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Slowly sheared dense granular flows: Crystallization and nonunique final states

J.-C. Tsdl and J. P. Gollub*
lDepartment of Physics, Haverford College, Haverford, Pennsylvania 19041, USA
2Departmen’[ of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
(Received 2 April 2004; published 21 September 2004

Simultaneous time-resolved measurements of internal structure, granular volume, and boundary shear force
are reported for dense granular packing steadily sheared under a fixed normal load. We identify features of the
crystallization transition for a deep shear flow, whose height-dependent local mean velocity spans more than
five orders of magnitude. This structural change is accompanied by a significant decrease of granular volume
and shear force, with a more rapid falloff of particle velocity with depth than occurs in the disordered state.
Boundary conditions can have a profound influence on the crystallization of the entire packing. We find that
continuously sheared flow can exhibit nonunique final states even under identical boundary conditions; a few
cycles of oscillatory pretreatment can initiate states that evolve into either a crystallized or a disordered final
state after long-term unidirectional shearing. On the other hand, the disordered state can be stabilized after
being sufficiently compacted by unidirectional shear. These experiments raise interesting questions about how
prior history is recorded in the internal structure of granular packings, affecting their instantaneous rheology
and long-term evolution in response to shear.
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[. INTRODUCTION timeters thick, the mean kinetic energy is actually smaller
) ~ than the average elastic energy, and may be the least impor-
Granular flow is noteworthy both for the range of SUrp“S'tant quantity in accounting for the Creeping dynamics_ Re-
ing phenomena it exhibits, and for the challenge it has procent theories show that the elasticity of grains can often play
vided to theoretical explanatiofi—4]. Several distinct re- g vital role in the rheology of dense granular flojl®]. A
gimes have been identified. One extreme case is the rapigtumber of analytic theories and models involving frictional
flow regime: the dynamics of rapid flow is often describedinteraction and plasticity have been attempitet-17, while
using the framework of dissipative kinetic theory with flow- some of the assumed constitutive relations can be hard to
ing grains bearing some resemblance to molecules in a gagerify on a microscopic level. Experimentally, monitoring
On the other hand, when particles do not have sufficiendlense granular packings driven by continuous boundary
relative speed to sustain the pressure exerted by their neigihear is a useful way to study the evolution of creeping flow;
bors, they tend to collapse into a dense creeping state idn apparently steady state can gradually undergo substantial
which particles roll or slide over each other. Creeping can b&hange or, in some cases, make sharp transitions as we report

either localized or global depending on the circumstancedn this work. ,
For example, it can be local in industrial blendéBsg], or The connection between the internal structure of the ma-

global in some extremely slow flows in geological settingst€ia! and the rheology of flow turns out to be particularly

[7]. It is also known that changing the stress level in amteresting. Here we sample a few previous investigations

sheared large-scale granular packing can qualitatively altélegardmg shear-induced ordering in systems not limited to

its velocity profile as a result of differences in the Comactgranular flows. Shear-induced ordering has been observed in

network, even though the corresponding fractional deformagomputer simulations of uniformly sheared particle suspen-
. A gn P 9 sions, in which the fluid-mediated hydrodynamic interactions
tions of individual grains are all very smdB]. Furthermore,

h f the flow in the slowl . . between particles govern the dynamjds]; these computa-
t.e' st{:\te'(.) the flow in the Slowly Creeping regime can €Xsions do not impose a thermostat as might be done in other
hibit significant change over time.

. simulations intended for systems of smaller particles with
Despite the wealth of observed phenomena, the theory 1G5, inent Brownian motions. In computer simulations of
slow flows of densely packed granular materials is less _de'articles uniformly sheared under the influence of theoretical
veloped than the theory of rapid flows. Approaches usingyq mostats19-23, some intrinsic time scales controlled by

}(inetic theory may be of limited valu.e here. For instance, itthe imposed temperature can be defined, such as the mean
is tempting to suppose that the elastic energy stored betweefi ,qion time or thermal collision interval: the observed or-
grain contacts is negligible in comparison to the kinetic enye iy pehavior often depends on the rate of the macroscopic
ergy for particles as rigid as glass. However, it has beenyo, the simulations of sheared particles with repulsive
estimated9] that for millimeter-sized glass beads moving a4 ctions(mimicking the behavior of dilute charged col-
zarlrelat|\{e speed of siavelral beafd dlam_etlerﬁ per secondl UnG8lqal particles[24]) suggest that the presence of a shear
the static pressure of a layer of material that is severa Cer’\7elocity field can either enhance or suppress particle ordering

[21,22. However, the proper interpretation of the ordering in
these simulations with artificial thermostats is apparently still
*Electronic address: jgollub@haverford.edu controversial, as is pointed out in RgR3], due to some
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difficulties in connecting these computations to specific exnovel internal imaging technique utilizes an interstitial fluid
perimental conditions. In experiments of uniformly shearedo index match the glass beads. We first focus on spherical
colloidal suspensions, researchers have demonstrated thgrticles of uniform size. More generally, polydispersity
particles can exhibit ordering that leads to significant changevould introduce another factor affecting the evolution of the
of rheology, e.g., in Refq25,2§. packing; a movie demonstrating the shear-induced segrega-
In the case of slowly creeping millimeter-sized granulartion of a mixture of particles of different sizes in our system
particles, the contact forces between densely packed graifs ayailable onliné. The scope of the present work is to
dominate the dynamics; there are no obvious intrinsic time,nqerstand the intrinsic behavior by studying a nearly mono-

scales analqghoys to, _f(_)rl ?‘;@g‘p'ev Lhose Ir elated to (re]ither Nisperse system, as an initial step of exploring the evolution
teractions with interstitial fluids or thermal motions that are ¢ o ia! creeping flows.

g(r)ar:itr:glIggegys;gisthrﬁ;mngsé%e:g gfd ?r:g%rr]{itlﬂee \i/rflgcgwyagrfo- A number of papers on granular shear flows in the same
scopic sheared granular packing; the characteristic time fogeOmetry as in our work are reported in the literature. In

local relative displacement between grains, defined by thg.dd't'on to the local contact force measurements already

inverse of the local velocity gradient, exhibits a wide spec-Cited[31l, there are other experiments using low normal load
. nd high shear rates: the relation between shear force and

trum. Some interesting questions arise: Can a sheared gran®f? ol
lar packing exhibit spatial order in the presence of such &£hear rateg35,3@, as well as the granular self-diffusion as

