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Compaction of rods: Relaxation and ordering in vibrated, anisotropic granular material

Fernando X. Villarruel, Benjamin E. Lauderdale, Daniel M. Mueth, and Heinrich M. Jaeger
The James Franck Institute and Department of Physics, The University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois

~Received 31 January 2000!

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 number~s!: 45.70.Cc, 05.40.2a, 81.05.Rm
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I. INTRODUCTION

The packing of identical objects inside a given volum
from atoms to large molecules and polymers to macrosco
particles, is an important problem in many areas of scie
and technology. For thermal systems, there are well-defi
optimal packing configurations, corresponding to thermo
namic equilibrium. In particular, at high packing densitie
these equilibrium configurations correspond to ordered, o
crystalline, states. However, in many systems, such
glasses, competing interactions between the individual c
stituents prevent a thermodynamic equilibrium from be
reached over experimentally accessible time scales. Fur
more, there are large classes of nonthermal systems, inc
ing foams and granular materials such as sand, rice, or p
maceutical pills, for which ordinary temperature is irreleva
and the usual concept of a corresponding, thermodyna
equilibrium does not exist. In these systems, lo
temperature-driven fluctuations do not couple to particle m
tion in an effective manner and do not allow for a full e
ploration of configuration space. At high packing-densiti
the most stable, ordered configurations are therefore ra
reached and the packing becomes trapped in metastable
ordered states. Important questions for these strongly n
equilibrium systems remain only partially answered, such
how the metastable configurations respond to perturbati
and how the packing fraction~i.e., the fraction of volume
occupied by the granular material! evolves over long times.

Macroscopic granular materials provide a model syst
for the exploration of these issues@1–3#. In a three-
dimensional~3D! packing of monodisperse, rigid spher
held together by gravity and frictional forces, there is
myriad of metastable states, each corresponding to a di
ent packing configuration that satisfies mechanical equ
rium, yet with packing fractionr far less dense than the mo
stable, crystalline configuration for whichr'0.74. Configu-
ration space can be explored conveniently through the ap
cation of external mechanical excitations, such as shakin
vibrating. Starting from an initial, low-packing-fraction con
figuration, the packing evolves over time toward
asymptotic, higher-packing-fraction state with a more co
pact particle arrangement. For disordered 3D packings
PRE 611063-651X/2000/61~6!/6914~8!/$15.00
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equal-sized spheres, computer simulations, as well as ex
ments on steel balls, have found@4,5# that the maximum final
packing fraction is set by the random close packing lim
r rcp'0.64. Physically, this limit corresponds to amorpho
packing configurations that are fully frustrated by geome
cal constraints and unable to compact further. We note in
context that a~topological! effective temperature of the pack
ing may be defined in terms of the available free volume@6#
or compactivity@7#. Increases in volume fraction then corr
spond to decreases in this temperature. High densities aro
r rcp are only reachable via careful cycling of the excitati
intensity@8#, similar to thermal cycling during annealing pro
cedures. For fixed excitation intensity, the packing w
evolve toward final configurations reflecting a balance
tween defect creation and annihilation. This suggests a
ond ~dynamic! type of effective temperature associated w
the strength of the applied forcing. Recent experime
showed that the corresponding final densitiesr are ap-
proached logarithmically slow in time@9,10#. In a number of
theoretical models this slow relaxation was explained as a
ing from geometrical frustration due to excluded volum
@10–16#, and analogies to glassy behavior were drawn@17–
20#. Furthermore, it was found that, at short times and l
excitation levels, the system can only explore a limited
gion of configuration space, resulting in highly irreversib
behavior and memory effects. Only after sufficiently lon
times and large excitation levels does one reach a revers
steady-state response@8,20# in the sense that the two effec
tive temperatures track each other, i.e., the packing frac
becomes a monotonic function of applied forcing.

