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Instabilities in slowly driven granular packing
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In this work, a digital imaging technique is used to study the superficial fluctuations observed when a
granular packing is slowly driven to the threshold of instability. The experimental results show the presence of
three types of events. Small superficial rearrangements of grains are observed during all the experiments. They
present a power-law behavior although the system is not in a critical state as predicted by self-organized
criticality models. In thick granular piles, large rearrangements are detected at regular angular intervals. They
are related to the threshold of instability of the contact network that relaxes to stable configurations producing
internal rearrangements of the grains. Finally, an avalanche is triggered when the superficial beads that are set
in motion acquire enough momentum to destabilize grains from layers below.
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I. INTRODUCTION critical angle, currently called the maximum angle of stabil-
ity, 6\, . During the slide, a decrease of the slope of the free

Avalanche studies have be¢and ar¢ of great interest surface is observed until the avalanche stops. At this point,
because of their implications in geophysical problgiatus  the free surface defines a second critical angle: the angle of
slopes, sand dune formations, and rock jatls technologi- ~ repose,fr. While the packing is being tilted, one can ob-
cal processes connected with granular material processirggrve many superficial rearrangements of beads for angles
(loading and unloading operations just belowd,, .

Some years ago, Bat al. [1] introduced the notion of In previous studie§12—14], we have extensively studied
self-organized criticalitfSOQ to describe the behavior of the event called the avalanche. The critical angles and the
driven dynamical systems in a steady state. However, severavalanche size were measured for systems with different
experimenta[2—6], theoretical, and numericff—9] studies Sample lengths, packing volume fractions, and numbers of
have demonstrated that piles of grains, in most of cases, catdyers. The main results show that the surface flow and the
not be described by SOC. In fact, their behavior often preavalanches depend strongly upon the height of the packing
sents characteristics of a system in equilibrium close to #or the number of grain layexsThere is a given height above
first-order transition phasdwith hysteresis and not a Which the avalanche characteristics are independent of the
second-order transition phagepower-law behavigras sug-  pile height. When an avalanche occurs, its dynamics develop
gested by SOC. according to two regimes. For thin packings, the flow can be

Recently, Daerret al. [10] analyzed the growth and the characterized as a bouncing one; for thick packings, the re-
propagation front of avalanches generated by externally pegime is governed by a creeping flow. The avalanche mass
turbing the free surface of a metastable layer on a rough bedlowing out the system is strongly correlated with the char-
The perturbation propagates downhill or uphill dependingacteristic angledy, .
upon the thickness of the layer below and the inclination In this work, we focus on the very rich behavior of the
angle of the bed. A similar approach in a two-dimensionalevents that precede an avalanche. For this purpose, we de-
(2D) rotating drum was taken by Rajchenbddi] in order  veloped an image processing technique that allows us to de-
to study the dynamics of avalanche growth. He characterizetérmine their size and the angle of inclination where they
the avalanche process by two velocities of both up and dowaccur. We analyze the influence of the struct(oedered or
fronts independent of the dissipative properties of the flowdisorderegland the roughness of the free surface on the char-
ing grains. acteristic events occuring before an avalanche is produced.

In the present work, we study the preavalanche dynamics In the following section, we describe the experimental
on a 3D granular packing constituted by glass beads corsetup and the image processing technique. In Sec. Ill, we
tained in a rectangular box. During the experiment, the pileoresent experimental observations that give a qualitative in-
is inclined up to the threshold of instability, where a largesight into the relevant physical mechanisms involved. The
slide of granular material is produced. When this “cata-experimental results are presented and analyzed in Sec. IV.
strophic event,” which we shall call the avalanche, is trig- We finally discuss all these results and conclude in Sec. V.
gered, the slope of the free surface of the pile defines a

Il. EXPERIMENTAL SETUP

*Email address: maaguir@fi.uba.ar In order to study these phenomena thoroughly, one must
"Email addresses: irene.ippolito@univ-rennesl.fr and construct an experimental device where parameters such as
iippoli@fi.uba.ar the size of the pile, the packing fraction, the roughness of the
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Disordered piles(D). All the beads are poured into the
box at once. They are then spread with a spoon until a flat
free surface is obtained. The measured volume packing frac-
tion of these piles i,=0.62+0.01.