strong inhomogeneity in space? How does the internal ordeteen from the sidewalB7], has been the focus of these shear
impact the rheology of granular flow? Experimentalists havelows that are fully or partly in the regime of rapid-flow
observed ordering of granular spheres when grains argynamlcs. It shoqld be pomte(_j out that the stress level and
poured into vibrating containers with suitable boundary conShearing speed in our experiments ensure that the entire
ditions [27,28. Recent soft sphere simulations of a large-Packing is flowing in the creeping regime. In the Appendix,
scale gravity-driven granular floy29] also find intermittent We estimate the range of driving speed that produces a glo-
crystallization on an ordered substrate. However, existing@lly creeping flow. In addition, some previous works in the
theories of densely packed granular flojgd—17 generally ~Sa@me geometry focus on stick-slip behayigg], whereas we -
have not included the effect of spatial order, partly becaus&NPOSe a stationary driving in the measurements of velocity
of the scarcity of experimental information about the internalfields. However, one of the main phenomena, i.e., the crys-
structure of steadily flowing granular particles. tallization transition to _be rep(_)rted in the_ following sections,
Experimentalists have investigated the phenomena ocfctually does not require stationary driving.
slowly creeping granular materials from various points of Also, we create flow conditions with a hierarchy of forces
view. Observations by Komatset al. [30] on particles ina N which the typ|ca}l contact forcel betwgen_grgms is much
thick but quasi-two-dimensionaRD) pile of flowing sand larger than the weight of one grain, which is in turn much
imply that the velocity of creeping grains can extend fargrgater than the maximal drag force_ prow_ded _by interstitial
from the surface into the deep bulk, spanning several orderduid. Therefore, the presence of fluid for imaging purposes
of magnitude. Behringer and co-worke31] measure the N this yvork does not play a significant role m_thg creeping
local contact forces at the lower boundary of a slowlydynamics, except by reducing the apparent friction through
sheared dense granular packing: the fluctuation spectrutbrication.
(with frequencies scaled by the boundary driving veloaitfy
local contact forces is invariant over a wide range of driving
speeds. This observation illustrates the quasistatic nature of
the creeping flow, i.e., the grains are almost always in static A. Main apparatus
equilibrium. Muethet al. [32] use a magnetic resonance im-

aging (MRI) technique to study particles in a sheared layer The main apparatus is an annular channel formed by two
ging q yp Y€l oncentric stationary glass cylinders, which are smooth and

several grain diameters thick, and determine the VeIOCitXransparem(Fig. 1). We typically use spherical soda lime

field of the internal mass flow with sub-grain-size spatial . .
resolution; they have pointed out the effect of particle Iayer-gIaSS beadédensity~2.5 g/cn, elastic modulus=63 GPa,

. ! " : " ~_refractive index=1.54, from Jaygo, Ing.of mean diameter
ing on the mass flow field. In addition, the fluctuating MOtION y_ 4 sa mm with a standard deviation 4% to fill the channel:
of granular particles at the bottom of a Coutte shear[&@lj, . the filling height is adjustable from a few particle diameters
or at its upper surfacg34], has been measured; the relation

between the local velocity gradient and the fluctuatin com—tO S0, The distance between the inner and the outer walls is
. 'ocity g L 9 about 3@ and the circumference is about 8)®luid can be
ponents of grain motion has been studied in depth.

The goal of the present work is to investigate the timeadded o the interparticle space when internal imagtey

evolution of sheared granular flows in the creeping re imescribed belowis planned. The glass beads are driven by a
9 ping reg totating ring-shaped upper boundary to which a monolayer

and to elucidate the connection between internal structur&c glass beads has been glued; the glued glass beads are

and granular rheology. Our model system contains glass Par.cked at about the maximal area density and form local
ticles in an annular channel; the granular material is sub? Y

jected to a fixed vertical load and sheared from above at hexagonal structures with dislocations. Three different bot-

constant speed. Simultaneous measurements of internal pa?(r)—m boundary conditions are availablel) flat bottom-

ticle structure, granular volume, and boundary shear force
are performed as the granular packing evolves over time; a’http://www.haverford.edu/physics-astro/gollub/interimahging

Il. EXPERIMENTAL METHODS
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The unidirectional rotation is driven by a stepping motor
(DM-4001 by Aerotech, Ing.whose rotating shaft is rigidly
connected to and aligned with the central shaft of our appa-
ratus; the central shaft rotates with the same angular speed of

aluminum Il,ight sheet the upper boundary, as shown on the figure. The combination
|

i of the microstepper of the motor and a 208peed reduction

Steady driving
+ torque measurement

ety [ gear box gives an angular resolution of 2.50°° rotations.
H Extra care is taken to maximize the rigidity of the driving
Fudlevel 2. ' ® | IR mechanism. The deviation of motion of the upper boundary
[ from an ideal constant-speed translation is less thad; 0.1
Glass beads Camera this is estimated by monitoring the projectiGnto a distant
(diameter=d) screen of a laser beam reflected from a mirror installed on
)" the central shaft of our apparatus.
R The shear force at the upper boundary can be determined
Gaps < 0.5d

if one measures the torque transmitted from the motor to the
upper boundary or, alternatively, the torque that is required to

beads, with the inset showing a schematic side view and the def -eSf'St. the ”?Otor’s tende.ncy to rotate in the opposite d!rectlon.
nition of coordinates being used in this work. The shear and norma h's,'s achieved by Ietpng ,the mo_tor stand fre_ely on its own
loadsW are transmitted through a monolayer of glass beads queintat,Ing Shaft’, deCQUp“ng it from its usual ”g_'d support, "?u'
to the rotating aluminum-acrylic assembly that is free to move vert@ching a pulling wire off center, and measuring the tension
tically while maintaining constant rotation rate. Three different bot-in the wire with a force gauge”>CB Piezotronics: KT-1102-
tom conditions are available: flat, monolayer, and bumpy. Volume?1). However, the flexibility introduced by the pulling wire
change is determined by detecting the vertical displacement of th#1€vitably causes some unsteadiness in the upper boundary
upper assembly. The torque required to maintain the rotation ignotion, so the motor is rigidly supported when the velocity
measured by a force gauge coupled to the motor through a pullingrofile is measured.

wire (not shown. Both vertical and horizontal slices of internal

fluorescent images can be captured by digital cameras.

FIG. 1. Cross section of the annular channel filled with glass

B. Internal imaging and image analysis

smooth acrylic(2) monolayer bottontdescribed aboyeand To image the interior, the interparticle space is filled with

(3) bumpy bottom—a mixture of 0.6- and im glass beads . . . oo .
glued at approximately equal area fraction. In addition, & SPecial hydrocarbon mixtureviscosity ~10 cS, density

transparent windowthick polycarbonateis made at the bot-  ~+ 9/ cnr?, from Cargille Laboratorigs The refractive in-
tom of one part of the channel. The top surface of the acrylidex of the fluid is fine-tuned to match that of the beads by
part of the rotating assembly is also polished, to provide adiusting the relative concentration of the ingredients to the
option for viewing from the top. accuracy of 10°. The optimal index-matching condition is
The upper boundary is attached to a precision bearing th&tetermined by minimizing the scattering near the forward
allows free but strictly vertical movement while rotating. The direction while a green He-Ne laser be@543.5 nm is sent
weight of the upper boundary assembly provides a con- though a test cell containing the mixture of beads and fluid.
stant normal load of1.3 kgg, which is about 12 times the In gluing beads to the upper or lower boundary, adhesive
total effective weight of the grains at the typical filling height (Norland NOA-6§ with the closest refractive index to that of
of 24d. (The buoyancy effect caused by the fluid has beerihe glass beads is chosen and bubbles are avoided, in order to
accounted for the normal load and effective grain weightminimize the distortion of the image or the illuminating light
here) Extra precision is demanded during the assembly prosheet(described beloythrough these roughened boundaries.
cess to ensure that the two planes defined by the upper and A minimal amount of fluorescent dye(Exton
lower boundaries are parallel, and that the gaps between ti&yrromethene-580, fluorescent peato40 nm is blended
upper boundary and the cylindrical walls are smaller tharinto the fluid. A thin laser sheet enters the imaging region
0.5d around the circumference at all times, while the upperthrough either the bottom window or the front wall, to acti-
boundary rotates. The small gaps, combined with a fluid resvate the fluorescence of the dye and create an instantaneous
ervoir at the upper edge of the inner wall, allow the intersti-2D image sliceZ.((X,t) in which particles appear as shad-
tial gas or fluid to exit or re-enter the channel freely, while ows. The image can be captured by digital camera through
the granular particles cannot escape. This allows the deteeither the front wall or the bottom window. To create the
mination of the granular volume change by monitoring thelaser sheet, a narrow beam from the 514.5nm line of an ar-
height of the upper assembly. In practice, the height is meagon ion laserLexel-75 is first expanded isotropicallfby a
sured once per rotation by detecting the position of a horimicroscope objective collimated (by a convex lens and
zontal metallic arm installed on the rotating assembly andccompressed one-dimensionally by a set of cylindrical lenses
extending beyond the outer radius of the channel. Anincluding a pair of convex and concave lenses to create a
inductive-capacitive sensor is used for this purp¢sbe de- tunable effective focal lengti~—-2 m, and a convex lens
sign of the extended arm enables us to avoid calibration ewith f=-6 mm, located between the focal point of the tun-
rors when the sensor is displaced, e.g., when changingble lens pair and our imaging ajedhe resulting laser
particles) sheet is narrower than @%hroughout the region of interest.
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The fluorescent images are filtered with a cutoff wavelengtrtluding the wave numbers withik”+e. When the wave
550 nm before reaching the camera, to screen out the undesamberk'” is chosen to match the mean horizontal spacing