Actual materials, and certainly macroscopic granulat
typically are far from perfectly spherical and often elongate
Under thermal conditions, particle anisotropy is known
give rise to ordering in a variety of systems, such as liq
crystals@21#, rodlike colloidal virus particles@22#, and cer-
tain polymers@23#. For example, a fluid of long, rigid rods a
high packing fraction will undergo a transition to an order
nematic phase in which the rod axes align along a comm
direction @24#. In nonthermal systems, on the other han
almost all work to date has focused on spherical particles
the effect of particle anisotropy on the stability and evoluti
of packing configurations has been largely unexplored.
6914 ©2000 The American Physical Society
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PRE 61 6915COMPACTION OF RODS: RELAXATION AND . . .
cent theoretical work by Baulin and Khokhlov@25# on sedi-
menting solutions of long rigid rods investigated the lim
that external~gravitational! forces far outweigh thermal fluc
tuations and predicts an isotropic to nematic transition
increasing packing fraction. The nature of the transition i
the nematic state was studied by Mounfield and Edwa
@26# for a model of granular rods. They concluded that
externally imposed~flow! field was required to stabilize
discontinous, first-order-type phase transition into a hig
ordered nematic state; otherwise there would merely b
crossover during which the ordering increases continuou
with decreasing compactivity~or increasing packing frac
tion!. Buchalter and Bradley@27,28# used Monte Carlo simu
lations to study packings of rigid, prolate, or oblate elli
soids. They found that these systems form amorphous, gl
packings with long-range orientational order. Some limit
experimental data on the compaction of nonspherical, pro
granular materials under vibrations has been published
Neuman@29#, but, to the best of our knowledge, no inform
tion on the degree of ordering or on the asymptotica
reached, 3D packing configurations is available. This lack
systematic investigations is surprising, given the enorm
importance of prolate granular materials in a wide range
geological and industrial processes.

Here we study 3D packings comprised of prolate granu
material: millimeter-sized rigid cylinders~‘‘rods’’ !. Apply-
ing discrete mechanical excitations, or ‘‘taps,’’ we let t
system evolve from an initial, low packing fraction to a fina
high-packing-fraction state. During this relaxation proce
we monitor the local packing fraction noninvasively and c
relate it with direct visual images of the packing configu
tions. We are specifically interested in the question of h
two competing factors affect the packings’ evolution as
packing fraction increases: on the one hand, the tendenc
randomly arranged rods to lock up in a disordered state
cause of steric hindrance and friction, and on the other h
the possibility, provided by both gravity and container wa
to align and form ordered, nematic-type configurations. O
results show that there are characteristic stages to the e
tion, corresponding to either process. We find that, depe
ing on the tapping history and intensity, highly ordered fin
states are achievable, in contrast to sphere packings unde
same experimental conditions.

This paper is organized as follows. In Sec. II we descr
the experimental setup and procedure. Results on the re
ation and alignment behavior for a range of excitation int
sities are shown in Sec. III and discussed in Sec. IV. Sec
V contains a summary of the findings and conclusions.

II. EXPERIMENTAL SETUP AND PROCEDURE

All experiments were performed on monodisperse ny
6/6 rods of specific density 1.14560.005 g/cm3, each 1.8
mm in diameter and 7.0 mm in length. Approximately 72
of these rods were filled into a 1-m-tall glass tube~1.90-cm
inner diameter! mounted vertically on a Bruel and Kjae
4808 electromagnetic vibration exciter@Fig. 1~a!#. As in pre-
vious experiments on spherical particles@8–10,30#, vertical
vibrations were applied in the form of individual shakin
events~‘‘taps’’ ! by driving the exciter with a single cycle o
a 30-Hz sine wave. Successive taps were spaced by
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intervals sufficiently long~typically 0.5 s! to allow complete
relaxation of the system. The vibration intensity was mo
tored using an accelerometer. In the following we para
etrize the tapping intensity byG, the ratio of the measured
peak acceleration to the Earth’s acceleration g59.81 m/s2

@Fig. 1~c!#. The bottom of the tube contained an entry w
for dry nitrogen, which was used only in the preparation
the initial, low-packing-fraction state of the sample. Throu
the top of the glass tube the system was placed un
vacuum during runs. A control tube similar to the tube d
scribed above, filled with the same material but not vibrat
was used to measure electronic drift. In order to elimin
electrostatic charge, the particles were prepared by blow
ionized nitrogen gas across them prior to each experime
run. During each experiment, the material was obser
closely to confirm that no static charging occurred.

