
CIV is shown in Fig. 2. Note that we do not recover the
displacement of each individual grain, but an averaged value
over subregions, which typically comprises A5%.5 par-
ticles. As discussed in the Appendix, the accuracy achieved
in displacement determination is abougan. Obviously, the
technique does not account for possible off-plénertical
components of grain motions. We checked, however, that
these components are sufficiently small in our experiments
not to affect the determination of horizontal displacements.
(No grain ever “disappeared” from a series of phojos.

Ill. RESULTS
A. Strain heterogeneities inside the bulk

We consider here the incremental displacement fidlds
(proportional to velocity) calculated between each pair of

successive photos. Comparison of Figs. 2 and 3 clearly

hows localization of deformation: The magnitude of incre-
mental displacements inside the sample has dramatically
dropped during the slip interval between these two figures.

arrow gives the scale of the plot. A detail of the shear band thaf\ctually, localization occurs during the very first millimeters
develops after localization is included in the upper left corner of theof slip [13]. For values ofs typically larger than 10 mm,

image:c, rotating cylinders, shear band;, transition layerp, bulk,
where original particles can be observed.

most of the prescribed slip is already accommodated in a

seven-grain wide interfacial layer around the inner cylinder,
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i.e., in ashear bandsee inset of Fig. 2 Due to the confin-
ing pressure and the angularity of the used sand, grains u
dergo intense crushing inside this bdtalyer (s) in Fig. 2].

sample(Fig. 3.

On the contrary, the CIV technique is very well suited
outside the interfacial layer, i.e., in the bulk of the sample.
Though very small compared to the cylinder slip increment
A6, incremental displacements inside the bulk are well re-
solved (Fig. 3). Such small displacementshey may reach
50 um at most, i.e., a few hundredths of the mean grain)size
presumably correspond to local vibrations of the grains. The
displacement field displays strong spatial heterogeneitie
Large patches of coherent displacement are commonly ob
served, whose extension might reach the window $bte
graing. These zones seem characterized by rigid motion of
the particles and are probably the hallmarkoéchanical
clusters They are completely invisible from a direct obser-
vation of the particle assemblfno associated microstruc-
ture). Also, these patches appear strongly intermittent on the
time basis we used0.1 H2: very little persistence is ob-
served when comparing consecutive displacement fields.

Raw displacement fields may involve a small but un-
known artifactual component due to possible vibrations of
the camera because of motor noise or ongoing comminution
slow creeping move of the camera tripod, etc. Nevertheles
this experimental shift is expected to be homogeneous i
space. It is thus eliminated when computing the incremental

- : - _ T
strain tensor classically defined ag=(1/2)(dG+dG), FIG. 4. Incremental volumetricupper panéland sheaflower

where dG=V&du. In Fig. 4, we show the incremental pang) strainsde, anddy estimated from the incremental displace-
volumetric straindey and incremental shear stradhy de-  ment field shown in Fig. 3. Positiwis,, indicates dilation, negative
rived from the displacement field presented in Fig. 3. Thesge,, indicates compaction.

fields are, respectively, defined ds,,=de,;+de, anddy

=|de;—de,|, wherede; andde, are the two eigenvalues gisplacements. To reduce spatial and time fluctuations, the

of the tensode. _ _ ~ presented profiles are averaged azimuthally as well as over
The large scale patches observed in the displacement f'egf‘nall 5 windows. It appears that, above its detection thresh-

appear as deformation bands characterized by compaction g[y the azimuthal componedu, is reasonably well charac-

dilatancy and large shedFig. 4). These bands are generally tgrized by an exponential decay witHFig. 5(a)]:

inclined with respect to the slip direction. Note that because

of the finite size of the CIV subregions, a significant smooth- du,=Cqo(8)e "As. )

ing of the strain fields is introduced, associated with a spatial

spre_adlng of the structures. Specm(_:ally, dll_atancy and comp, general, the prefactdZ, should be regarded asdepen-

paction bands seem typically a;souatgd with the boundanegem. Similarly, and despite significant fluctuations, the pen-

of the mechanical clusters. This confirms that the sample,~ . ) , X
L ; . etration lengthn of the profiles clearly displays a decreasing

behaves as an assembly of quasirigid regions, which may bte

; . ) rend with slipé [Fig. 5(b)]. Extremal values ok are about
analogous to eddylike structures observed in Ref]. Fur 9 mm for smalld, and 3 mm for larges.