ired noise due to scattering of the excitation light. (=1d) of particle centers in the crystallized state, the calcu-
To track the particles, an image is first converted to a 2Dated peak intensity'?(t) can be used as an indicator of the
map M using a convolution growth of the crystalline order.
M(i,t):fef(pz—m) Lg% -, (1)
IIl. CRYSTALLIZATION TRANSITION

in which G'(r) stands for the derivative of a Gaussian ring  For a deep dense packing, long-term shearing by the up-
d i per boundary can induce a sharp change in the internal struc-

G'(n=—e'" ag)%/20 (2) ture, accompanied by a significant decrease of granular vol-

dr ume and boundary shear force. The outcome is a crystallized

with radiusa, being approximately the apparent radius of gstate in which particles form horizontal hexagonally .close-
particle in the imagefrom 9 to a few tens of pixels, depend- packed layers that move coherently in the flow direction, as

ing on the image magnificatignand the widtho being one W€ demonstrated in Ref2]. In this section, we characterize
or a few pixels. In practice, the convolution takes advantagéh'S Process and its rheqloglcal consequences in detail, and
of fast Fourier transforn{FFT) techniques for the sake of descn_be the factor§ that |anuer_10e the tran§|t|on. In aI_I of the
computational efficiencyi39] The bright peaks in each map experiments descrlbed'below, if not specified othenm;e, the
M represent the centers of particles in that frame, and can g@nular channel contains 200 g of glass beads, which can
found using previously developed computer routijég] ~ Create a 24-layer crystallized state.
which also reconstruct particle trajectories from a set of se-
quential images. This convolution method is based on the
idea of edge recognitiogsimilar to Hough transformation
[41]), and therefore can still resolve particles in the presence Simultaneous measurement of internal ordering, granular
of certain degree of particle overlggue to the finite thick- Vvolume, shear force, and particle speed as functions of time
ness of the ||ght She}:_-t\/\/hen high_precision measurement of are shown in Flg 2. The disordered initial state is generally
instantaneous individual particle positioias opposed to Prepared by stirring the whole volume thoroughly. Time
Coarse-grained mean Ve|ocity measuremdgltneeded' the =0 denotes the instant when the motion of the upper bound-
light sheet is set to be as narrow as possible, and a higfy begins to move at a speed of 12 particle diameters per
threshold of the peak intensity is selected so that only verpecond(12d/s); the bottom is flat.
sharp peakscontributed by particles whose centers are pre- In Fig. 2@), the images show two instantaneous vertical
cisely on the symmetrical plane of the light sheme admit-  slices at about one-third of the channel width from the outer
ted as valid data. The ultimate limit of precision in determin-vertical wall. They illustrate the disordered initial state
ing particle positions is set by the pixel width, corresponding=0) and the crystallized stat¢=60000 3. A sample of the
to a few tenths of a particle diamet@epending on magni- instantaneous spatial Fourier spectriitk,), defined in Sec.
fication) All computations are performed using Interactive Il, is shown in the inset. The intensity of its primary pd&k
Data Languag€IDL ) programming. quantifies the degree of spatial order as a function of time.
We also analyze the spatial spectrum of each image slic&.he displayed curve is smoothed over 20 frar(&% min in
For instance, the horizontal spatial periodicity of a verticaltime) to reduce noise. The step rise I6F marks the occur-
image sliceZgi.d(x,z,t) can be represented by the following rence of crystallization.

A. Characterization of the transition

normalized Fourier spectrum averaged over depth The change of the total granular volume is determined by
measuring the vertical displacement of the upper boundary

f(k,t) = [F(kaz.b)] , 3) h(t)-h(0) at fixed load, as shown in Fig(®. The displace-

211 \1/2 ment, normalized by the mean height of the glass bé&ggls
(j [F (K z,0)]"dk,) , reveals a fractional change of total volume of about 3% at

the crystallization transition. The absolute total volume can
in which F(k,z,t)=F[Zgidx,z,t)] stands for the Fourier be computed from the geometrical parameters of the channel
transform in thex direction. The denominator is to correct with an uncertainty primarily due to the rough boundaries,
the variation of image intensity overandt. The intensity of and the packing fraction of the final state is estimated as
a peak of this normalized spectruftk,,t) at a particular (63+3)%. Meanwhile, the shear force as a function of time
wave numberk(xl), corrected by subtraction of the back- shows a simultaneous step decrease of abolt &5 the

ground value, is defined as crystallization transition, as shown in Fig(c2
w, Figure 2d) shows the local average of grain ve!ocities. in
1D (t) = if“x E|f(k t)|2dk,<— I(l)(t) (4) a region far below the sheared interface as a function of time.
2€ )\ X B This is computed by averaging the velocities of particles in

L the regionT" indicated in the upper-right sample image,
Wherelg)(t) is a background value determined by averagingsmoothed over 80 frames in time. The particles far below the
|f|> over a broader spectral interval centereck@t but ex-  sheared surface translate significantly more slowly after crys-

031303-4



SLOWLY SHEARED DENSE GRANULAR FLOWS:.. PHYSICAL REVIEW E 70, 031303(2004

/
E [T T T T T T T T T / T
=
N
=

-400F (um) Driving speed = 124 per second;
[ data #1. |
-800 ! I M'__

T T T 1 4

CT
. 0.48-(Kg - 9) .