The evolution of the packing fraction between taps w
monitored both globally by recording the total filling heig
of material inside the tube, and locally using a capacit
technique. Mounted along the outside of the tube were f
capacitors made from pairs of copper strips, each 1.25
wide and 17 cm in length. Each of the capacitors was se
tive to a measurement volume inside the tube defined b
slab of cross-sectional area as indicated in Fig. 1~b! ~about
70% of the total cross-sectional area of the tube!. We ascer-
tained that there was little sensitivity to material placed o
side this active volume. The capacitance was read by a
pacitance bridge with 1 fF resolution. The relation betwe
packing fraction,r, and capacitance,C, was found to be
linear, r523.473102112.3531023C, where C is ex-
pressed in fF~Fig. 2!. This figure contains data from a
capacitors, with readings for the empty (r50) tube and for a
solid nylon rod occupying its total volume (r51), as well as
data for intermediate packing fractions. For the latter,

FIG. 1. ~a! Schematic of the experimental system used for
pacitive measurements of the packing fraction. The setup con
of a measurement column with four capacitors and a control colu
with two capacitors for tracking electronic drift. The initial packin
state is prepared by fluffing with dry nitrogen injected through
valve shown at the bottom.~b! Sketch of the measurement tub
cross section. Two capacitor electrodes are shown at the tube
rimeter. The active region sensed by the capacitor lies between
dashed lines.~c! Time trace of an individual, vertical ‘‘tap’’ as
measured by the accelerometer. The peak acceleration,G, is indi-
cated.
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6916 PRE 61VILLARRUEL, LAUDERDALE, MUETH, AND JAEGER
two methods employed,~a! inserting a solid rod partially into
a capacitor or~b! compacting a test sample of cylinders wi
a known number of particles inside the measurement
ume, both yielded the same results, indicating that part
shape effects do not significantly influence the packi
fraction measurements.

Because visual tracking of particles through the tube s
walls was limited to areas between capacitors, we use
separate setup with a tube of the same diameter but sh
~21 cm! and without capacitors to explore qualitatively th
evolution of particle orientations. This was done by vid
taping the material through the outside walls and also fr
above. In addition, careful layer-by-layer vacuuming allow
us to map out the depth dependence.

For each run, the 1-m-tall tube was filled with 143.1 g
material to a height of (82.360.3) cm. The material was
then fluffed with nitrogen to an initial filling height o
(90.660.5) cm, corresponding to a packing fractionr
50.49. We found this to represent the least dense, repro
ible initial packing state attainable. Both measurement
control tube were then placed under vacuum to isolate th
from environmental changes in the room during a run.

Here we describe two sets of experiments. In the first
the material was tapped 70 000 times at fixed accelerat
and capacitance readings were made after certain, fixed
intervals. Simultaneously, the average packing fraction of
column was recorded by measuring the overall filling hei
with a ruler. Prior to each experimental run, the system w
returned to the same loose-packed initial state by remov
all material, refilling and fluffing with nitrogen. This wa
done to remove all traces of ordering from previous runs
the second set of experiments, we explored the effect of
ping history on the packing-fraction evolution. A fixed num
ber, Dt, of taps were applied to the system and the fi
packing fraction was recorded. Without refilling or fluffin
the system, the acceleration was adjusted byDG and the
measurement process was continued, rampingG from 1.5 to
7.5 and back several times. This is similar to what would

FIG. 2. The capacitor calibration used to determine the pack
fraction,r, from the measured capacitance,C, at various heights in
the column. The circles, triangles, down triangles, and crosses
for capacitors 1, 2, 3, and 4, respectively. The data is seen t
well fit by a linear relationship.
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done in a cyclic heating and cooling process, withDG/Dt
playing the role of an effective heating or cooling rate.

III. RESULTS

Figure 3 shows the evolution of the packing fractio
r(t), for different capacitor regions as a function of tap nu
ber, t. Data for four different accelerations are shown. Ea
curve is an average of five independent runs and the e
bars, for sake of clarity given only for capacitor 2 in theG
54.5 graph, represent the general rms variation. In orde
display the initial packing fraction,r(0), the tapnumber~or
time! axis on all plots has been incremented by one tap.