Ordered piles(O). In this case, the beads are poured
layer by layer and they are spread and pressed down hard
with a piece of glass that covers the whole surface of the
box. This procedure is repeated for every layer added to the
pile. In these systems, the volume packing fractiorCis

' =0.67+0.01, which represents an increase of 8% compared
Goniometer to Cp.

We have also studied the influence of the roughness of the
free surface on the development of the rearrangements. This
FIG. 1. Scheme of the experimental device used for the experiparameter was not measured quantitatively but it was clearly
ments. and easily modified by pressing a piece of glass over the free
surface. In this way, two other sorts of piles are obtained.
free surface, and the air humidity can be controlled. The Smooth pileS). When these piles are prepared, the free
experimental study of superficial rearrangements of beadsyrface is first flattened by spreading the beads with a spoon

requires, most importantly, to get a precise measurement @fnd then pressing a piece of glass over the whole surface.
their size and the time when they occurred. For this reason, Rough p||es(R) In this case, the free surface is 0n|y

the development of an accurate image processing techniqygttened with the spoon.

has been a central aspect of the design of the experimental |n summary, we study four different systems, which for
setup. The experimental system we have constructed is dgimplicity are noted as follows: The number that precedes
scribed in detail in Refl12]. Briefly, the granular packing is the letterN identifies the number of layers. The, (disor-
constituted of glass beads contained in a rectangular boered or O (ordered note the packing structure. Finallg
The mean bead diameter ds=2.2+0.2 mm and their den-  (rough or S (smooth label the free surface roughness. As an

sity p=2.5 g/cni. We have decided to work with this granu- example, a 20 layer disordered pile with a rough free surface
lar material because it is easy to identify the movements ofs noted a20NDR

beads. The box is made of transparent glass that allows us to
visualize the pile inside. The bottom of the box was prepared
by gluing down the same glass beads that constitute the piles i . . ) .
over a flat piece of glass in order to give a rough surface bed _The am of the image processing technique is to deter-
and to avoid sliding. The experiments are carried out under Bline the size of the rearrangements that are observed on the
controlled humidity atmosphere of 50% which ensures thafrée surface and the angle of inclination or time when they
spurious effects due to capillary or electrostatic forces ar@ccur. During an experiment, the free surface is repeatedly
negligible [12,15. Finally, the box is secured on a heavy Scanned by means of a charge-coupled device image sensor
plane able to be inclined at different rates by means of 4CCD camerainterfaced, via a ScionCorp LG-3 card, to a
pulley system linked to a stepping motor. We have verifiegcOmputer equipped with an image processing software. The
that this apparatus does not produce vibrations which cafesolution of the camera is 76812 pixels and 256 gray
trigger avalanches or any other motion in the free surface dgVvels. The camera is firmly fixed to the plane 100 cm above

the p||e F|g 1 shows a scheme of the experimental devicet_he free surface with its Optical axis perpendicular to it. Twin
fluorescent lamps located beside the camera provide diffuse

lighting and a black cloth isolates the experimental device
from ambient light.