thermore, despite their very short life, it is sometimes pos- Various studies have documented, in shear cells, the azi-
sible to observe that these bands are emitted by the interfa- X . . Lo ) ' ;
uthal velocity profile established within the first ten grain

gl\?érll?é/er, and then propagate into the bulk such as avalanclfgyers against the moving walli.e., within the shear band

[5,6]. It reproducibly consists in the combination of a de-
creasing exponential and a Gaussian. Here, we show that this
profile is prolongated by an exponential tail outside the in-
We now study the radial profiles of incremental displace-terfacial layer. Interestingly, such an exponential tail, associ-
ments observed inside the bulk after localizatidtig. 5). ated with highly heterogeneous and intermittent clusters, is
Though less precisely resolved than strain, incremental digeminiscent of the small creep motion observed in the
placementgand velocity are at first easier to interpret. We “static” part of avalanching piled15,16. Particularity of
will focus on azimuthal displacements, which are alwaysour situation, however, is the slow evolution of this creep, as
greater in magnitude and less affected by artifacts than radiagenoted by the progressive decrease ().

B. Exponential radial velocity profiles

011304-3



CHAMBON et al. PHYSICAL REVIEW E 68, 011304 (2003

R 15 . ‘
a *13-29
"21-38 sl —+= b
1 *29-46 —_
100 ¢ §(mm) 438-54 EG | BT
«46-62 £
= h}:H* decoupling transition
10
= 0
g 10" | R
= =
3 v
A o
V107 S
[}
107 . . b
10 20 30 40 50 0 20 40 0 25 50 75 100 125 150 175
r (mm) & (mm)

FIG. 5. (a) Evolution of azimuthal componeniu, of incremen- FIG. 7. Evolution of the azimuthally averaged cumulative shear
tal displacements, as a function of radiuand for eight values of strain as a function of sli@, for eight values of inside the bulk

slip & (semilogarithmic plot The profiles are averaged over all the (S€€ legend For this plot only, the size of the subregions used in
resolved angles, and over smalb windows detailed in the legend. C!V computations is 128 128 px.(a) Cumulative shear strain from

The asymptotic limit at largeS of all the profiles has been artifi- initial state (y),. (b) Cumulative shear strain since localization
cially set to 0. On the raw data, this saturation value was finite, buf ¥)¢- The dashed lines have been traced qualitatively to indicate
always below the CIV detection thresholth) Evolution of the the transitions between the four deformation regirfses text
penetration lengthh (see text as a function of slips. Values of

\(8) are calculated from linear regressions of the profiles displayedionnary regime at largé illustrate the strong intermittency

in (a). Vertical error bars represent the range of possible result®f incremental displacements and strains in the bulk.
depending on the chosen fitting region. It can be seen in Fig.(8 that, as soon ag>30 mm,
incremental quantities emerge from the noise level only for
r<20-30 mm, typically. To resolve for larger radii, cumu-
lative quantities have to be computed. We determined two

In Fig. 6, we show the postlocalization slip evolution of different cumulative displacement fields. The first, denoted
averaged incremental shear and volumetric strains. The repy(r, 6; 5), is calculated by applying CIV between the first
resented curves correspond to a zone of the bulk relativelgicture of the serie¢reference is the fresh sampland all
close to the interfacial laygsmallr). Both quantities show the following pictures. The second, denotgd is calculated
a transient regime over typically the first 50 mm of slip afterfrom a reference picture corresponding &&=12 mm and
localization. Shear strain decreases in magnitude by a factéhus represents cumulative displacements since localization.
of 4, while volumetric strain exhibits a transition from a The fieldu, can be considered as a refinement of the field
strongly compactant toward a quasineutral regime. This slovior postlocalization. Indeed, CIV accuracy significantly de-
relaxation of incremental strains can be seen as a consereases when the magnitude of the searched displacement
guence of the progressive steepening of velocity profiles invectors reaches about one-fourth of the used subregion size
side the bulk(Fig. 5. Significant fluctuations during the sta- [17]—a situation met even before localization in our shear
experiments.