The evolution shown in Fig. 3 exhibits three distin
stages, which we call the initial relaxation stage~up to about
103 taps!, the vertical ordering stage~between roughly 103

and 104 taps!, and the final, steady-state regime.
During the initial relaxation stage there is a quick increa

in r during the first decade and then a leveling off to
plateau near 0.55. This saturation is highly pronounced
G54.5, 5.5, and 6.5, but much less so forG57.5. The sec-
ond stage is identified by an abrupt increase in packing fr
tion, which becomes less steep and smaller asG increases.
This increase in packing fraction coincides with a nema
ordering of the material, during which the material alig
vertically, parallel to the tube walls. Figure 4 shows sna
shots of the particle configurations during this alignment p
cess, taken midway down the height of the tube forG54.5;
~a! and ~b! are side views, as seen through the tube wall,
the initial, randomly packed state, and the highly align
arrangement of the outer layer at some point toward the

g

re
be

FIG. 3. The evolution of the packing fraction,r(t), as a function
of tap number,t, for several accelerations,G, as indicated. Each
plot contains traces for regions 2, 3, and 4 along the height of
tube @Fig. 1~a!#, shown by solid circles, open circles, and cross
respectively~we excluded region 1 since it was partially emptie
during the compaction of the column!. Most pronounced for smalle
G, we observe three distinct regimes, corresponding to sepa
physical processes as explained in the text.
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of the ordering stage, respectively.
Images~c!–~f! of Fig. 4 show top views of the packin

interior, obtained after careful vacuuming out the materia
the upper half of the column. The initial state~c! shows the
material as poured~but not fluffed!. After 2000 taps~d!, the
particles have lined up along the edge of the tube, while
interior remains disordered~start of ramping domain!. After
6000 taps~e!, the particles in the interior also have begun
orient vertically. The final, steady-state regime is a den
highly aligned configuration~f!. This image sequence dem
onstrates that the vertical alignment starts at the tube w

FIG. 4. Snapshots of particle configurations at various tim
during the packing evolution.~a! The particle configuration, as
viewed from the side, is disordered after the material is initia
filled into the column.~b! After relaxation caused by many thou
sands of taps the particles line up vertically and can form a hig
ordered, nematic state. The progression from disordered to ord
is best seen by carefully removing the material in the upper hal
the column and viewing from above~c!–~f!. The initial, disordered
state~c!, evolves into a state with order only along the wall~d! after
about 2000 taps atG54.5. After about 6000 taps, order has prop
gated in from the walls~e!, although the particles are not yet pe
fectly aligned with the vertical in a nematic state. The long tim
behavior~f! is a nematic state with aG-dependent degree of diso
der in the interior, similar to that viewed from the side in~b!.
n

ts

e,

lls

and proceeds inward. We find that the start of the order
stage varies slightly with height along the tube, forG,5
happening somewhat earlier at the top of the tube and m
ing downward @see Fig. 3~a!#. At higher accelerations,G
56.5 and 7.5, the vertical alignment at the end of the ord
ing stage is less perfect and at the highest accelerations
plored,G57.5, the ordering stage becomes less distinct, p
ticularly for the lower regions of the container. Final, stead
state configurations at these accelerations are very simila
those in Fig. 4~e!, where only the outside is well aligne
while the inside still exhibits numerous defects.

In the final steady-state regime both the initial relaxati
and subsequent vertical ordering have saturated and
packing fraction is found to fluctuate around a consta
asymptotic value~Fig. 3!. This final packing fraction typi-
cally increases with depth below the free surface~in our data
for G54.5 the differences may be too small to be sign
cant!. For accelerations belowG54.5 we found the dynam-
ics to be exceedingly slow, preventing an asymptotic st
from being reached byt5105, the longest tapping interva
explored in these experiments.

In Fig. 5 we show the average overall packing fraction
determined by the total height of the material in the tub
rh(t). Clearly visible is the significant increase of final pac
ing fraction forG55.5 and below. In general,rh(t) mimics
the three stages seen inr(t). However, the onset of the ver
tical ordering regime is not as abrupt forrh(t) as it is for
r(t), nor is it preceded by the slight dip in volume fractio
which ends the first domain in Fig. 3. A direct comparison