__W ) L ) - q
0.36 k1 i 1 i | ; + 1 . 1 M/M_‘_F
20000 40000 60000 80000 2x10
T T

i =4
§ 0
T m r , . . . . . 1
f -400F Driving speed = 12d per second;]
: < F (m) :
= F data #2. ]
f = i, j

f(k ) Instantaneous N -800 - } ! + } + | + f /1
015 FFT Spectrum 0.48-(Kg - g) ]
000 L (£260000s) ] s ! s JL A" 1
u °% 10 20 0 40 kI (2nlL) © 0'36-_1 ; I : ! . 1 . 1 /QL"T"-
= f f f T 0 20000 40000 60000 80000 2x10°

2 o.oof\\ Volume Change 10 T T T T T T T T 7 T

- €
5 F T ]
ot = L Driving speed = 1.2d per second]
S 0.03F \ 14508 9'400: (um) g spe p ]
oy —a L N
: N I -
=0 . =

] 1 + | n | 4 | / Il

N~

.06 ; — --900 n t T 1 t T t T 7/ ™
= 'I } '-'l-' L s : v A0.48>‘(Kg . g) __
. ool biguiiogy,  Shear liorce Jos1 3 Ko'asiw/; ! .
g o9 Vi 27 0 x10°  4x10°  6x10°  ex10° | 2x10®
030 PR Time (s)
0.00f—+—4 : : 0.0 _ o :
n & ", e Particle Speed FIG. 3. (Color online Sample histories of evolution as the upper
- s 4 % (averaged over region I) boundary translates at constant speeds startitrlg@tThe cell con-
= 1opx1o e ; E tains 200 g of glass beads with a flat bottom installed. In all cases,
A it granular packings have been thoroughly stirred befe@but have
5 0.0k s . s s not undergone boundary shearing. The changes of height of the
0 20000 40000 = 60000 80000 upper boundaryht and shear forcer(t) are strongly correlated

Time: t (s) within each experiment. In cas€a), (b) and in Fig. 2, the glass

FIG. 2. (Color online Simultaneous measurement of internal b_e_ads are dnve_n_at exactly the same_sp(aé}d/s), \.Nh”e. the tran-
ition time exhibits stochastic variation. Cagg is driven at a

ordering, volume change, shear force, and particle speed as fun?-
tions of time. Glass beads are driven at a speed dff# second ower speedl1.2d/s). In all cases, the accumulated boundary trans-

from above (a) Vertical image slices before and after the crystalli- I(?tlont_ at thfetr:'mf? of the transition step is aboufd-@lPd in the
zation, with1® showing the intensity of the primary peak of the 9"€Ction ot the flow.

FFT spectrum, as are defined in Sec.(l) Fractional change of  giay pyt also many sub-features of the curves except those
total height, as an |nd|cator. of total yolume changg Shear force,  .~ocional spikes in shear-force recordhe occasional
e ot s 2t s o et oo, e DS e piodced by bref saed jamming evens when
speed isgnormalized by ’the velocity of the dr?\ﬁng bgoundua?( I smaller particles get caught in.the gaps between the moving
upper boundary and the stationary sidewaliBhese two
tallization occurs, because the crystallized state has a stroRoundary measurements, volume change and shear force, can
ger vertical decay of velocitysee Sec. V. both serve as sensitive indicators of the state of evolution.
For a given driving speed and boundary condition, theFigures 2 and 3 also show that a smooth initial dilation of
time required for the disordered initial state to undergo agranular volume can be detected within the firstdl®f
crystallization transition varies stochastically within about antranslation of the driving boundary; the exact amount of this
order of magnitude, as shown by the records displayed imlilation depends on the preparation of the initial state.
Figs. 2, 3a), and 3b). The time scale is consistent with the  We have verified that the crystallization does not require a
time required for the particles near the bottom to move auniform speed of boundary translation, and is generic with or
distance of several particle diameters relative to their neighwithout interstitial fluid. In the absence of flu[eFig. 5b) in
bors or the bottom, and corresponds to abord300°d of  Ref. [42]], we find that the compaction steps also occur, but
accumulated translation of the upper boundary, witkie  the accumulated translation of the driving boundary can be
the particle diameter. The experiment shown as Fg) 8  an order of magnitude longer than that for fluid-immersed
driven at 1/10 of the typical driving speed, exhibiting the particles under the same driving and boundary conditions.
same features of transition at a later time, but within theThis suggests that friction plays a significant role in the un-
same order of accumulated translation of the drivingderlying dynamics, and that this frictional interaction can be
boundary. altered by the lubrication provided by the interstitial fluid.
Despite of the stochastic nature of the transition time, we
note in Figs. 2 and 3 that the records of the total volume and
shear force are strongly correlated in each experiment. The There are three different bottom boundary conditions that
similarity is not limited to the time of the major transition can be used for our experimentg) flat bottom,(2) mono-

B. Role of bottom condition
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layer bottom, and3) bumpy bottom, as defined in Sec. Il. E 12000
The results show that the tendency to crystallize has a non- E2
monotonic dependence on the roughness of the bottom
boundary. When we load the cell with 200 g of initially dis-
ordered glass beads and drive the upper boundary at the same
speed12d/s), a spontaneous transition to a 24-layer crystal-
lized flow occurs when using either the flat or the monolayer
bottom boundary(but not the bumpy boundaryNotably, ow T
experiments using the monolayer bottgsee the data pre- 96 100 104 108 112 116 120
sented in Ref[42]] typically require less translation of the Mass M (g)
upper boundary to trigger the crystallization transition than
those using the flat bottom. Furthermore, when less material FIG. 4. Nonsmooth dependence of the final heigiM) of the
is used, for instance 100 g of glass beads, a persistent 12rystallized flows on the total amou@hassM) of glass beads. The
layer crystalline structure is quickly produced in experimentsheight of the 100-g case is used as a reference. The monolayer
using the monolayer bottom boundary, while the flat-bottomboundary condition at the bottom is shared by all cases shown here.
experiment can 0n|y induce incomp|ete ordering that appeargpecifiC numbers of well-defined ordered layers occur in discon-
to be intermittent in the observation window. These observatinuous bands oM. The transition zones, in which crystallization is
tions demonstrate that the crystallization is produced mosficomplete, are marked as shaded stripes.
easily and completely using the monolayer boundary. The
crystalline structure of the boundary, even if imperfect, ap- It should be noted that the thinner flows exhibit incom-
pears to favor ordering in the bulk of the material, as occurglete crystallization at the transitional bands between adja-
during epitaxial growth of ordinary solids. cent zones, marked in Fig. 4 as the narrow shaded bands
In the case of the bumpy bottom, on the other hand, drivequivalent to about 1 g of total fill. As the total packing
ing initially disordered glass beads for a long time graduallythickness is reduced to about six lay€s® g), these transi-
compacts the packing into a final state whose interior retional bands can become as wide as 4 g, which is about half
mains disordered indefinitely. Interestingly, the crystalliza-of the mass accounting for each layer on average. The wider
tion is then dependent on the history prior to the onset of thehe transitional bands, the easier it is to miss the crystalliza-
long-term unidirectional shearing, as we discuss in detail ition phenomenon. This may explain why crystallization was
Sec. IV. In all cases, the asymptotic values of granular volnot emphasized in previous experiments using thin layer
ume consistently indicate the final state of internal order. flows to investigate shear band dynamics. On the other hand,
Although the bottom boundary condition can influencethe width of the transitional bands becomes undetectable in
the crystallization of grains everywhere in the packing, dif-flows as thick as 24 layers, for which we find the transitional
ferent degrees of roughness of the boundary do not affect thgand to be less than 1/8 of the mass of one layer.
interior velocity profilegshown in Sec. Y measurably, once
the same state of internal structure is created. Furthermore, D. Discussion

regardless of the bottom boundary conditions, the asymptotic The simultaneous step decrease at the crystallization tran-
value of shear force for the disordered or crystallized finakition of volume, shear force, and grain spegdthe lower
state is, respectively, equal to the typical value before or aftepart of the sample volumeindicates that the crystallized
the transitional step shown in Fig(@. In other words, the  state transfers horizontal momentum downward less effi-
mean shear force is sensitive to the internal packing struceiently than does the disordered state, even though the crys-
ture, but not to the roughness of the bottom boundary.  tallized state is denser. This observation demonstrates that
granular density alone does not determine the rheology of the
material.