Averaged cumulative shear straifig) , and{y, ), derived
from the fieldsu andu, are presented as a function of slip in
Fig. 7. Here, we focus on postlocalizatipRig. 7(b)]. For
small values ofr, the slope of the curvéy,),(5) slowly
decreases withd, consistent with the slow decrease of the
increment(dy),(5) in Fig. 6. Whenr increases, besides an
overall reduction in magnitude, the shape of therofiles
also displays a notable evolution. From smooth at small
the transition between high and low strain increments pro-
gressively sharpens with For the highest displayedval-
ues, this transition seems to occur quasi-instantaneously, be-
tween two linear regimes, a~26 mm[Fig. 7(b)].

C. A logarithmic slip relaxation

10° <dy>,

0.2
0.0
-0.2
-0.4

107 <de,>,

20 40 60 80 100 120 140 160 L . .
5 (mm) A more quantitative assessment of this sharpening process

is proposed in Fig. 8. As shown, the slip evolution(ef )
FIG. 6. Evolution of the azimuthally averaged incremental sheafor small values ofr is very consistent with a logarithmic

and the volumetric straingly) , and(dey), as a function of slip, increase:
for r=11.6 mm. The plot begins ai=11.5 mm, i.e., after local-
ization. y e In( 5. 15%), 2
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100 . We propose to model the decrease in the velocity penetration
a length\ () using the following expansion:
80 | r=11.6 mm b S5* 2
! _
N =N, |1+v,—+ — +--,
] g A R Y @
! ? "\v-,:.'lf ﬁ‘h '

60 ‘ | wheres* here denotes the onset of slow relaxatioaunted,

aséd, , from localization. Large-s limit of \ is \.,, whereas
small-6 limit is expressed as\,.(l+wvi+wvo+---)>\,
Within this framework, the coefficient; has to be treated as
a decreasing function afto account for the observed radial
i evolution of the relaxation proce$kig. 7(b)]. Specifically,
for small values ofr, we should haver;>0, so that the
decrease in(9) is slow, dominated by the first-ordér /5,
term. On the contrary, for large we expectv;=0, so that
10 100 the long-term, stationnary regime is reached quasi-
& (mm) instantaneously af= 5*.
Inserting the above expansiéf) in Eq. (1) yields

10° <Y.>s

FIG. 8. Slip evolution of the azimuthally averaged cumulative
shear strair{y, ), in semilogarithmic plot. Origin for slip definition
is here taken at localizationi, = §— 12 mm. (a) Comparison be- duy
tween the azimuthal average fior 11.6 mm(solid curve and five ds
local (nonaverageddata sets picked on the corresponding azi-
muthal profile(dashed curvegs(b) Comparison between eight dif-
ferent values of inside the bulk. Symbols are the same as in Fig. 7.

r 5*
——=C e‘””w+C0v1(r)—e r”‘*6—+ ®
L

For simplicity, we neglected here variations wighof the
prefactorC,. Straightforward integration of Eg5) yields an
. . o . expression for the cumulative displacementand, taking
Wh?re_z SI'?ELt IS (Izzounlted fromllocah?atlo?ﬁ and* tls a ngr-t advantage of the relatioR>r>N\,,, the cumulative shear
g]%l/fllg?or?ocu?]rc.:e do;ezre?t?\:evguur\e/ztﬁreoi?] s:mciolggras%ﬂte; A strain vy=~|au,/ar|. Limiting expansions to the first order in
8(b)], indicative of a faster decrease of the increments W|th5*/5'-’ we obtain the following approximation:

6. Hence, though postlocalization relaxation of strain incre-

ments can be observed in the whole bulk, the duration of this oL

process clearly changes wheincreases. Slow, logarithmic y=fo(r)(6L—6%) +1a(r) 8% In{ —= 5 +Lo(r),  (6)
relaxation only exists close to the interfacial layer, typically

up tor=20-30 mm. Furthermore, even for small values of

r, the slip evolution of the nonaveraged shear sthgifr, 6) wherefo(r)=Co expC-r/As)/\,

generally significantly departs from logarithniEig. 8@)].