s

ly
ed
f

FIG. 5. The time evolution of packing fraction as determined
column height,rh(t), for shaking intensitiesG54.5, 5.5, 6.5, and
7.5, represented by squares, circles, triangles, and diamonds
spectively. The three stages seen in the capacitance data in F
are also visible here. The crosses representrh(t) for an experiment
with different initial conditions in which the fluffing step in th
system preparation was omitted. The inset shows a fit of the p
ing fraction for G54.5 throughout the vertical ordering regim
to @rh(t)2rh(t i)#/@rh(t f)2rh(t i)#52@(t2t i )/(t f2t i)#2@(t
2t i)/(t f2t i)#2, wheret i and t f are the beginning and ending tim
of the vertical ordering stage, respectively, as discussed in Sec
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6918 PRE 61VILLARRUEL, LAUDERDALE, MUETH, AND JAEGER
rh(t) with the height-averaged packing fraction,^r(t)&h ,
obtained from the capacitor data in Fig. 3, is shown in Fig
As we will discuss below, the differences between the t
types of measurement reflect the fact that the active volu
responsible forr(t) includes only a fraction of the materia
near the tube wall. Also included in Figs. 5 and 6 is a tra
for G54.5 obtained under different initial conditions: inste
of initial fluffing, the material was merely dropped into th
tube and then tapped. We note that the memory of the pr
ration conditions persists only up to about 20 taps, a
which traces for different initial conditions coincide.

Results from the second type of experiment are given
Fig. 7 for Dt5100 ~a! and 1,000~b!, usingDG51.0 in both
cases. The ramp rates are fast enough that the material
not have time to reach the steady state during the first p
Consequently, the packing fraction initially does not depe
on acceleration alone, but also strongly on the vibration h
tory: As G is ramped first up and then down and up ag
several times,rh slowly cycles toward a reversible regime
which rh(G) becomes monotonic. For fast rates, as in F
7~a!, a large number of cycles may be required; for slow
ramp rates the reversible regime may be approached m
earlier @Fig. 7~b!#.

IV. DISCUSSION

Two central observations from recent, systematic co
paction experiments@8–10,30# with spheres were~a! at fixed
acceleration the logarithmically slow approach in time
ward the final steady-state packing fraction, and~b! the ex-

FIG. 6. Comparison of packing-fraction evolution as determin
by height and capacitance. The packing fraction as determine
height,rh(t), is shown as solid triangles. The average packing fr
tion of the column,̂ r(t)&h , determined by averaging the capacitiv
measurements in Fig. 3, is shown as open circles. The differe
between the curves reveals the existence of a radial pack
fraction profile, which evolves over time as the system orders.
crosses shown in~a! represent̂ r(t)&h for different initial condi-
tions in which the fluffing step in the system preparation was om
ted.
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istence of memory effects in which the final state can dep
on the initial sample preparation and on the acceleration
tory. In particular, from analysis of the packing-fraction flu
tuation spectra it was found that there is an intrinsic, bro
range of relaxation time scales, many of which, however,
effectively ‘‘frozen out’’ if the acceleration stays below ce
tain values@10,20#.

Much of this behavior qualitatively carries over to th
cylinder-shape particles investigated here. The data in Fig
and 6 indicate a nonexponential relaxation of voids in
packing during the first stage of the packing-fraction evo
tion. At the highest acceleration, when effects due to part
alignment are weakest@Figs. 3~d! and 6~d!, we find thatr(t)
increases approximately logarithmically before it eventua
saturates. Such logarithmic relaxation arises naturally fr
free volume considerations, in which the ability of particl
to find and occupy any of the remaining free space decre
exponentially in time@10,11,16#. In its simplest form, this
scenario is independent of particle shape and, furtherm
only based on void annihilation. Without the additional po
sibility of defect or void creation, however, the system eve
tually has to jam at a final packing fraction that can only
a monotonically increasing function of applied accelerat
~since hindrance effects are more effectively overcome
largerG). Instead we find that, over the range inG explored,
the overall final packing fraction decreases with increas
acceleration~Figs. 5, 6!. As for spheres, this clearly indicate