The piles are prepared by pouring glass beads into a rect- The images are systematically acquired and processed by
angular box. The length of the bok,=320 mm, and its a subroutine developed for the ScionCepMAGE software.
width, W=260 mm, are fixed. The height of the outlet wall The steps performed by the subroutine can be summarized as
of the box is adjusted such that it is always equal to thefollows. First, two successive images are digitally subtracted.
packing height. Therefore, we study the process in a filledf between those images, a displacement of beads is pro-
box of granular material. We state that the system increasefuced, the subtracted image displays a figure with different
its height in this box inonelayer when 230 g of beads are gray levels due to the change of brightness of the grains that
added to it. This is the amount of beads necessary to covenoved. Three filters are then appligd) The image is digi-
the surface of the box with a superficial packing fractiontized, applying a gray level threshold. This cutoff threshold is
equal to 0.7. The height of the system, then, will be noted bychosen to accurately detect the grains that have moved and,
the number of layers, that it contains. In order to study at the same time, to erase the low intensity pixels of the
how the structure of the packing affects the evolution of thegrains that did not moveb) An eroding algorithm is applied
rearrangements, we performed experiments with two sorts ab erase any remaining noisg) A dilating algorithm is ap-
piles: disordered piles and partially ordered piles. These pileplied so that the rearrangement recovers its original size.
have different structures and packing fractions depending oRinally, the number of black pixels of the image and the time
how they were prepared. are stored. The conversion between pixels and number of

B. Image processing technique

A. Preparation of the granular piles
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beads and between time and angle of inclination are per-
formed by means of a calibration previously established. Un-
der our experimental conditions, one bead diameter corre- (2)
sponds to 9 pixels. This calibration was obtained from an
image of a single bead and by calculating the corresponding
number of pixels. The program requires 0.7 s to process two "
successive images. -
From a practical point of view, an experiment is carried
out by performing the following steps. First, we prepare a
pile with a desired number of layers, structure, and superfi-
cial roughness as described above. Second, the humidity in-
side the box is controlled until it reaches 50%. This step
takes about 2 h. The plane then starts to be tilted. The rota-
tion speedw, may vary from 0.3°/min t&°/min. The re-
sults reported in the present work were obtainedwat
=0.3°/min. The rotation is halted when a slide that displaces
out of the box a mass of granular material of the order of the
whole system mass is detected. Once the avalanche stops, the
critical anglesf), and 6z are measured by means of a goni-
ometer fixed to the plane. Finally, an electronic balance mea-

()

sures the mass of granular material displaced by the ava- g

lanche. The uncertainty in these measurement®{pr 6r, ., |’: - ¥
and the displaced mass ared,;=0.2°, Adg=0.5°, and g - .
AM=0.1 g, respectively. During the whole experiment, the " - -

camera scans the surface of the pile and the image processing -
program determines the size of the superficial rearrange- -
mentss and the angle of inclination where they occar,

In the following section we describe some relevant ex-
perimental observations.

IIl. EXPERIMENTAL OBSERVATIONS FIG. 2. Small rearrangements of eight beddsand 57 beads

In this section, we describe qualitatively the events ob{P). These events_involve less than 7% of the beads of the free
served when an experiment is performed. From very Smaﬁurface and form tiny clusters located somewhere on the surface.
angles of inclination to angles close fg, , several beads are _
set in motion during a very short period of time { s), that ~ Precursors of 3043 and_ll 086 beads, _respectn_/ely. One can
is, they quickly come to rest. These mobile beads are maim?bserve that the bead; involved are uniformly d|§tr|buted on
confined to the free surface and do not change its slope. Wig€ free surface. That is, precursors are not localized events.
shall call these eventsiternal avalanchesWithin internal  In this case, all the beads move simultaneously, mainly in
avalanches, we distinguish two different scalesiall rear-  One step. Precursors are only observed in piles with a number
rangementswhere a few number of beads are set in motion,0f layersN>10[13].
and |arge rearrangementsmecursors where the number of .AValanCheSThese are events that start as a Sma” pert.ur-
beads that move is of the order of the number of grains of th&ation located somewhere on the free surface which rapidly
free surface. When the pile reach@g, an avalancheis ~ 9rows and propagates to several layers below. Remarkably,
triggered. In this case, beads belonging to several layers affe avalanche perturbs only beads belonging to a certain
set in motion and some of them flow out of the box. Let ushumber of layers from the free surface. This means that in-
discuss in detail these different scales. dependent of the number of layers of the pile, a constant