This local quantity displays large fluctuations that tend to vy |dvgf| T “thn,

grow with slip. Thus, slow relaxation, when it exists, fa(r)= CO( Tl ) © ™

emerges only from an averaging in space. Local processes
are much sharper and strongly heterogeneously d|str|butedandr

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

o(r) represents the “initial” value ofy, at 5= 6*.
The first term in Eq{(6) represents the stationnary, long-
Cterm increase o, whereas the second term corresponds to
the slow relaxation part. Consistent with Fig. 8, expression
(6) indeed predicts, for sufficiently small valuesradnd &, ,
dyx5*/d. (3 a regime in which the logarithmic increase of(8,) is
dominant over the linear increase. To check further the va-

From Fig. 6, the shear strain increments are clearly expectdiflity of this model, we plotted, for low values of, the
to reach a nonzero limit for large values 6f The above radial profiles of y, ), normalized by log§ /5*) (Fig. 9). As
relaxation law(3) should thus be restricted to small slips shown, it is possible to find a unique choice of the parameter
only. Nevertheless, this empirical law is important since ité* for which all the displayed profiles collapse reasonnably
clearly establishes that the slow relaxation we observe avell (indicating thatl’y~0). Furthermore, the radial depen-
smallr [and thus the decrease 0f4)] does not involve any ~dence of y.), is found in good agreement, over a significant
characteristic slip scale. range ofr, with expression7) and a constani,; (Fig. 9).
Actually, though suppressed in Fig. 9, raw profiles generally
display a nonzero asymptotic limit for largg This is not
accounted for by Eq6), and can presumably be attributed to
We now attempt to combine both resulls and(2) into a  corrective terms such as influence of radial displacements,
consistent expression for postlocalization slow relaxationetc.

D. Proposed modeling
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. . . 5
\ . &)
10° | c
S S
'g 107 /%4 Regime llI 3
£ slow 2 §
5 relaxation % 3
A 3
& S
~ iA-5
0y 5 3,(r) Regime ll
! Regime |
10—6 . ) . " r
10 20 30 40 50
r (mm) FIG. 10. Diagram picturing the existence domains for the four

deformation regimes of the bulisee text Full curves represent

FIG. 9. Radial profiles of the quantityyy, ),/r normalized by  sharp (“instantaneous) transitions, dashed curves represent soft
the slip function Ing_/5*), for seven(relatively low) values of slip  transitions. These boundaries have been traced qualitatively, their
o (semilogarithmic scale Best collapse of the represented profiles precise shape being unknown. In particular, the question mark con-
is reached for a value af* =2.3 mm. Good linearity of the curves cerns the existence of regime Il at small values.of
in the chosen mode of representation indicates that
«r exp(—r/\,). The order of magnitude of, induced from the
slope of the profiles£5 mm) is consistent with Fig. 5. Note that, crementsiand of the velocity penetration lengt). In Fig.
for all profiles, the asymptotic limit at largé has been artificially 10, the boundany,(r) between slow relaxation and regime
set to O(see text 1l actually represents a soft transition. We can also prognos-
ticate that this boundarg;(r) should be a relatively steep
function of r. Indeed, the quality of the spatial fit in Fig. 9
A. Four regimes of deformation does not appear much dependentsomote that an equation

From the previous results, we can identify four differentfor &(r) can easily be extracted from express(6it

IV. DISCUSSION

regimes for the deformation of the granular sample. This f.(r) 85—,
situation is illustrated by the “phase diagram” in Fig. (ke Sy= 6+ : & In( 55 ) (8)
also Fig. 7. Regime |, for G< < ,~10-12 mm, corre- olF) 2“1

sponds to the prelocalization deformation of the sample
During this stage, the whole sample undergoes large di
placement increments of the same ordedAas This regime

is not stationnary and eventually becomes unstable at loca 5t the solutions, whenr decreases.