d
by
-

ce
g-
e

t-

FIG. 7. Packing fraction,rh , at various stages during exper
ments in which the system was not allowed to reach a steady
before changing the accelerationG. In ~a!, the system was tappe
for Dt5100 taps at each acceleration asG was ramped from 1.5 to
7.5 and back for several cycles in steps ofDG51.0. The system
increases in packing fraction irreversibly before reaching a rev
ible steady-state branch, wherer becomes a monotonic function o
G. In ~b! the time interval was increased toDt51000, allowing the
system to relax more at each acceleration value. The revers
branch is reached after only 1.5 cycles.
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defect production in response to tapping. Nevertheless
Fig. 7 shows, memory of the tapping history is not eas
destroyed and can persist over tens of thousands of tap
during this time the tapping intensity is changed, the sys
irreversibly moves into a new state of higher packing fra
tion, independent of whether the tapping intensity is
creased or decreased@31#. Only at sufficiently high accelera
tion and after sufficiently many taps is the reversible regi
reached where the packing fraction depends monotonic
on acceleration. This situation is similar to superheating
supercooling in thermal systems.

The prolate, anisotropic particle shape amplifies the a
ity of 3D cylinder packings to sustain large voids. This
demonstrated by the low packing fraction (r(0)50.49 in
Fig. 3 compared to 0.59 for spheres in the same experime
setup@9#! for the loosest, mechanically stable configuratio
by the large overall compaction range (0.49,r,0.72 in Fig.
3~a! compared to 0.59,r,0.65 for spheres@9#!, and by the
large fluctuations inr(t) in the steady state.

As Fig. 7~b! shows, packing defects can be annealed o
first by either ‘‘heating’’ or ‘‘cooling’’ along an irreversible
branch and, once the reversible branch is reached, by ‘‘c
ing’’ to final packing fractions as high as 0.73. We note th
this value is roughly 10% smaller than the random clo
packing density in two dimensions@32#, r rcp

2D50.82 , defined
as the maximum packing fraction beyond which a transit
to an ordered triangular array would be necessary. Along
reversible branch, memory of the acceleration history
erased as long as ‘‘heating’’ or ‘‘cooling’’ steps are taken
sufficiently slow ratesDG/Dt. However, the maximum al
lowable rate itself depends on how far the system
evolved: WithDG/Dt51022, in Fig. 7~a!, the system clearly
was cycled too fast~‘‘superheated’’ as well as ‘‘super
cooled’’! and stayed in the irreversible regime even at
highestG until it had time to relax. But, once the steady sta
is reached, the same fast rate produces very little, if a
‘‘supercooling.’’

Qualitatively, the response to acceleration cycling see
Fig. 7 is similar to that obtained for spherical particles@8#.
Presumably, therefore, concepts based on frustration du
volume exclusion alone may model the observed behav
However, the shape ofr(t) differs dramatically from the
sphere case because of the vertical ordering regime. P
ently available models@7,11–20,33–35# for r(t) do not ac-
count for the orientational degree of freedom and thus
not applicable without modification.

The most crucial difference between sphere and cylin
packings comes from the tendency of cylinders to al
along their long axis, both with each other and with the co
tainer walls. Vertical alignment along the direction of th
tube walls becomes noticeable after initial void relaxat
has started to saturate~typically after '100 taps in Figs. 3
and 6!. After the void relaxation process saturates, verti
particle ordering becomes the dominant mechanism for c
paction. Note that, over the acceleration range explored,
material once vertically aligned is highly stable against
orientation.

This ordering process bears resemblance@26# to the tran-
sition from isotropic to nematic phases in liquid crystals@21#
and for hard rods in thermal systems@24#. As in a nematic,
particle motion in the aligned granular state is found to oc
as
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mainly by translation parallel to the cylinder axis. In cas
where the aligned system was particularly carefully cool
we also observed vertical stacking@seen for the outermos
particle layer in Fig. 4~b!# akin to smectic-type phases i
liquid crystals.

As seen from Fig. 4, at any given height inside the tu
the first particles to vertically align are those in contact w
the tube walls. Alignment then progresses horizontally
ward, until the whole tube cross section is ordered. This p
gression is also detected noninvasively from the differenc
the packing-fraction values obtained by filling height@rh(t)#
and by capacitance@r(t),^r(t)&h#. The fraction of particles
near the tube walls covered by the active measurement
ume of the capacitors is less than 50%@Fig. 1~b!#, making
the capacitive measurements more indicative of the pack
fraction in the central tube region, along its axis. For th
reason,̂ r(t)&h is less thanrh(t) during the vertical ordering
stage until the ordering front has reached the tube center
the final steady state is obtained~Fig. 6!.