Small rearrangementsFigure 2 shows two small rear- number of superficial layers contribute to the avalanche pro-
rangements of 8 and 57 beads respectively. These everft§Ss. In our experimental conditions, this c_r|t|cal number of
form tiny clusters of beads located somewhere on the frekyers was found to be close to 13. In this case, the ava-
surface of the pile. When a small rearrangement starts, som@nches develop as a creeping flow. A detailed study of these
beads move to neighboring sites and sometimes these relBhenomena can be found in Reff$2,14.
cations destabilize other beads so that the event grows in two
or thrge successive steps. These events occur during all the IV. EXPERIMENTAL RESULTS
experiments and anywhere on the free surface. In some
cases, two or three clusters are observed simultaneously at As an example of the results obtained with the image
different places of the surface. processing technique, in Fig. 4, the size of the small rear-

Precursors These are events that involve from 7% to al- rangements, the precursors, and the avalanche obtained
most all the beads of the free surface. Figure 3 shows twin a 2INDR pile, are plotted as a function of the angle of
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FIG. 4. Size of the events as a function of the angle of inclina-
tion obtained with a 2ADR pile. Small rearrangements occur dur-
ing all the experiment and present a noisy structure. On the con-
trary, precursors are only observed for17° and occur at almost
regular angular intervalg) #=1.8°+0.4°. The size of the precur-
sors grows exponentially witl# as the dotted line shows in the
figure. Finally, an avalanche startedéy}=27.3°+0.2°.

ties by computing the size distribution function. Then, we
analyze how the number of events and the cumulated activity
vary with 6.

A. Size distribution function

FIG. 3. Precursors of 3034 beattsp) and 11 086 bead&ot- In order to study the statistical properties of the events
tom). These are events only observed in piles with more than te®bserved during an experiment, we analyze the distribution
layers. They affect more than 7% to almost all the beads of the freunction computed from the size of the events. Since the
surface. The beads involved are uniformly distributed on the sursizes range over five decades and the total number of events
face. in an experiment is less than 500, we have decided to deter-

mine the size distribution functio (s) by computing a his-
inclination in a semilog scale. The size of the avalanche ifogram whose bins grow exponentially. In addition, in order
number of beads involved was computed from the measurde increase the size of the sample and, therefore, the statisti-
ment of its mass, as indicated below. We can remark howeal properties of this analysiB,(s) was calculated from the
different the characteristics of small rearrangements and preesults of several experiments performed under identical con-
cursors are as can be appreciated in Fig. 4. The small reagitions.
rangements occur during all the experime(msiependent of In Fig. 5, we have plotted the size distribution obtained
the inclination angleand displays a noisy structure. On the from five experiments performed in RDR piles. The three
contrary, precursors are only observed for angles of inclinascales mentioned above can also be identified in this plot.
tion larger than~17° and occur at approximately regular For small rearrangementB,(s) presents a clear power-law
angular intervalsA 6. In the example of Fig. 4A9=1.8°  behavior that lasts over two decades and it is characterized
+0.4°. If we analyze the size of the precursors, an exponery an exponent=1.98+0.08. Similar results were obtained
tial growth with the angle of inclination is observed asin experiments carried out with smooth pilesigps=1.8
shown by the dotted line in Fig. 4. Finally, an avalanche=0.2, ordered pilesruor=2.0=0.1, and when varying
started atf,,=27.3°+0.2°. This is the only event where a the number of layersronpr=1.9=0.1. For the precursors,
considerable mass fraction of the p{#6%) is displaced out however, the function deviates from a power-law behavior. It
of the system decreasing the slope of the free surface dowshould be noted finally that no events are seen with sizes
to fg=21.1°+0.5°. Note that the same angular interdsd  between that of the precursor and the avalanche.
separates the avalanche from the last precursor. This result The three scales observed experimentally present different
suggests that, in this case, the avalanche was triggered bystatistical properties. Small rearrangements display a power-
precursor. In Sec. IV D, we will show that precursors are noflaw behavior with an exponent~=2, which is independent
produced by external mechanical perturbations. of the way the packing was initially prepared. Similar results

