PHYSICAL REVIEW E VOLUME 61, NUMBER 6 JUNE 2000

Compaction of rods: Relaxation and ordering in vibrated, anisotropic granular material
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We report on experiments to measure the temporal and spatial evolution of packing arrangements of aniso-
tropic, cylindrical granular material, using high-resolution capacitive monitoring. In these experiments, the
particle configurations start from an initially disordered, low-packing-fraction state and under vertical vibra-
tions evolve to a dense, highly ordered, nematic state in which the long particle axes align with the vertical tube
walls. We find that the orientational ordering process is reflected in a characteristic, steep rise in the local
packing fraction. At any given height inside the packing, the ordering is initiated at the container walls and
proceeds inward. We explore the evolution of the local as well as the height-averaged packing fraction as a
function of vibration parameters and compare our results to relaxation experiments conducted on spherically
shaped granular materials.

PACS numbds): 45.70.Cc, 05.40-4a, 81.05.Rm

[. INTRODUCTION equal-sized spheres, computer simulations, as well as experi-
ments on steel balls, have foup#l5] that the maximum final
The packing of identical objects inside a given volume,packing fraction is set by the random close packing limit,
from atoms to large molecules and polymers to macroscopip,.,~0.64. Physically, this limit corresponds to amorphous
particles, is an important problem in many areas of scienc@acking configurations that are fully frustrated by geometri-
and technology. For thermal systems, there are well-definedal constraints and unable to compact further. We note in this
optimal packing configurations, corresponding to thermody-context that dtopologica) effective temperature of the pack-
namic equilibrium. In particular, at high packing densities,ing may be defined in terms of the available free volU®e
these equilibrium configurations correspond to ordered, ofteor compactivity[ 7]. Increases in volume fraction then corre-
crystalline, states. However, in many systems, such aspond to decreases in this temperature. High densities around
glasses, competing interactions between the individual corp,, are only reachable via careful cycling of the excitation
stituents prevent a thermodynamic equilibrium from beingintensity[8], similar to thermal cycling during annealing pro-
reached over experimentally accessible time scales. Furthecedures. For fixed excitation intensity, the packing will
more, there are large classes of nonthermal systems, includvolve toward final configurations reflecting a balance be-
ing foams and granular materials such as sand, rice, or phatween defect creation and annihilation. This suggests a sec-
maceutical pills, for which ordinary temperature is irrelevantond (dynamig type of effective temperature associated with
and the usual concept of a corresponding, thermodynamithe strength of the applied forcing. Recent experiments
equilibrium does not exist. In these systems, localshowed that the corresponding final densitigsare ap-
temperature-driven fluctuations do not couple to particle moproached logarithmically slow in timi,10]. In a number of
tion in an effective manner and do not allow for a full ex- theoretical models this slow relaxation was explained as aris-
ploration of configuration space. At high packing-densities,ing from geometrical frustration due to excluded volume
the most stable, ordered configurations are therefore rare[l0—16], and analogies to glassy behavior were drair—
reached and the packing becomes trapped in metastable, d3]. Furthermore, it was found that, at short times and low
ordered states. Important questions for these strongly norexcitation levels, the system can only explore a limited re-
equilibrium systems remain only partially answered, such agjion of configuration space, resulting in highly irreversible
how the metastable configurations respond to perturbationgehavior and memory effects. Only after sufficiently long
and how the packing fractiofi.e., the fraction of volume times and large excitation levels does one reach a reversible,
occupied by the granular matepiavolves over long times. steady-state respon§,20] in the sense that the two effec-
Macroscopic granular materials provide a model systemive temperatures track each other, i.e., the packing fraction
for the exploration of these issugd—3]. In a three- becomes a monotonic function of applied forcing.
dimensional (3D) packing of monodisperse, rigid spheres  Actual materials, and certainly macroscopic granulates,
held together by gravity and frictional forces, there is atypically are far from perfectly spherical and often elongated.
myriad of metastable states, each corresponding to a diffetdnder thermal conditions, particle anisotropy is known to
ent packing configuration that satisfies mechanical equilibgive rise to ordering in a variety of systems, such as liquid
rium, yet with packing fractiop far less dense than the most crystals[21], rodlike colloidal virus particle$22], and cer-
stable, crystalline configuration for whigi=0.74. Configu-  tain polymerq23]. For example, a fluid of long, rigid rods at
ration space can be explored conveniently through the applihigh packing fraction will undergo a transition to an ordered
cation of external mechanical excitations, such as shaking arematic phase in which the rod axes align along a common
vibrating. Starting from an initial, low-packing-fraction con- direction [24]. In nonthermal systems, on the other hand,
figuration, the packing evolves over time toward analmost all work to date has focused on spherical particles and
asymptotic, higher-packing-fraction state with a more com-he effect of particle anisotropy on the stability and evolution
pact particle arrangement. For disordered 3D packings obf packing configurations has been largely unexplored. Re-
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cent theoretical work by Baulin and Khokhl$25] on sedi- P 20mm- - - - - -
menting solutions of long rigid rods investigated the limit
that externalgravitationa) forces far outweigh thermal fluc-
tuations and predicts an isotropic to nematic transition for
increasing packing fraction. The nature of the transition into
the nematic state was studied by Mounfield and Edwards
[26] for a model of granular rods. They concluded that an
externally imposedflow) field was required to stabilize a
discontinous, first-order-type phase transition into a highly
ordered nematic state; otherwise there would merely be a
crossover during which the ordering increases continuously
with decreasing compactivityor increasing packing frac-
tion). Buchalter and Bradlef27,28 used Monte Carlo simu- | B
lations to study packings of rigid, prolate, or oblate ellip- =
soids. They found that these systems form amorphous, glassy
packings with long-range orientational order. Some limited _ )
experimental data on the compaction of nonspherical, prolate F!G- 1. (&) Schematic of the experimental system used for ca-
granular materials under vibrations has been published bgacmve measurements of the packing frgctlon. The setup consists
Neuman[29], but, to the best of our knowledge, no informa- °f @ Measurement column with four capacitors and a control column
tion on the degree of ordering or on the asymptoticallyw'th t\(vo capacitors for trgckmg electro_nlc drlft._T_he initial packing
reached, 3D packing configurations is available. This lack of ate Is prepared by fluffing with dry nitrogen injected through the
T L9 : . . valve shown at the bottom(b) Sketch of the measurement tube
systematic investigations is surprising, given the enormou§