Using the monolayer bottom, which is the most favorable A bumpy bottom boundary is sufficient to suppress the
condition for complete crystallization, we compared theshear-induced crystallization everywhere in the deep random
compaction histories of sheared flows for different amountgpacking equivalent to 24 layers of grains. A monolayer bot-
of glass beads in the channlig. 5a) of Ref. [42]], and tom is found to be the preferred boundary condition to com-
found that the characteristic time for transition is diminishedplete the crystallization process. This fact may be attributed
by two orders of magnitude when the total thickness of theo the spatial periodicity of the monolayer packing. A sce-
material is halved. nario similar to epitaxial growth28,44 with the lower

Figure 4 demonstrates that the final thickness of the flowboundary playing the role of template seems plausible in
has a “quantized” dependence on the total mdssf the  view of the sensitivity to bottom conditions, the observed
glass beads in the channel, corresponding to the creation gimescale of the transition, the stochasticity of the required
additional layers. This nonuniform increase of final thicknesgime, and its drastic change with mean layer thickness. How-
asM is increased can also be observed in thicker samples ugver, the ordering is inhomogeneous: the degree of order
to at least 24 layers thick. On the other hand, a smooth linearisible in a particular slice of the whole annular channel
increasgnot shown is observed for comparable experimentsappears intermittent and often nonuniform during the transi-
using the bumpy bottom, for which the glass beads do notion. There is no clear evidence that the crystallization grows
crystallize. from the bottom upwards.
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Our mean packing fraction in the crystallized state s ;—W I :
(63+3)% is lower than the theoretical value for a hexagonal 5 -1 g *10cycles || -f- 30cycles 10,
close packing 7/\18~74%), because the extra space and -3 = Disordered state | U0

o -400
defects are necessary to allow the flow and to accommodat Crystallized state

B
the circular finite-sized container. On the other hand, the = g

slightly higher thany3#/9=~60%, which is the theoretical -800
value for parallel planes of hexagonally packed particles '9‘:‘:200 5060 B
with a spacing exactly equal to the particle diameter. Pre—u Time (s) t-t(s)

sumably the actual value is affected by the degree of over-~ o5 '
laps or interpenetration of adjacent layers, and the density o » -
defects. The packing fraction of the disordered initial state is %

roughly 3% less, significantly lower than the reported values Y *"50 T 75

800 1000

. . . 660
for random close packinft3]; in our experiments, even the Time step (At = 0.25)
crystallized state is not denser than the conventional random . . . . o
close packing. FIG. 5. (Color onling Compaction and internal grain motion in

response to temporary oscillatory drivin@) Boundary velocity
U(t) and the response di(t), the time-dependent height of the
IV. NONUNIQUE SELECTION OF FINAL STATES granular packing. The upper boundary moves at a spiggd 12d
. . per second in its steady state. Three records share the same bound-
When using a sufficiently bumpy bottom boundade- 5y condition and reference height, and therefore can be compared.
scribed in Sec. Il B, we find that the final state is NOt Time axes for the two records on the right are shifted horizontally
unique. Whether the interior of the dense packing evolveso, gisplay purpose, with, labeling the start of the oscillatory
into a crystallized or a disordered final state as a consequengfearing.(b) Ensemble-averaged displacements of internal grains
of the unidirectional driving of the monolayer upper bound-sampled every 0.2 s. Displacements are averaged over roughly 60
ary depends on the prior history. In particular, applying a fewgrains at the midheight of a disordered packing. The time-
initial cycles of oscillatory shear can significantly alter the dependent driving velociti(t) is overlaid on the data to indicate
evolution. the phase of boundary motion. Note the spike upon each reversal of
We first describe in Sec. IV A the basic phenomena thathe driving velocityU(t).
occur when granular material is subjected to oscillatory driv-

ing. Then, in Sec. IV B, we show that an initial oscillatory z1s0 been observed in the surface flow of grains in a Coutte

shear, if applied prior to a long-term unidirectional shearing.geometry upon reversal of shearing, as reported in a previous
can induce crystallization in a situation where it would oth-stydy [51].

erwise not occur. Accompanying the brief excess motion, a sudden drop of
the upper boundary of abodt5 can be detected, although it
A. Behavior during temporary oscillatory shear is not reflected in Fig. @) due to the discrete sampling. The

, L , right-hand side of Fig. &) also shows the responses of dis-

Following a long-term unidirectional shearing, we alter- orqered and crystallized states created under the same bound-
nate the direction of upper boundary a few times, traveling,ry conditions(described in Sec. IV B and indicates that
10°d each way, as illustrated in Fig(&. Meanwhile, the  inq (otal volume of the disordered state can temporarily be-
height of the upper boundary is measured at the midpoint 0fyme smaller than the steady volume of the crystallized
its travel in either direction. The data show the compaction insiate. These facts suggest that the compaction induced by
response to the oscillatory shear. The right half of Fi@) 5 cillatory shear is highly nonuniform over the depth, and is
shows that, for both crystalllzed_ gnd _dlsordered states th"ﬂerhaps primarily due to rearrangement of grains near the
have undergone a long-term unidirectional shear before apjnner houndary. Therefore, one should be aware that the to-
plying the alternating drivingas many as 60 reversglshe  5)'yolume does not instantaneously reflect the state of ma-
glass beads recover their original volume as the unidireCegrig| deep in the interior. On the other hand, translating the
tional driving resumes, with their internal ordering remainingpner houndary for a distance of aboufd @ sufficient for
unchangedas evidenced by simultaneous internal imagingthe material to recover its volume prior to the temporary
not shown. , _ o unsteady driving; therefore, the total volume can still serve

At each starting point of the boundary motion in the 0p- 55 an indicator of internal state of a steadily sheared flow, as

posite direction, an excess internal motion of grains can bgyng as a possible delay of response is taken into account.
observed as shown in Fig(l5. The sudden motion of grains

by a distance of the order @f/2 is found to be generic to ) o . .

both crystallized and disordered states. The excess internaB- Stochastic outcomes of unidirectional shearing combined
motion is absent if the boundary driving is restarted in the with oscillatory pretreatment

same direction as that of its previous stage; this is illustrated When a few oscillatory cyclef@s in Fig. %a)] are applied