Next, we present three different ways of analyzing thesavere found by Helcet al. [5] in conical piles built with few
experimental results. First, we study their statistical propergrains(see also Rosendhat al. [6]).
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scenario, a bead falls to a neighboring site when it loses its
equilibrium out of its “sustentation polygon” and finds a
new one in a neighboring site. As long as the plane is in-
clined, the slope of some beads exceeds the equilibrium
value and they fall to a neighboring site. In some cases, this
process modifies the equilibrium of other neighboring beads,
and the rearrangement grows in successive steps. We shall
see that this interpretation of the results let us easily under-
stand the results presented in the following section.

On the other hand, a considerable inertia effect is ob-
served when the system reachyg. At this point, the su-
perficial beads that are set in motion, by a small rearrange-
ment in thin piles or a precursor in thick ones, acquire
enough momentum to destabilize beads from layers below
and the avalanche process is able to grow and propagate to
the bulk. When the slope of the free surface reaches the angle
of reposefr, the momentum gained by the beads is not

10 10 10 10 10 10° enough to carry on the process and the avalanche is halted.
s (beads) Let us remark that this hypothesis has been successfully
tested on a cellular automata modl@|9] that takes into ac-

FIG. 5. Size distribution function computed from the results of count the transfer of momentum to layers below. This model
five experiments performed in identical conditions withNADR is able to reproduce the small rearrangements and the ava-
piles. Three scales can be identified. The small rearrangen®its ( |anche just by considering that the critical slope which the

present a power-law behavior that lasts over two decades and it {Se5d has to overcome to fall is a decreasing function of the
characterized by an exponent=1.98+0.08. Precursors () momentum of the bead.

present a larger probability than that predicted by the power law and
the distribution has a discontinuity between precursors and ava-
lanches &).

D(s)

B. Number of events

Another way of analyzing the experimental results is to
Precursors present a larger probability than that predictegtudy the variation of the number of evemiswith the incli-
by the power law and the distribution has a discontinuitynation angled; wheren represents how many events, of any
between precursors and avalanches. This means that the uype and size, have already occurred when the plane is tilted
derlying physical mechanisms of these events are probably ¢ degrees. In Fig. 6, the curves obtained for two experi-

different from that of the small rearrangements. ments performed in identical conditions with DR and
Let us point two important features concerning the dy-2NDR piles are plotted. It can be observed that after a cer-
namics: tain transient §<<10°), the curves grow approximately lin-

(1) Small rearrangements are dominated by local mechaearly. In piles with few layers, where no precursors occur, the
nisms(on the surface This is not true for the avalanche. Let range of linear growtiRLG) extends up to the maximum
us remember that during a small rearrangement, the beadsgle of stability. On the contrary, in piles with more than ten
move from one site to a neighbor one, they do not travel londayers, the RLG is reduced to 18°9<17°. For larger incli-
distances and no inertia effects are observed. On the contramyation angles, the number of events decreases from the linear
for the avalanche, a considerable inertia effect is observettend due to the presence of precursors. This decrease can be
that leads to a nonlocal process. During this event, theasily understood considering that the precursors involve a
mobile beads travel long distances and most of them flow ouarge number of beads that move to stable sites. Therefore,
of the system. after each precursor, the number of beads that remain in un-

(2) A power-law behavior is observed when clearly the stable sites falls remarkably. In piles with few layers, where
system is not in a critical state. The slope of the free surfac@o precursors occur, this decrease is obviously not observed.
increases continuously while small rearrangements occur. In the RLG, the frequency of events,=dn/J6 remains al-