In the simplest possible picture, the increase in pack
fraction during the ordering stage is solely due to convers
of disordered three-dimensional particle arrangements w
large void space to a dense, highly aligned configuration
essentially two-dimensional character. A model of this p
cess can be constructed as follows. We assume that cylin
in the disordered state can align vertically only in the pr
ence of previously aligned neighbors that act as nuclea
sites~this assumption of an essentially steplike front sepa
ing the isotropic from the nematic regions is supported
the calculations of Baulin and Khokhlov@25#!. Then the or-
dering proceeds at a rate]N/]t5pn, whereN is the total
number of already lined-up cylinders behind the order
front, n is the number of open nucleation sites, andp a fixed
probability for alignment. Through the two-dimension
packing fraction for discs,N andn are related to the size o
the ordered area and its inner perimeter, respectively. F
cylindrical tube we find,n}ANf2N , whereNf is the final
number of aligned particles att5t f , the end of the ordering
stage. The square-root dependence reflects the fact tha
number of nucleation sites shrinks as the ordering front
vances radially from the tube wall toward the tube center@the
tube wall acts as a ring of nucleation sites att5t i when
N(t i)50#. As a result, the fraction of ordered cylinders i
creases with tap number asN(t)/Nf52t2t2 for 0<t<1,
wheret5(t2t i)/(t f2t i) is the normalized tap number. Th
measured increase in packing fraction is then directly p
portional toN(t)/Nf . If we take as the start of the orderin
stage (t5t i in the above expression! the point in time at
which ^r&h first falls belowrh , we find that the above func
tional form forN(t) fits the data quite well~inset to Fig. 5!.

Radial packing-fraction gradients, detected by differen
between^r(t)&h and rh(t), are also found in the initial re-
laxation stage and in the final steady-state regime. Dur
void relaxation, the capacitive data in Fig. 6 typically l
above those from the height measurements, indicatin
slightly higher packing fraction in the central region, aw
from the walls. This is a consequence of two effects. Fi
the tube wall can provide stable pinning, preventing lo
packing-fraction configurations from collapse@initial void
collapse is accelerated if the material is merely dropped
the column, rather than carefully fluffed, as seen in F
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6~a!#. Second, next to the tube wall, the packing fracti
naturally is reduced due to excluded volume~unless the
packing configuration is commensurable with the tube v
ume!. Of course, once alignment along the tube wall h
begun, the outer regions become denser than the tube int
and the traces for̂r(t)&h and rh(t) cross. The slight dip
present inr(t) or ^r(t)&h at the end of void relaxation an
the beginning of the ordering stages~for G<6.5) indicates
that the packing fraction temporarily decreases in the cen
tube region. We speculate that this local dilation might
required to allow particles to rotate and align with the tu
wall.

At high accelerations,G>5.5, a radial gradient in the
packing fraction remains even in the steady-state reg
~Fig. 6!. At these accelerations, particles near the wall rem
highly aligned while the interior exhibits packing defec
@similar to Figs. 4~d!, 4~e!#. Consequently, the capacitivel
measured steady-state packing-fraction values fall be
those from the height measurements@Figs. 6~b!–6~d!#. Inter-
estingly, for G57.5 this gradient develops only at larg
times. Conversely, forG54.5 the fact that̂r(t)&h andrh(t)
coincide at large times indicates a highly uniform packin
fraction profile across the tube once the asymptotic stat
reached@cf. Fig. 4~e!#.

As far as particle configurations are concerned, the sim
lations of prolate ellipsoid packings by Buchalter and Bra
ley @27,28# predict that the pouring and packing process
itself should lead to a certain degree of nematic order
~‘‘nematic glass’’!. In a ~infinite! system without vertical
side walls this would be a consequence of minimizing
gravitational potential energy during particle deposition:
first rods hitting the container bottom would tend to lay fl
and thus induce horizontal alignment of subsequent lay
Such a state contains fewer large voids than a comple
isotropic packing configuration and is thus denser. In
experiments, this might be reflected in the difference
tween the as-poured and fluffed traces forG54.5 in Figs. 5
and 6~a!. Indeed, as the side and top views in Figs. 4~a! and
4~c! show for the poured initial state, there is a preference
cylinders to orient toward the horizontal. As the eventu
merging of ther(t) curves for different initial conditions
indicates, the same vertically ‘‘flattened’’ packing state
also reached from the more isotropic, fluffed initial cond
tion, namely, as most large voids have collapsed andr(t)
starts to level off@Fig. 6~a!#. At least for accelerationsG
<6.5 this packing state can be identified with a packing fr
tion r'0.55