; t f at | terials | id ross section. Two capacitor electrodes are shown at the tube pe-
importance of prolate granular materals in a wide range Ol qor The active region sensed by the capacitor lies between the

Vacuum
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Nitrogen

— )
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r
i

geological and industrial processes. . dashed lines(c) Time trace of an individual, vertical “tap” as
Here we _SFUdy 3D _paCk'r_]g_S corr_lprlsed of prolate gr'EmUI""Fneasured by the accelerometer. The peak accelerdtiois, indi-
material: millimeter-sized rigid cylinderé‘rods™). Apply-  cated.

ing discrete mechanical excitations, or “taps,” we let the

system evolve from an initial, low packing fraction to a final, jyteryals sufficiently longtypically 0.5 § to allow complete
high-packing-fraction state. During this relaxation processyg|axation of the system. The vibration intensity was moni-

we monitor the local packing fraction noninvasively and cor-;, a4 using an accelerometer. In the following we param-

relate it with direct visual images of the packing configura- o176 the tapping intensity by, the ratio of the measured

tions. We are specifically interested in the question of hOV\beak acceleration to the Earth’s acceleration9g81 m/2
two competing factors affect the packings’ evolution as th Fig. 1(c)]. The bottom of the tube contained an entry way

packing fraction increases: on the one hand, the tendency . dry nitrogen, which was used only in the preparation of

randomly arranged rods to lock up in a disordered state b&pe injtial, low-packing-fraction state of the sample. Through
cause of steric hindrance and friction, and on the other han e top of the glass tube the system was placed under

the possibility, provided by both gravity and container walls, . ,ym during runs. A control tube similar to the tube de-

to align and form ordered, nematic-type configurations. OUkiined above, filled with the same material but not vibrated,

results show that there are characteristic stages to the eVOIWas used to measure electronic drift. In order to eliminate

tion, corresponding to either process. We find that, dependsie cyrostatic charge, the particles were prepared by blowing
ing on the tapping history and intensity, highly ordered final;y iz nitrogen gas across them prior to each experimental

states are achievable, in contrast to sphere packings under the, During each experiment, the material was observed