In summary, our results confirm that the absence of inertianost constant. This quantity characterizes the dynamics of
effects leads to the development of small events where locdhe small rearrangementgn this range, only small rear-
mechanisms dominate their dynamics. Even if the system imngements take placen,=dn/d6 gives us a tool to study
not in a critical state, these events present a power-law béwow the roughness, order, and number of layers of the pile
havior. This behavior is robust with respect to macroscopi@affect these events. In Table |, the valuengfcomputed for
parameters of the system such as roughness, internal strusystems with different roughness surface, order, and number
ture, or number of layers. This interpretation of the resultsof layers are presented. Each value is obtained by averaging
allows us to understand which are the underlying physicabver five identical experiments. A clear correlation between
mechanisms. For small rearrangements, the process can hg and the roughness of the free surface can be observed.
understood in terms of the loss of equilibrium of the super-This parameter falls remarkably when the system is smooth.
ficial beads as long as the plane is being tilted. In a simplifiedNo correlation can be found with the number of layers or the
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FIG. 6. Number of events as a function of the angle of inclina-
tion for experiments performed with RIODR (a) and 2NDR (b) 10 ®
piles. From#>10°, the curves grow approximately linearly. For
the 2NDR pile, the RLG extends up t@,, . On the contrary, in the 1 e ——————
20NDR pile, the RLG is reduced t@<17°. For larger angles of 0 5 10 15 20 25 30

inclination, the number of events decreases from the linear trend

due to the presence of precursors. 6 (degrees)

) ) FIG. 7. Cumulated activity as a function of the angle of incli-
structure of the packing. This result corroborates that th@ation for two experiments performed witla) 20NDR and (b)

small rearrangements are only superficial events. Its freaNDR piles. The cumulated activity is defined as the sum of the
quency strongly depends on the initial roughness of the fregj,e of all events occurred up to an angleThe functionsA(6),

surface. In the smooth free-surface packings, the number Qfefined by Eq(5), obtained by fitting the values @(6) are also
small rearrangements observed is smaller than in the rougotted.

ones. In the experiments performed on a conical pile by
Rosendhaét al.[6], the evolution of the number of events is of events grows linearly with time. What is not clearly un-
different. During the buildup period, they observed manygerstood is whether this difference with our results is due to

small events and the relaxation of the system also occurge gifferent geometry of the piles or due to the different
through big avalanches. In this case, however, the frequenqyrivmg mechanisms.

TABLE I. n, values for different packingdNl is the number of
layers,D and O indicate disordered and ordered piles, respectively
(volume packing fraction characteristicand S and R indicate The cumulated activityA(6,) is here defined as the sum
smooth and rough piles, respectivéfyee-surface characteristic of the size of all events occurring up to a certain angle

C. Cumulated activity

Packing Surface n, (number of events/mjn K
N  structure  roughness (+25%) A( 9k):j20 s(6;), 1)
40 D R 8.8
30 D R 12.7 where ¢; is the angle of inclination where the event number
20 D R 15.3 j occurs ands(#;) is its size. In other wordsi(6,) is the
10 D R 11.6 total number of beads that have moved betwéer0 and
5 D R 21.2 6= 6.
2 D R 17.5 In Fig. 7, the cumulated activity curves obtained with
20 0 R 11 2NDR and 2INDR piles are plotted in a semilog scale. It
20 D s 3.25 can be observed that in both experimef{®) increases in a
20 o s 395 similar way and it apparently fluctuates around a unique
5 D S 51 function that grows monotonously. In order to determine this

function, which we shall noté\(6), we first compute ana-
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lytically A(6) by only considering the fluctuations intro- words, the increase of the cumulated activity observed in an

duced by the precursors. Let us remember that the size of thieterval A 4 is equal to the size of the precursor that occurs in

precursors grows exponentially with the inclination angle this interval. Now, let us suppose that the precursors would
not have occurred. In that casA(#) would have grown

around the same functioh(6) but the activity cumulated in

- the same intervah ¢ would have been due to several small
wheres, and « are characteristic parameters. Then, as the 0

. fearrangements, such as occurs in the rangec¥3217° or
precursors occur at regular interval®), one can evaluate 9 9

the inclination angle in terms of the number of precursbors, observed n the.lleR pile. The connection betwgen these
two scenarios gives us the answer we are looking for. The