by the absence of the spike upon the first step change gfist after the random packing is prepared by thoroughly stir-
boundary speed in the gragtime step 25 Signs of excess ring the entire volume, subsequently applying a sustained
grain motion similar to the phenomena reported here havenidirectional shear can lead to either a crystallized final
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= ditions (a long-term unidirectional shearing and a bumpy
bottom), the final state of a continuously driven flow can be
a4 nonunique. The selection of a crystallized or a disordered
oscillatory shear unidirectional shear final state partly depends on the preparation history prior to
the long-term shearing, and can appear stochastic if the ma-
FIG. 6. (Color onling Nonunique selection of final states, indi- terial has not been sufficiently compacted by unidirectional
cated by the long-term evolution of the packing heibtth. With shear. In comparison to unidirectional shearing, oscillatory
only unidirectional shearingabeled empty circlgsthe system al-  driving is more effective in producing the partial order that
ways approaches a disordered final st@eing curves at the top generally favors the evolution towards a crystallized final
right). On the other hand, applying a few cycles of oscillatory shearstate. This effectiveness may be related to the extra flexibility
ing to the uncompacted packing causes the system to evolve stgf the packing toward rearrangements when the shear stress
chastically into either a disordered state, or a denser crystallizegy briefly relieved upon each reversal of the boundary mo-
state(joining curves at the bottom right tion, as suggested by the excess internal motion shown in
Fig. 5@). In addition, the quasihexagonal structure of the
state or another final state that remains disordered in its ifmonolayer driving boundary may in part account for creation
terior. This is demonstrated by Fig. 6, where the volumeof this partial ordering.
compaction is used as an indicator of the long-term evolu- Evidence from time series of internal images suggests that
tion. The route of the evolution appears stochastic, as thtéhe the partial ordering induced by the oscillatory pretreat-
same number of cycles of oscillatory pretreatment can leaehent is inhomogeneous. In the subsequent unidirectional
to different final results, although a large number of oscilla-shearing, whether the system selects the route of a global
tory cycles tends to produce a crystallized final state. Butrystallization or a complete elimination of the crystalline
without the oscillatory pretreatment, applying a unidirec-order may depend on the extent and spatial distribution of
tional shearing alone over a long time will not produce athis partial ordering. This is perhaps the reason why the out-
crystallized state with a bumpy bottom boundary. Evidencecomes of the subsequent shear-induced evolution of internal
from simultaneously recording the internal images showsstructure appears stochastic.
that a large number of oscillatory cycles causes grains to Both the crystallized state and disordered state can be
organize into clearly identifiable layers in the upper half ofstable against oscillatory boundary motion, after being suffi-
the layer. The spatial ordering in the field of view during theciently compacted by a unidirectional shear. On the other
subsequent unidirectional shearing can appear intermittenitand, we also recognize that the reverse of a crystallization
this observation suggests that the ordering induced by oscitransition never occurs unless we reset the system by stirring
latory shear is inhomogeneous. the packing manually. A tentative explanation is that the
crystallized state is less dissipative and is therefore a “pre-
ferred” state of flow compared to the disordered state.
Our observation that unidirectional shearing gradually sta-
It is remarkable that, if the oscillatory cycléas illus- bilizes a disordered state demonstrates that substantial
trated in Sec. Y are applied after the material has experi-change in the properties of a granular packing can slowly
enced a long-term unidirectional shearing, then the oscillaeccur as a result of a long-term evolution. This change is a
tory treatment becomes ineffective in producing internaltype of smooth evolution that is different from the sharp
order: even though oscillatory driving still causes the uppedistinctive change of internal structure exemplified by the
boundary to descend as shown in Figa)b simultaneous crystallization process. It is important that any successful
internal imaging reveals that the system shows no sign ofmodel for dense granular flow be able to account for both
partial ordering after as many as 60 reversals of boundartypes of evolution under long-term shearing.
motion have been applied. Also Fig@ shows a quick re- As a possible theoretical approach to understanding the
covery after the unidirectional shearing is resumed. Thesphenomena described in this section, one might regard the
facts suggest that the oscillatory boundary driving does notrystallized and disordered states as attractors in a space-time
change the deep interior of a sufficiently compacted packinglynamical system. The structure of the phase space and its
significantly. Further experiments suggest that prolongedittractors would be affected by variables such as the total
unidirectional shearing of a dense packing can eliminate thisolume and the boundary conditions. For example, for the

1000 . 10000 100000
Time (s)

100

=556 : " Humberdfosgilaionreydes “extra’ iqterparticle space which would otherwise allow the
prior to unidirectional shear: sudden jump of grains upon the reversal of the boundary
400 | motion as shown in Fig. (B); this phenomenon will be re-
- ported subsequently5].
S On the other hand, a crystallized state is always stable
= -500 1 against oscillatory boundary shearing; the ordered structure
= can only be destroyed by stirring the packing manually.
£ -600 -
|
-700 I . D. Discussion
I We have found that, for given driving and boundary con-
-800 L ! .
|
|

C. Shear-induced stabilization of the disordered state
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100 EAAAE LR AR le : "" ld' 't' = For the 24-layer crystalliz_e.d state, the data marlgs in Fig. 7
; (;:‘;’bz';p;fo;om)g also indicate the mean positions of each well-defined layer,
1()'1 - oy I = relative to a common reference height approximately at the
@ 5 0 A driving boundary. It can be deduced from the slope on this
> 107 F “x Ny E semilog plot that the exponential decay length gradually var-
= aF T A : ies from approximately & on the top, to dl near the bottom.
Ax 107 F ‘3‘.0 Al 3 For the disordered final state created with the same amount
> | 4 f Cysellzeadstae % A 7 of glass beads, the height-dependent asymptotic velocity are
v 10 F o o E measured at two vertical planes during one experiment. This
5F © onaflatbottom ")“ E is because, unlike the crystallized state, the grain velocity of
10 ' X, ‘ a disordered state shows a decay towards the sidewalls
10-6 T T T [42,45 although generally not more than a_factor of 10; there
0 5 10 15 20 25 exists a finite slip velocity against the sidewalls. Velocity
zld profiles of either state obtained from multiple experiments

(reset by fully stirring the grainscan differ slightly; maxi-

FIG. 7. (Color onling The asymptotic mean velocity profiles for mal variation found near the bottom of the flow but is still
different final states and boundary conditions. Velocities are norfess than a factor of 10. This variation may be related to
malized by the speed of the driving boundary, which is close to small differences in the degree of local ordering in the lower
=0. The positions of the top lay¢indicated by the left endpoint of portion of the flow, which evolves rather slowly. Information
each data sgtre slightly different for flows of different final states regarding the reproducibility of the velocity profiles and the
or on different bottom conditions, but are within the order of grain cglibration methods that are used for combining different im-
diameter. The data points for the crystallized state on the monolay%ge patches will be provided in a forthcoming thedis].
bottom are fitted by a quadratic curve shown in g(@ye triangles Our measurements show that the downward decay of the
and squares represent disordered-state velocity profiles meas”rﬁgymptotic mean velocity in the crystallized state is signifi-
during the same experiment but at two different vertical planes. Th%antly steeper than in the disordered state. A similar effect is
distance from each of the two vertical plane to the outer sidewalhlso qualitatively reflected in the step decreases of lower-
are, re?‘peCtive'y’ 1/4 and 1/3 of the spacing between the concentquer particle velocity at the crystallization transition as
cylindrical walls) shown in Fig. 2d), even though the grain velocity in the