same experimental conditions. . closely to confirm that no static charging occurred.
This paper is organized as follows. In Sec. Il we describe The evolution of the packing fraction between taps was

the experimental setup and procedure. Results on the relag;qnigred hoth globally by recording the total filling height

ation and alignment behavior for a range of excitation iNteN-¢ material inside the tube, and locally using a capacitive

sities are shown in Sec. lll and_dis_cussed in Sec. V. SeCtio'ﬂechnique. Mounted along the outside of the tube were four
V contains a summary of the findings and conclusions. capacitors made from pairs of copper strips, each 1.25 cm
wide and 17 cm in length. Each of the capacitors was sensi-
tive to a measurement volume inside the tube defined by a
slab of cross-sectional area as indicated in Fifp) {labout

All experiments were performed on monodisperse nylon70% of the total cross-sectional area of the jul@e ascer-
6/6 rods of specific density 1.14%.005 g/cmi, each 1.8 tained that there was little sensitivity to material placed out-
mm in diameter and 7.0 mm in length. Approximately 7200side this active volume. The capacitance was read by a ca-
of these rods were filled into a 1-m-tall glass tulie90-cm  pacitance bridge with 1 fF resolution. The relation between
inner diameter mounted vertically on a Bruel and Kjaer packing fraction,p, and capacitanceC, was found to be
4808 electromagnetic vibration exciféfig. 1(a)]. As in pre-  linear, p=—3.47x10 1+2.35x 10" 3C, where C is ex-
vious experiments on spherical particl@s-10,3Q, vertical  pressed in fF(Fig. 2). This figure contains data from all
vibrations were applied in the form of individual shaking capacitors, with readings for the empfy=0) tube and for a
events(“taps”) by driving the exciter with a single cycle of solid nylon rod occupying its total volume & 1), as well as
a 30-Hz sine wave. Successive taps were spaced by tingata for intermediate packing fractions. For the latter, the

Il. EXPERIMENTAL SETUP AND PROCEDURE
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FIG. 2. The capacitor calibration used to determine the packing  0.50 [ ' © o
fraction, p, from the measured capacitan€,at various heights in 0.45 L, , , ‘ , . . . . , .
the column. The circles, triangles, down triangles, and crosses are 10° 10" 102 103 10* 100 10! 102 103 10* 10°
for capacitors 1, 2, 3, and 4, respectively. The data is seen to be t+1 t+1

well fit by a linear relationship.
FIG. 3. The evolution of the packing fraction(t), as a function

tw thod | . " lid rod tially int of tap numbert, for several acceleration$], as indicated. Each
o methods employeda) inserting a solid rod partially into plot contains traces for regions 2, 3, and 4 along the height of the