As expected, this equation admits a solutig 5, only for
¥ smaller than a characteristic value (Fig. 10. Further-
ore, it can also be shown that E§) predicts a fast growth

ization.
Regime |l establishes after localization and before relax- ) N
ation onset, i.e., fob; < 6< 8,= 6, + 5*. Displacement and B. Jamming transition
strain increments are greatly reduced inside the locdin- The transition between regimes | and Il appears well

pared to regime)| and velocity follows an exponential radial marked in Fig. 7a). The corresponding reduction in strain
profile with a penetration length~9 mm(Fig. 5. For large  increments occurs simultaneously for alvalues and, more
values ofr, this regime is clearly visible and quasistationnarygenerally, for all points inside the bulk. This transition thus
up to 8,~26 mm|[Fig. 7(b)]. On the contrary, for smal, marks a clear bifurcation in the sample behavior, which is
regime Il is much shorter lived, or even nonexistent, as incharacteristic of a localization process. At localization, the
dicated by the absence of an evident plateausfarl2 mm interfacial layer continues to flow while the bulk probably
in Fig. 6@, and the small value of* found in Fig. 9 switches to a jammed statsince further displacement incre-
(=2 mm). ments are far less than a grain size

Regime Il corresponds to the long-term, stationnary evo- In this respect, the analogy between postlocalization de-
lution of the bulk. Displacements and strain increments havéormation in our samples and findings for the static part of
undergone further, significant reduction since regime Il. Ve-avalanching piles is particularly interesting. Followifip],
locity profile is still exponential but with a much shorter we may suggest that intermittent and heterogeneous velocity
penetration lengthh.,~3 mm. As for regime Il, regime lll  clusters, resulting in average in an exponential profile with
can clearly be identified for large valuesoin Fig. 7b, but  do constitute the generic response of a jammed packing
never fully establishes, in thé range we investigated, at sheared by a “flowing” layer. In the same spirit, we note in
smaller values of. Fig. 6 that the bulk compacts during regime Il and slow

Lastly, the fourth regime, confined to small valuesrpf relaxation. Various studies have shown that slow compaction
represents the slow transition between regimes Il and lIl. It igs ubiquitous in jammed packings submitted to small excita-
characterized by slow, hyperbolic relaxation of the strain in-tions [18,19. In our case, the excitation signal triggering
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compaction is probably generated internally by the intermit-
tent bursts of displacement and shear.

C. Decoupling transition

As seen, the transition between regimes Il and Il is
marked by a significant decrease with slip of the velocity
penetration length\. It thus corresponds to a coupling re-
duction between the interfacial layer and the bulk. A possible
reason for such a decoupling could be a sudden change in the
bulk sollicitation. Indeed, this could explain the sharpness of gﬁ;ﬁplﬁ% P
the transition for large values of This also implies that the s e I T REN T V9%
slow process observed for smallis due to(nonlineay re-
laxation mechanisms active locally within this particular part  FIG. 11. Differences between computed and imposed displace-
of the bulk. In fact, everything happens as if regions insidements(residual$. This result is obtained by testing CIV for recov-
the bulk would retain a memory of the strain rates they havering a known displacement field—in this case, the field displayed
undergone previously. Hence, regions at smalthere strain  in Fig. 3 (see text
rate was higher, need more “time” to adapt to the new cou-

pling mode, and thus relax slowéin averagg than regions  thoygh very small compared to strains within the band, this

?t large ra?]ii where shea;fwas already Vlf’rg low. 1t iE.mt.the’strain field displays the rich dynamics, typical of jammed
Irst time that memory efiects are invoked in com Inatlonpackings. Large scale patches of coherent strain frequently

with slow dynamics for jammed granular systef#6]. Note, develop. However, they are fleeting and very intermittent.

however, that the notion of *time” should in our case be They are probably the signature of macroclusters of purel

replaced byslip: it is ultimately the cylinder rotation that 3;] i pl M iny nd m? ht denote eddvlike struct rp y

creates fluctuations allowing for small rearrangements insigg'échanical origin, a ght denote eddylike structures.
Azimuthally averaged velocity profiles have an exponen-

the bulk and hence fofslow) relaxation. il <h i radius. Furth h ion | h
Interestingly, slow relaxation active at smalas presum- tial snape with radjus. Furthermore, the penetrafion lengt

ably a signature at the macro-scale. Indeed, we described ina©f these profiles exhibits a slow decrease with gljpde-
previous papef11] the evolution of the macroscopic torque noting a progressive decoupling between the interfacial layer

I exerted to rotate the inner cylinder. This quantity displays2nd the bulk. Further investigations using cumulative quan-

after localization, a significant and monotonic decrease wittiities reveal that slow Fe'axa“‘?” Is, in fact, essentially con-
slip. Furthermore, this slip-weakening process is very welcentrated close to the interfacial layer, whereas more distant

fitted by a power law ins, without any characteristic slip regio_ns switch quicker to th(_e new cqupling mo_de. We em-
scale. The observed macro- and microrelaxations thughas,lze the role of comminution for this decoupling phenom-

present strong similarities. They probably both represent th?non, through the_ creatlo_n of a well-lubricated transition
same effect envisioned at two different scales. ayer between th_e mterfaqal and the bU|k.' .