) ~disordered phase may not have reached its asymptotic profile

flat or monolayer bottom boundary, there is only a singlepefore the transition occurs. A plausible explanation is that
attractor (the ordered staje while for the bumpy bottom, the stronger decay of velocity in the crystalline state is a
there are two attractors. The role of the oscillatory shearingonsequence of the reduction of downward transfer of hori-
could perhaps be modeled as a perturbation affecting thgontal momentum due to the formation of hexagonally or-
current position of the system point relative to the attracgered horizontal sheet&ig. 4 of Ref.[42]) that slip over
tor(s). It would be interesting to consider how to define the adjacent layers in a coherent way that generates less shear
variables spanning phase space and the underlying differefesistance than in a disordered state; this is consistent with
tial equations to implement such a “dynamical systems” eXthe direct measurement of shear force. In addition, we inves-

planation. tigate the individual and collective particle motion in the
macroscopically steady states, as well as during the transient
V. VELOCITY PROFILES OF THE TWO FINAL STATES response; several interesting phenomena, such as the behav-

ior similar to the zigzag motion discussed in Rgf&1,25,
In Fig. 7, we compare the time-averaged particle velocitywill be reported in a subsequent publicatiptb].
of different final states measured along vertical image slices. Internal imaging of the generally disordered state reveals
For either the crystallized or the disordered state, the santhat grains near the sidewalls can become locally ordered in
pling starts after the packing has evolved under an unidirecvertical planes with local hexagonal structure. This wall-
tional shearing at a speed ofd/3 for several days, corre- induced local order is oriented quite differently than the hori-
sponding to 16d of total translation of the upper boundary. zontal planes of the globally crystallized state. For example,
This ensures that the velocity field has reached thén the images for calculating the disordered-state velocity
asymptotic value. Since the height-dependent grain velocitprofiles in Fig. 7, this hexagonal structure is visible at one
varies over several decades, we extract particle velocitiegertical plane that is closer to the sidewall than the other
from local imaging of patches recorded at different frameplane, in which grain configuration appears to be random. In
rates(as illustrated in Fig. 2 of Ref42]); each data point is Fig. 7, we choose the bin width for the disordered state in a
determined from a local average overrd®f accumulated way that each of the triangles corresponds to one row in the
particle displacement. Within the entire range of parameter&2-layer sidewall-induced structure. Nevertheless, the pres-
used in our experiments, the local mean velocity varieence of this sidewall-induced local order does not have as
smoothly with vertical position; we do not observe abruptstrong an impact on the velocity profile as does the 24-layer
internal shear zones such as those reported in previous simstructure of the crystallized state, because the sidewall-
lations of sheared dense packings with a large imposed presiduced structure is not oriented in a way that favors slip
sure[8] or of dilute repulsive particles under suitable condi- between layers oriented perpendicularly to the imposed ve-
tions [21]. locity gradient. This is a useful example showing that the
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local granular rheology depends not only on degree of order- The different internal packing structures result in signifi-
ing, but also on its orientation. cant differences in the rheology of these two states. The
The increased spatial gradient of the particle velocity intime-averaged particle velocity fields differ qualitatively
the crystallized state, and the observed step decrease #2,49. In the crystallized case, the particles form nearly
granular volume and shear for¢Eig. 2), suggest an inter- rigid plfanar structures Fhat are parallel to the driving bound-
pretation of the crystallization transition as producing an@ry While translating with different mean speeds; the coher-
anomalous reduction of local “viscosity” at all depths, de-€nce length for each plane spans the entire sysaout 30
spite the larger coarse-grained density in the crystalline stat@rain diameters horizontally The disordered state, on the
However, the concept of viscosity in ordinary fluid mechan-Other hand, exhibits significant decay of grain velocity to-

ics is questionable in the present context, because the m\ﬂ\[ards the smooth concentric sidewalls. Our precision mea-

merical value of the local viscosity would have an anoma-Surements of the height-dependent time-averaged grain ve-

lously wide distribution for two reasonsl) The local locity, which span more than five decades, indicate that the

locit dient varies drastically with depth. while conser-veIOCity in the crystallized state declines more rapidly with
velocily gradient varies drastically wi pth, whi depth than occurs in the disordered state. In addition, both
vation of momentum suggests the shear stress does ngie

: e granular volume and the boundary shear force are signifi-
change by the same amount unless the drag force exerted Rynqy |ess in the crystallized state than in the disordered

the sidewalls is very large—a very unlikely scenario in ourgiate: therefore these two external measurements can serve as
apparatus with the aspect ratio of cross section in order ongiternative indicators of the state of the interior when direct
as well as the smoothness of sidewal®. The steady-state jnternal imaging is not availablee.g., in systems of dry
shear force in our system does not show measurable depe@rains).
dence on driving speeds, and can persist almost indefinitely 1pe stronger gradient of velocity and smaller resisting
after the stepping motor is turned off, showing no detectablenear force in the crystallized statgompared to the disor-
change beyond the span of our observatiorore than a  gered state at the same normal load and driving Spesa
weeK. The extremely slow relaxation of stress in densepe consistently explained: the hexagonally ordered layers can
granular materials is discussed in a previous work by Hartley|ip over each other coherently; this results in a lower resis-
and Behringe[47]. tive force and a stronger reduction of mean velocity with
The velocity profile of the crystallized state can be fitted gistance from the driving boundary.
to a quadratic curve on the semilog graph and gives The scenario of the evolution and stability of the two
Vy(2)/Up=0.798 exf0.103(z-2)/d]-0.0237%(z-2))/d]*},  states of internal order under shear driving depends on both
where the reference heiglip=-1.3d is the height of the the houndary condition of the stationary substrate and the
interface between the driving surface and the grains as obtensity of the initial packing. When a thick granular packing
served from the images. The decay length can be exacted hy placed on a bumpy stationary substrate, an uncompacted
definingl(2)=Vy(2)/Vy(2). The range of values dfz)/d ob-  disordered state can be unstable in the sense that a few cycles
served here are generally larger than the measurements ¢ oscillatory driving can promptly generate significant par-
Refs.[30,32, but smaller than some two-dimensional simu-tial ordering in the bulk. Driven by a unidirectional shearing
lation results[8,16]. A full discussion of the functional form  subsequently, this partial ordering can either be eliminated or
of the velocity decay, its dependence on the total thickness afan evolve into a global crystallization in an apparently sto-
the flow and particle size, and the comparison of our meachastic fashion, depending on details of the partially ordered
surements with previous work on the velocity profile, arestate. On the other hand, once the disordered state with the
beyond the scope of this paper and will be included in asame boundary conditions has been sufficiently compacted,

separate publicatiofd5]. e.g., by a long-term unidirectional shearing with a fixed nor-
mal load, the disordered state becomes highly stable; oscil-
V1. CONCLUSION latory shearing becomes ineffective in generating the partial