a capacitor otb) compacting a test sample of cylinders with y e [Fig. 1(a)], shown by solid circles, open circles, and crosses,
a known number of particles inside the measurement VOlrespectively(we excluded region 1 since it was partially emptied
ume, both yielded the same results, indicating that particl@uring the compaction of the colummost pronounced for smaller
shape effects do not significantly influence the packingi’, we observe three distinct regimes, corresponding to separate
fraction measurements. physical processes as explained in the text.
Because visual tracking of particles through the tube side
walls was limited to areas between capacitors, we used done in a cyclic heating and cooling process, wih/At
separate setup with a tube of the same diameter but shortplaying the role of an effective heating or cooling rate.
(21 cm and without capacitors to explore qualitatively the
evolution of particle orientations. This was done by video
taping the material through the outside walls and also from Ill. RESULTS
above. In addition, careful layer-by-layer vacuuming allowed Figure 3 shows the evolution of the packing fraction,
us to map out the depth dependence. p(t), for different capacitor regions as a function of tap num-
For each run, the 1-m-tall tube was filled with 143.1 g of per, t. Data for four different accelerations are shown. Each
material to a height of (82:80.3) cm. The material was curve is an average of five independent runs and the error
then fluffed with nitrogen to an initial filling height of bars, for sake of clarity given only for capacitor 2 in the
(90.6-0.5) cm, corresponding to a packing fractign ~ =4.5 graph, represent the general rms variation. In order to
=0.49. We found this to represent the least dense, reprodudisplay the initial packing fractiorp(0), the tapnumber(or
ible initial packing state attainable. Both measurement andime) axis on all plots has been incremented by one tap.
control tube were then placed under vacuum to isolate them The evolution shown in Fig. 3 exhibits three distinct
from environmental changes in the room during a run. stages, which we call the initial relaxation stgge to about
Here we describe two sets of experiments. In the first setl0® tapg, the vertical ordering stagéetween roughly 10
the material was tapped 70000 times at fixed acceleratiorand 1¢ taps, and the final, steady-state regime.
and capacitance readings were made after certain, fixed tap During the initial relaxation stage there is a quick increase
intervals. Simultaneously, the average packing fraction of thén p during the first decade and then a leveling off to a
column was recorded by measuring the overall filling heightplateau near 0.55. This saturation is highly pronounced for
with a ruler. Prior to each experimental run, the system wa$'=4.5, 5.5, and 6.5, but much less so fo+7.5. The sec-
returned to the same loose-packed initial state by removingnd stage is identified by an abrupt increase in packing frac-
all material, refilling and fluffing with nitrogen. This was tion, which becomes less steep and smallef ascreases.
done to remove all traces of ordering from previous runs. InThis increase in packing fraction coincides with a nematic
the second set of experiments, we explored the effect of taprdering of the material, during which the material aligns
ping history on the packing-fraction evolution. A fixed num- vertically, parallel to the tube walls. Figure 4 shows snap-
ber, At, of taps were applied to the system and the finalshots of the particle configurations during this alignment pro-
packing fraction was recorded. Without refilling or fluffing cess, taken midway down the height of the tubelfer4.5;
the system, the acceleration was adjustedMdy and the (a) and(b) are side views, as seen through the tube wall, of
measurement process was continued, rampirigpm 1.5to  the initial, randomly packed state, and the highly aligned
7.5 and back several times. This is similar to what would bearrangement of the outer layer at some point toward the end
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FIG. 5. The time evolution of packing fraction as determined by
column height,py,(t), for shaking intensitie$"=4.5, 5.5, 6.5, and
7.5, represented by squares, circles, triangles, and diamonds, re-
spectively. The three stages seen in the capacitance data in Fig. 3
are also visible here. The crosses reprepg(tt) for an experiment
with different initial conditions in which the fluffing step in the
system preparation was omitted. The inset shows a fit of the pack-
ing fraction for I'=4.5 throughout the vertical ordering regime
to Lon(t) = pn(t) 1/ [pn(t) —pn(ti) 1= 20 (t =t )/ (t —t;) ] = [(t
—t;)/(t;—t;,)]% wheret; andt; are the beginning and ending time
of the vertical ordering stage, respectively, as discussed in Sec. IV.

and proceeds inward. We find that the start of the ordering
stage varies slightly with height along the tube, 1615
happening somewhat earlier at the top of the tube and mov-
ing downward[see Fig. 8)]. At higher accelerationsl’

FIG. 4. Snapshots of particle configurations at various times— g 5 gand 7.5, the vertical alignment at the end of the order-
d_uring the packing evc_)luti_on(a) The particle Configgrat_ior_\,_qs ing stage is less perfect and at the highest accelerations ex-
viewed from the side, is disordered after the material is initially plored,I" = 7.5, the ordering stage becomes less distinct, par-

filled into the column.(b) After relaxation caused by many thou- e\ iarly for the lower regions of the container. Final, steady-
sands of taps the particles line up vertically and can form a h'ghlys ate configurations at these accelerations are very similar to
ordered, nematic state. The progression from disordered to order é

) . L ose in Fig. 4e), where only the outside is well aligned
is best seen by carefully removing the material in the upper half Ozvhile the inside still exhibits numerous defects.

the column and viewing from above)—(f). The initial, disordered . . g .
state(c), evolves into a state with order only along the wll after In the final steady-state regime both the initial relaxation

about 2000 taps df =4.5. After about 6000 taps, order has propa- and _subsequ_ent _vertlcal ordering have saturated and the
gated in from the wallge), although the particles are not yet per- Packing fraction is found to fluctuate around a constant,
fectly aligned with the vertical in a nematic state. The long time @Symptotic value(Fig. 3). This final packing fraction typi-
behavior(f) is a nematic state with B-dependent degree of disor- Cally increases with depth below the free surféioeour data

der in the interior, similar to that viewed from the side(). for '=4.5 the differences may be too small to be signifi-
cany. For accelerations beloW=4.5 we found the dynam-
of the ordering stage, respectively. ics to be exceedingly slow, preventing an asymptotic state