Our present system is too small~in terms of lateral extent!
to cleanly test whether the packing configuration at the
of the void relaxation stage corresponds to a horizont
orientated ‘‘nematic glass’’ state. According to Ref.@27#
shaking is expected to eventually break up this orientatio
order and our data are certainly compatible with this for lo
times and/or high accelerations. However, vertical shakin
the presence of the tube sidewalls, rather than merely re
ing the degree of horizontal ordering, provides a strong
centive for rods to line up vertically, similar to the situatio
in a thermal system of rods where the loss in rotational
tropy is compensated by a gain in free volume accessibl
translations.~As we mentioned above, this gain may be t
cause of the small dip in the packing fraction that we pick
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by the capacitive measurements in Figs. 3~a!–3~c! before the
vertical ordering changes the overall particle packing fr
tion.! In principle, this argument might also lead to som
initial vertical ordering along the tube walls from the pourin
process. From Figs. 4~a! and 4~c!, and also from the fact tha
the initial densitieŝr(0)&h andrh(0) coincide in Fig. 6, we
find, however, no evidence of such alignment, demonstra
that gravitational potential energy far outweighs rotation
entropy unless it is mitigated by the applied acceleration d
ing tapping.

V. CONCLUSIONS

We have extended our investigations of the relaxation
havior of nonthermal, granular material to highly anisotrop
cylindrical particle shapes. Using a combination of no
invasive, capacitive probes and video imaging, we ha
traced both the local and global packing fractionr as well as
the evolution of the packing configurations~Fig. 4! from an
initial, low-packing-fraction to a final, high-packing-fractio
state under applied mechanical excitations.

We observe many qualitative features also seen in
relaxation of sphere packings and find them amplified by
particles’ anisotropy. This includes an even wider range
metastable configurations and thus a larger span of acces
packing fractions~Fig. 3!, as well as memory effects in th
irreversible branch ofr(G) that are much more pronounce
~Fig. 7!.

In contrast to sphere packings, which tend to end up
disordered configurations even after prolonged tapping
cycling, we find clear evidence that particle anisotropy c
drive ordering. This is most strikingly observed inr(t)
where we can distinguish three characteristic stages~Figs. 3
and 6!: First, a void relaxation stage takes the initially is
tropic arrangement to an intermediate packing fraction n
r50.55. This is a state of vertically collapsed and thus p
dominantly horizontally oriented particle configuration
which may correspond to the nematic glass state see
computer simulations@28#. This state, however, turns out t
be unstable to continued vertical excitations. During a s
ond stage, the vertical ordering regime, particles realign th
long axes vertically. This ordering process starts from
container walls, moves inward and eventually leads to
ordered, nematic-type configuration. We have shown tha
simple model can account for the change in packing fract
during this ordering process. The imposed boundary con
tions at the wall stabilize the nematic state, effectively pla
ing a role similar to strong flow fields@26# or packing-
fraction gradients@25#. The third, and final, stage is a stead
state with large fluctuations around an average pack
fraction set by competing defect annihilation and creat
within the nematic-type particle arrangement.

These results provide a first experimental step toward
full exploration of the effect of anisotropy on ordering
strongly nonequilibrium, nonthermal systems. Our expe
ments used a fixed aspect ration of close to four. Lar
aspect ratios as well as less rigid particles are expecte
hinder the transition from isotropic to nematic configur
tions, and there is also evidence that oblate particles sh
order differently from the prolate ones investigated here@28#.
Another intriguing extension concerns mixtures of sphe
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and rods. For a thermal system of this type, no
micro-phase-separated patterns, such as lamellae of sp
and rods, have recently been found experimentally@36#,
while theoretical models for the granular equivalent wou
suggest macroscopic phase separation@37#. Finally, for none
of the non-spherical systems, to our knowledge, has the s
trum of fluctuations around the steady state been explo
yet.
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