ordering that can be induced in the uncompacted case.
Granular packings driven by a slowly moving boundary  On the other hand, when we use either a flat substrate or
exhibit complex time evolution of internal structure and rhe-monolayer bottom with a quasihexagonal structsdich
ology. For a thick packing of nearly mono-disperse granulaiappears to be the most favorable boundary condition for
material under long-term unidirectional shearing, the finalcrystallization), the disordered state is generally unstable
outcomes can be categorized into two well-defined stéi¢s: against boundary shearing and always evolves into a globally
A crystallized state in the form of creeping hexagonal latticecrystallized state. When a unidirectional boundary shearing
planes oriented perpendicularly to the imposed velocity grais applied to a thick packing with these substrate conditions,
dient; the structure is global and persistent, but containghe crystallization transition occurs with a long precursor in
some defects(2) a disordered state in which no significant which internal grains remain largely disordered; compared to
spatial order is found in the bulk, except in a few layers neathe entire course of evolution, the crystallization transition
the smooth vertical confining walls. When the system isappears as a relatively sharp change where granular volume,
driven under a fixed normal load, the granular packing unthe shear resistance, and the grain velocity profile simulta-
dergoes a decrease of total volume with time before settlingeously change, along with the degree of internal ordering.
into either of the two final states. Once sufficiently com-The duration of the precursor appears stochastic within an
pacted, both states are stable against perturbations producerier of magnitude, and is comparable to the characteristic
by oscillatory shearing. time for the grains near the stationary bottom to move a few
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particle diameters relative to the boundary, or to each other |z
this characteristic time varies drastically with the thickness
of the packing and scales inversely with the driving speed. X
The sensitivity to substrate conditions and the long precursol
seems to imply a mechanism similar to epitaxial growth <V.>
[44,28. However, there is no clear evidence that the ordered XZ1
domain grows from the substrate upwards, because the ok +—
served crystallization process is highly nonuniform. In any
case, the abrupt appearance of the shear-induced crystallizi __________.
tion of an initially disordered state may be unique to granular
flows due to their strongly nonlinear velocity profile, in con- d
trast to other sheared flows such as colloidal suspensions. —---¥---====
For granular packings with smaller total thickness, for
example, 14 equivalent layers or less, the crystallization car
be incomplete and shows a quantized dependence on th.
exact amount of material in the system. As the total thickness . . ,
decreases, the “wo states” as well as their stability become_F'C: 8- (Color onling Schematic representation of a granular
less well defined. For these reasons, our discussions aboyaca" flow. Two highlighted spheres are in contact at heigfithe
focus on sheared granular packings as thick as 24 equivaIeH?Shed curves represent the center-of-mass trajectories of each
layers. Detailed information regarding the grain-level dy-Sphere'
namics of internal grains, including their time evolution and
response to unsteady driving, will be provided in a subse- ACKNOWLEDGMENTS
quent publication. Further experiments are needed to under- o appreciate the contributions of Tom Lubensky and
stand other factors that influence the time evolution OfGreg Voth to this work. We thank Baruch Meerson and Mark
packed granular material under shear, for instance, the role ¢§,ppins for sharing with us information regarding the com-
particle anisotropy or polydispersity, which leads to size segp, ter simulations performed in their research groups. J.C.T.
regation and should suppress crystallization. _is grateful to Bruce Boyes for his assistance in constructing
The granular flow reported here is in the creepiqgasi- e apparatus. This work is supported by the NSF Division of
statig regime throughout the entire system. This is not onlyy1aterials Research under Grants No. DMR-0072203 to

suggested by theoretical estimates, but is also consistent with,\erford College, and DMR-0079909 to the University of
experimental facts. For instance, the measured velocity VarPennsyIvania(J.C.'l").

ies smoothly with position, and has a functional form that is
invariant with respect to two decades of change in drivingAPPENDIX: RANGE OF DRIVING SPEEDS TO PRODUCE
speedq42]. The magnitude of time-averaged grain velocity CREEPING FLOWS

at each height scales linearly with the imposed boundary H timate th bound of drivi ds f
speed, down to extremely slow boundary translation ere we estimaté he upper bound of driving Speeds for a
(0.1d/s). sheared dense packing to remain in the regime of creeping

This work on creeping flows raises interesting theoreticaﬁquas'Staw’ flow, under a fixed normal load. Consider uni-

questions: how to relate the granular rheology to the internalOrrnly sC;zed, rll(or;coh%swe, rigid parﬂc!es ?f rr&aBTind dld-
structure; how to explain the ordering mechanisms unde?rr]neterd, Ipac e chm er ahcomp_resslve oa aong:]n
steady or oscillatory driving; how to construct a model with sheared alongx-and x, as shown in Fig. 8. Here we choose
a minimal set of internal state variables to account for the® local reference frame in which the value of time-averaged

stability of different internal structures, the apparent stochas\-/(alocIty (Vi as a function of height appears antisymmetric

tic selection of evolution, and the gradual compaction-With réspect toz, a reference height where the two high-

induced stabilization. In Sec. IV D, we speculated about théighted particles contact. If t_he Iocal.granlljlar stress is_high
possibility of constructing a dynamical systems picture of theerjo_ugh to keep all pqntactmg part!cles in either static or
state of order of the system. sliding contact for a finite dur_atlo(untll they are eventually
The connection between creeping flow and granular statifulled apa_tj, th_ese two particles would move around the
stateg48] is also interesting: given the observed irreversibleCONtact point with a radius of curvatut#2 and an angular
evolution over time, our observations raise the question of€10CIY ©@=~(Viz105/0.5d=y. Because the assumed non-
whether a slowly creeping flow can be viewed as a stationar§ohesive contacts between the two spheres only sustain a
ergodic ensemble of all possible static particle configuration®0Sitive stress but not a tension, this is equivalent to the
(as is commonly assumed, for instance, in R81]). It may condition that the “normal” _compor_ler(FN) of the total
instead be a weighted subset in which some configurations d@rce exerted by all surrounding particles on each of the two
particles become inaccessible as the total volume evolves. Tyghlighted spheres needs to be greater than the centripetal
understand the gradual evolution of slowly flowing granularforce mw?d/2 required for the local circular motion. That is,
materials, further development of experimental probes into MY2dI2 ~ me?di2 < Fy = o2 (A1)
the evolving internal structure, supplemented by noninvasive N e
detection of interparticle stregsee, e.g., Refl49]), seems in which o, stands for coarse-grained normal stress along
highly desirable. the z direction. We can define a dimensionless number
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X=3myd 1032, which represents the ratio of the centripetald=10" cm, Neq=1C%, g=10° cm/s* and an empirical value
force per particle to the normal force per a#aThe stress 1=3d, we estimate that the transition threshold fdy is 4
components,, can either be mechanically imposed, or arisex 10°d/s, which is more than two orders of magnitude
from grain's self-weight, or both. We can alternatively ex- higher than the highest driving speedd1g used in our
presso, A° asmgNyg, in which Neg is the equivalent number  eyperiments. Therefore, the shear flows reported in this

of layers whose weight produces a stregsat the location naher are entirely in the creepiiguasistatis regime where
being considered. For granular materials in a sufficientl <1

wide container where the Janssen effect can be neglptted o . L
grain weight contributes to the normal stress at ang E?rizon- When the shear ratg IS hlgf_l'or the stress is low, it is
tal internal plane with the correspondindy, equal to the p'o.35|ble to reverse'the |nequallt!es abovg; for example, tran-
actual number of layers packed above the plane consideredition from the regime of creeping flow into the “granular
The shear raté can be approximated ky/,)/l wherel is gas” regime can be found either locally or globally in high-
the local exponential decay length for grain velocity, with speed annular shear ce[t35,37 with their normal load re-
having empirical values of a few particle diameters. For aduced by a counterweight. For an inclined gravity-driven
packing sheared from above under the influence of gravitygranular flow with an upper free surface, it is commonly
the highest shear rateand lowest stress,, occur at the first  observed that particles within a few grain diameters of the
layer adjacent to the shearing surface; therefore the criteriosurface are in a dynamical regime that is qualitatively differ-
EqQ. (A1) becomes ent from that of the creeping grains deep dow&ee the
U2 experiments and measured velocity profiles in RE8,50.)
m(—) d2 < o, 02 (A2) Note that with an upper free surface, the smallest meaningful
! value of Neq in the estimate proposed here should be 1 in-
or alternatively stead of 0, due to the weight of the first layer itself.
U-\2 In the preceding discussion, cohesivity, friction, finite ri-
m<—°> d/2 < mgN,, (A3) gidity (elasticity) of grains, and their interaction with inter-
I stitial fluids are neglected; the analysis here is meant to be an
where U, stands for the mean velocity of the first layer, order-of-magnitude estimate of the threshold above which

which is close to the boundary speed. Using the parametetbe departure from creeping flow can occur.
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