Images(c)—(f) of Fig. 4 show top views of the packing from being reached by= 10°, the longest tapping interval
interior, obtained after careful vacuuming out the material inexplored in these experiments.
the upper half of the column. The initial staf® shows the In Fig. 5 we show the average overall packing fraction as
material as pourecbut not fluffed. After 2000 tapgd), the  determined by the total height of the material in the tube,
particles have lined up along the edge of the tube, while itpy(t). Clearly visible is the significant increase of final pack-
interior remains disorderegtart of ramping domain After  ing fraction for['=5.5 and below. In genergh,(t) mimics
6000 tapde), the particles in the interior also have begun tothe three stages seengift). However, the onset of the ver-
orient vertically. The final, steady-state regime is a densetical ordering regime is not as abrupt fpp(t) as it is for
highly aligned configuratiorff). This image sequence dem- p(t), nor is it preceded by the slight dip in volume fraction,
onstrates that the vertical alignment starts at the tube wallahich ends the first domain in Fig. 3. A direct comparison of
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FIG. 6. Comparison of packing-fraction evolution as determined 050
by height and capacitance. The packing fraction as determined by 0 2 F4 6 8

height,pn(t), is shown as solid triangles. The average packing frac-
tion of the column{p(t))y , determined by averaging the capacitive g 7. packing fractionp,,, at various stages during experi-
measurements in Fig. 3, is shown as open circles. The differencgents in which the system was not allowed to reach a steady state
between the curves reveals the existence of a radial packing;efgre changing the acceleratidh In (a), the system was tapped
fraction profile, which evolves over time as the system orders. Thgsr At=100 taps at each accelerationTasvas ramped from 1.5 to
crosses shown iifa) represent(p(t))y, for different initial condi- 7 5 angd back for several cycles in stepsAdf=1.0. The system
tions in which the fluffing step in the system preparation was omitiycreases in packing fraction irreversibly before reaching a revers-
ted. ible steady-state branch, whesebecomes a monotonic function of
I'. In (b) the time interval was increased Ad = 1000, allowing the

pn(t) with the height-averaged packing fractiofp(t))n,  system to relax more at each acceleration value. The reversible
obtained from the capacitor data in Fig. 3, is shown in Fig. 6branch is reached after only 1.5 cycles.
As we will discuss below, the differences between the two
types of measurement reflect the fact that the active volumistence of memory effects in which the final state can depend
responsible fop(t) includes only a fraction of the material on the initial sample preparation and on the acceleration his-
near the tube wall. Also included in Figs. 5 and 6 is a traceory. In particular, from analysis of the packing-fraction fluc-
for I'=4.5 obtained under different initial conditions: instead tuation spectra it was found that there is an intrinsic, broad
of initial fluffing, the material was merely dropped into the range of relaxation time scales, many of which, however, are
tube and then tapped. We note that the memory of the prepaffectively “frozen out” if the acceleration stays below cer-
ration conditions persists only up to about 20 taps, aftetain valueg10,20.
which traces for different initial conditions coincide. Much of this behavior qualitatively carries over to the

Results from the second type of experiment are given ircylinder-shape particles investigated here. The data in Figs. 3
Fig. 7 for At=100(a) and 1,000b), usingAI'=1.0 in both  and 6 indicate a nonexponential relaxation of voids in the
cases. The ramp rates are fast enough that the material dgeacking during the first stage of the packing-fraction evolu-
not have time to reach the steady state during the first pasgon. At the highest acceleration, when effects due to particle
Consequently, the packing fraction initially does not dependalignment are weakefFigs. 3d) and &d), we find thatp(t)
on acceleration alone, but also strongly on the vibration hisincreases approximately logarithmically before it eventually
tory: AsI' is ramped first up and then down and up againsaturates. Such logarithmic relaxation arises naturally from
several timesp;, slowly cycles toward a reversible regime in free volume considerations, in which the ability of particles
which p,(I") becomes monotonic. For fast rates, as in Fig.to find and occupy any of the remaining free space decreases
7(a), a large number of cycles may be required; for slowerexponentially in time[10,11,18. In its simplest form, this
ramp rates the reversible regime may be approached mudtenario is independent of particle shape and, furthermore,
earlier[Fig. 7(b)]. only based on void annihilation. Without the additional pos-
sibility of defect or void creation, however, the system even-
tually has to jam at a final packing fraction that can only be
a monotonically increasing function of applied acceleration