A detailed study of the macroscopic slip weakening pointsb For small radp, relaxation of shea_r ;tram is well modelgd
out the role of comminution in our results. In particular, no-2Y @ 1@ law, without any characteristic length scale. This

slip weakening is observed for experimental configurations
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that prevent comminution inside the interfacial layese of 30 ' '

a smooth cylinder, or of glass bead#/hen comminution is

present, on the contrary, slip weakening appears during the 25 — ed

initial shear of fresh samples as well as after reversals of the .——ag

cylinder rotation[11]. A possible mechanism is that commi- =20 !

nution, acting as a weakening factor for the interfacial layer, E’

triggers a secondary bifurcation inside this zone. This would £ 45

result in a modification of the velocity profile in the interfa- 2

cial layer and, consequently, of the “boundary condition” 2 10l

exerted on the bulk. Specifically, we observe for large values

of & a thin transition layer between the interfacial zone and

the bulk (Fig. 2). It is identifiable as a highly compact area 5

where crushed particles fill the porosity between initial par- -

ticles (layert). This well-lubricated layer probably tends to 0 % s

accommodate most of the imposed straining. It then consti- d,, d, (um)

tutes a decoupling surface between the interfacial zone and

the bulk. FIG. 12. Statistical distribution of the residuals inside the bulk.

Ten tests of synthetic deformation are integrated in this plot, using

V. CONCLUSIONS constant displacement fields. The two curves, respectively, corre-

spond to the cartesian coordinateandy (“natural” coordinates of
In conclusion, we have studied the postlocalization strairCIV) of the residual vectod. Dispersion of the values, at a 95%
field outside the shear band in an extended shear experimeswtnfidence level, is=3 10 2 px.
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denotes extremely long rearrangement processes in the paakent of the technique, crucial in our case, allows to achieve
ing. Furthermore, this compares qualitatively well with the subpixel accuracy in this displacement computation. It
slow decrease of the macroscopic tordquén the postlocal- briefly consists in iterative interpolations of the correlation
ization domain. Our results thus provide an important linkfunction [22,23. For the sake of efficiency, we make an
between the macroscopic friction law of a granular systemextensive use of the Fourier transforms. Furthermore, to im-
and microscopic processes active at the grain scale. The drove the contrast, we evaluate correlations from image gra-
friction Ia_ws has very important implications, parchIarIy_for In Fig. 11, we show an illustration of CIV precision using
the physics of earthquak¢2l]. Here, we show that, in spite 5 gynthetically deformed image. We interpolated the dis-
of localization, the portion of the sample effectively involved .- cament field represented in Fig(8hich is itself a CIV

in the macroscopic response substantially extends outside t toup and used it to deform the digital picture displayed in

shear band. The thickness of this zone, which can be definﬁ e background. CIV was then applied between the initial

from the boundary of the slow relaxation domain in Fig. 10, d the def di N hat d . lati
displays only weak dependence on imposed slip. and the de ormed Images. 1 ote that, due to !nterpo at|0n§,
the computed residuals are likely to be overestimated by this

procedure. Still, only minor differences show up between the
imposed and the computed displacement figklg. 11). In

CIV is generally applied to a pair of photos representingparticular, all the characteristic structures of the initial field
the same object in twaslightly) different deformation are very well recovered.
stages. The essence of the technique is to determine the Quantitatively, we calculated CIV accuracy, using the
maximum cross correlation between small zones extractesame procedure of synthetic deformation, but with constant
from these two images. This maximum corresponds to theisplacement fields in order to minimize interpolation effects
displacementtranslation vector of the considered zone. By (Fig. 12. This yields a value of 310 2 px, i.e., 2um.
moving the zone of interest, it is then possible to determinéNote that this value slightly depends on the considered series
displacements at various positions inside the photo. A refinesf photos.

APPENDIX: CIV ACCURACY
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