Two central observations from recent, systematic com4{since hindrance effects are more effectively overcome at
paction experiment8—10,30 with spheres weréa) at fixed largerI’). Instead we find that, over the rangelirexplored,
acceleration the logarithmically slow approach in time to-the overall final packing fraction decreases with increasing
ward the final steady-state packing fraction, dhgthe ex-  acceleratior{Figs. 5, 6. As for spheres, this clearly indicates

IV. DISCUSSION
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defect production in response to tapping. Nevertheless, awainly by translation parallel to the cylinder axis. In cases
Fig. 7 shows, memory of the tapping history is not easilywhere the aligned system was particularly carefully cooled,
destroyed and can persist over tens of thousands of taps:ife also observed vertical stackifigeen for the outermost
during this time the tapping intensity is changed, the systenparticle layer in Fig. &4)] akin to smectic-type phases in
irreversibly moves into a new state of higher packing frac-liquid crystals.

tion, independent of whether the tapping intensity is in- As seen from Fig. 4, at any given height inside the tube,
creased or decreasggtl]. Only at sufficiently high accelera- the first particles to vertically align are those in contact with
tion and after sufficiently many taps is the reversible regimghe tube walls. Alignment then progresses horizontally in-
reached where the packing fraction depends monotonicallward, until the whole tube cross section is ordered. This pro-
on acceleration. This situation is similar to superheating ogression is also detected noninvasively from the difference in
supercooling in thermal systems. the packing-fraction values obtained by filling heigpt,(t)]

The prolate, anisotropic particle shape amplifies the abiland by capacitanclep(t),{p(t))n]. The fraction of particles
ity of 3D cylinder packings to sustain large voids. This is near the tube walls covered by the active measurement vol-
demonstrated by the low packing fractiop(0)=0.49 in  ume of the capacitors is less than 50%%g. 1(b)], making
Fig. 3 compared to 0.59 for spheres in the same experiment#ie capacitive measurements more indicative of the packing
setup[9]) for the loosest, mechanically stable configuration,fraction in the central tube region, along its axis. For this
by the large overall compaction range (0s49<0.72 in Fig.  reason{p(t))y is less tharpy(t) during the vertical ordering
3(a) compared to 0.59 p<0.65 for spheref9]), and by the stage until the ordering front has reached the tube center and
large fluctuations irp(t) in the steady state. the final steady state is obtain€égig. 6).

As Fig. 7(b) shows, packing defects can be annealed out, In the simplest possible picture, the increase in packing
first by either “heating” or “cooling” along an irreversible fraction during the ordering stage is solely due to conversion
branch and, once the reversible branch is reached, by “coobf disordered three-dimensional particle arrangements with
ing” to final packing fractions as high as 0.73. We note thatlarge void space to a dense, highly aligned configuration of
this value is roughly 10% smaller than the random closeessentially two-dimensional character. A model of this pro-
packing density in two dimensior82], p?c?)Z 0.82 , defined cess can be constructed as follows. We assume that cylinders
as the maximum packing fraction beyond which a transitionin the disordered state can align vertically only in the pres-
to an ordered triangular array would be necessary. Along thence of previously aligned neighbors that act as nucleation
reversible branch, memory of the acceleration history issites(this assumption of an essentially steplike front separat-
erased as long as “heating” or “cooling” steps are taken ating the isotropic from the nematic regions is supported by
sufficiently slow ratesAT/At. However, the maximum al- the calculations of Baulin and Khokhld25]). Then the or-
lowable rate itself depends on how far the system haglering proceeds at a ratN/dt=pn, whereN is the total
evolved: WithAT/At=10"2, in Fig. 7(a), the system clearly number of already lined-up cylinders behind the ordering
was cycled too fast“superheated” as well as “super- front, nis the number of open nucleation sites, gna fixed
cooled”) and stayed in the irreversible regime even at theprobability for alignment. Through the two-dimensional
highestl" until it had time to relax. But, once the steady statePacking fraction for discsN andn are related to the size of
is reached, the same fast rate produces very little, if anythe ordered area and its inner perimeter, respectively. For a
“supercooling.” cylindrical tube we findno N¢—N , whereN; is the final

Qualitatively, the response to acceleration cycling seen imumber of aligned particles att;, the end of the ordering
Fig. 7 is similar to that obtained for spherical partic[8.  stage. The square-root dependence reflects the fact that the
Presumably, therefore, concepts based on frustration due wumber of nucleation sites shrinks as the ordering front ad-
volume exclusion alone may model the observed behaviovances radially from the tube wall toward the tube cefttes
However, the shape ob(t) differs dramatically from the tube wall acts as a ring of nucleation sitestatt; when
sphere case because of the vertical ordering regime. Preb{t;)=0]. As a result, the fraction of ordered cylinders in-
ently available modelf7,11-20,33—3bfor p(t) do not ac- creases with tap number & 7)/N;=27— 72 for 0<7<1,
count for the orientational degree of freedom and thus ar#vherer=(t—t;)/(t;—t;) is the normalized tap number. The
not applicable without modification. measured increase in packing fraction is then directly pro-

The most crucial difference between sphere and cylindeportional toN(7)/N; . If we take as the start of the ordering
packings comes from the tendency of cylinders to alignstage {=t; in the above expressiprthe point in time at
along their long axis, both with each other and with the conwhich {p), first falls belowp;,, we find that the above func-
tainer walls. Vertical alignment along the direction of the tional form for N(7) fits the data quite wellinset to Fig. 5.
tube walls becomes noticeable after initial void relaxation Radial packing-fraction gradients, detected by differences
has started to saturateypically after~100 taps in Figs. 3 between(p(t)), and pn(t), are also found in the initial re-
and 6. After the void relaxation process saturates, verticalaxation stage and in the final steady-state regime. During
particle ordering becomes the dominant mechanism for comvoid relaxation, the capacitive data in Fig. 6 typically lie
paction. Note that, over the acceleration range explored, thebove those from the height measurements, indicating a
material once vertically aligned is highly stable against re-slightly higher packing fraction in the central region, away
orientation. from the walls. This is a consequence of two effects. First,

This ordering process bears resemblaf to the tran- the tube wall can provide stable pinning, preventing low-
sition from isotropic to nematic phases in liquid crysf@ld] = packing-fraction configurations from collapsmitial void
and for hard rods in thermal systeff#]. As in a nematic, collapse is accelerated if the material is merely dropped into
particle motion in the aligned granular state is found to occuthe column, rather than carefully fluffed, as seen in Fig.
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6(a)]. Second, next to the tube wall, the packing fractionby the capacitive measurements in Fig®)33(c) before the
naturally is reduced due to excluded volumignless the vertical ordering changes the overall particle packing frac-
packing configuration is commensurable with the tube voldion.) In principle, this argument might also lead to some
ume. Of course, once alignment along the tube wall haghitial vertical ordering along the tube walls from the pouring
begun, the outer regions become denser than the tube interiBfocess. From Figs.(4) and 4c), and also from the fact that
and the traces fofp(t)), and pp(t) cross. The slight dip the initial densitieg p(0))n andps(0) coincide in Fig. 6, we -
present inp(t) or (p(t))y at the end of void relaxation and find, howgvgr, no ewdenpe of such allgnmentz demonst_ratlng
the beginning of the ordering stagésr I'<6.5) indicates that grawtatlonal_ pot_e_ntlal energy far qutwelghs rot_atlonal
that the packing fraction temporarily decreases in the centr&intropy unless it is mitigated by the applied acceleration dur-
tube region. We speculate that this local dilation might be"d tapping.
required to allow particles to rotate and align with the tube
wall.

At high accelerations]'=5.5, a radial gradient in the
packing fraction remains even in the steady-state regime We have extended our investigations of the relaxation be-
(Fig. 6). At these accelerations, particles near the wall remaimhavior of nonthermal, granular material to highly anisotropic,
highly aligned while the interior exhibits packing defects cylindrical particle shapes. Using a combination of non-
[similar to Figs. 4d), 4(e)]. Consequently, the capacitively invasive, capacitive probes and video imaging, we have
measured steady-state packing-fraction values fall belowraced both the local and global packing fractjpas well as
those from the height measuremefftgs. b)—6(d)]. Inter-  the evolution of the packing configuratiofSig. 4) from an
estingly, for I'=7.5 this gradient develops only at large initial, low-packing-fraction to a final, high-packing-fraction
times. Conversely, fof' = 4.5 the fact tha{p(t)), andpp(t) state under applied mechanical excitations.
coincide at large times indicates a highly uniform packing- We observe many qualitative features also seen in the
fraction profile across the tube once the asymptotic state igelaxation of sphere packings and find them amplified by the
reachedcf. Fig. 4e)]. particles’ anisotropy. This includes an even wider range of

As far as particle configurations are concerned, the simumetastable configurations and thus a larger span of accessible
lations of prolate ellipsoid packings by Buchalter and Brad-packing fractiongFig. 3), as well as memory effects in the
ley [27,28 predict that the pouring and packing process byirreversible branch op(I") that are much more pronounced
itself should lead to a certain degree of nematic orderingFig. 7).
(“nematic glass’). In a (infinite) system without vertical In contrast to sphere packings, which tend to end up in
side walls this would be a consequence of minimizing thedisordered configurations even after prolonged tapping and
gravitational potential energy during particle deposition: thecycling, we find clear evidence that particle anisotropy can
first rods hitting the container bottom would tend to lay flatdrive ordering. This is most strikingly observed p(t)
and thus induce horizontal alignment of subsequent layersvhere we can distinguish three characteristic stdgags. 3
Such a state contains fewer large voids than a completelsgnd 6: First, a void relaxation stage takes the initially iso-
isotropic packing configuration and is thus denser. In outropic arrangement to an intermediate packing fraction near
experiments, this might be reflected in the difference bep=0.55. This is a state of vertically collapsed and thus pre-
tween the as-poured and fluffed traces Fo# 4.5 in Figs. 5 dominantly horizontally oriented particle configurations,
and Ga). Indeed, as the side and top views in Fig&)4nd  which may correspond to the nematic glass state seen in
4(c) show for the poured initial state, there is a preference focomputer simulationf28]. This state, however, turns out to
cylinders to orient toward the horizontal. As the eventualbe unstable to continued vertical excitations. During a sec-
merging of thep(t) curves for different initial conditions ond stage, the vertical ordering regime, particles realign their
indicates, the same vertically “flattened” packing state islong axes vertically. This ordering process starts from the
also reached from the more isotropic, fluffed initial condi- container walls, moves inward and eventually leads to an
tion, namely, as most large voids have collapsed aftd ordered, nematic-type configuration. We have shown that a
starts to level off[Fig. 6(a)]. At least for acceleration$' simple model can account for the change in packing fraction
<6.5 this packing state can be identified with a packing frac-during this ordering process. The imposed boundary condi-
tion p~0.55 tions at the wall stabilize the nematic state, effectively play-

Our present system is too sméh terms of lateral exteit ing a role similar to strong flow field$26] or packing-
to cleanly test whether the packing configuration at the endraction gradient$25]. The third, and final, stage is a steady
of the void relaxation stage corresponds to a horizontallystate with large fluctuations around an average packing-
orientated “nematic glass” state. According to R¢27]  fraction set by competing defect annihilation and creation
shaking is expected to eventually break up this orientationalithin the nematic-type particle arrangement.
order and our data are certainly compatible with this for long These results provide a first experimental step toward the
times and/or high accelerations. However, vertical shaking iriull exploration of the effect of anisotropy on ordering in
the presence of the tube sidewalls, rather than merely redustrongly nonequilibrium, nonthermal systems. Our experi-
ing the degree of horizontal ordering, provides a strong inments used a fixed aspect ration of close to four. Larger
centive for rods to line up vertically, similar to the situation aspect ratios as well as less rigid particles are expected to
in a thermal system of rods where the loss in rotational enhinder the transition from isotropic to nematic configura-
tropy is compensated by a gain in free volume accessible ttons, and there is also evidence that oblate particles should
translations(As we mentioned above, this gain may be theorder differently from the prolate ones investigated Heg.
cause of the small dip in the packing fraction that we pick upAnother intriguing extension concerns mixtures of spheres

V. CONCLUSIONS
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