0=0. +iAg 3) size of the precursors that occur at intervalg is equal to
po ’ the sum of the sizes of the small rearrangements that would
where 6, is the inclination angle, at which the first precur- have occurred in the same interval if the precursor had not

sor takes placei € 0). Replacing Eqs(2) and(3) in Eq. (1),  existed. This result leads us to the following conclusion. The
a function that determines the cumulated activitykopre-  Precursors are several small rearrangements that occur simul-

sp=5,el?%), 2)

cursors is obtained: taneously. Then, a question arises: Why do they occur simul-
taneously? Possibly, because the origin of the precursors is a

k . perturbation that simultaneously destabilizes the free surface

Ap(0) =2, seellfpotiddlal, (4)  at different locations. We shall study this hypothesis in the

=0 following section.
In order to get a continuum description A{6), one can
rewrite Eq.(4) by assuming that the precursors do not occur D. Precursors

at intervalsA ¢ but atA 6/m, wherem=>0. We need to rede- A important question that arises from the preceding sec-

fine, therefore, the amplituds, by s,/m, to maintain the  tjon is that whether the origin of precursors is due to an
unchanged, cumulated activity given by Ee). Finally, to  external mechanical perturbation, for example, provided by
obtain A(6), we compute the limit whem goes to infinity  the experimental device, or due to a physical mechanism of
and extend the dominion of the function considering #jat  the packing. We study the first hypothesis analyzing how a
is now the angled,, where the first small rearrangement 20NDR pile responds to external perturbations. The follow-

occurs. The final expression f&q( ) is ing set of experiments was performed: the plane is raised at a
constant velocity and smoothly stopped every 5° before the
~ Soct o W angle of repose{r~21°) is reached, and every 1° beyond
A(0)= E(e("’ )—elfola)), (®  and up to the maximum angle of stabilitg;~27°). Each

time, the system is exposed to both weak and strong pertur-
bations provided by blocks of two different weightsO g

. L~ and 500 ¢ thrown from a constant heigti800 mm on the
para_metersa,_ SP/A 0, andg,. In Fig. 7, the functlong\(g) plane that held the granular pile. During the experiment, the
pbtamed by.flttlng the valqes aﬁ(Q) are _also plotted. FirSt, =cp camera scans the free surface and the image processing
it can be pointed out that in the piles with many layers such, o determines the size of the superficial rearrange-
as a 200DR pile, the fluctuations due to both small rear- o niq that each perturbation triggers. Up to 15°, the experi-
rang:—zments and precursors oscillate around the same f“”r‘h'ent develops normally and the perturbation does not pro-
tion A(6). Up to 17°, the fluctuations are small because thejuce additional events. From 15%<22° for the strong
activity is only due to small rearrangements. Bor17°, the  perturbation and 202 #<24° for the weak one, small rear-
fluctuations are larger due to the presence of precursors. qangements are observed fo||owing the external perturba_
the other hand, although(6) was derived from the activity tions. From 22° or 24°, the perturbations trigger large super-
cumulated by the precursors, it fits in a very good agreemerficial rearrangements with similar sizes as the precursors.
with the results of an experiment performed with few layers,Finally, at #=25°, an avalanche is initiated by the perturba-
where there are no precursors. Such is the case for th@n. In summary, while the precursors occur spontaneously
2NDR pile in Fig. 7. Considering these results, we conjec-from 6~ 17°, the external perturbations only produce similar
ture that the small rearrangements and the precursors are rotents when the angle of inclination is larger than 22°. Thus,
independent events. This means that the underlying physicaks the experimental device does not provide perturbations
mechanisms are nearly the same. In order to understarstronger than those used in the experiments described above,
the connection between small rearrangements and preclit-is very unlikely to induce the precursors observed during a
sors, let us analyze in detail the curves in Fig. 7. In the rangeegular experiment. We can then conclude that precursors do
17°<§<24°, every time a precursor occurs(6) grows not originate from external perturbations. It is necessary,
abruptly and in the following intervah 6, it remains almost therefore, to know if the underlying physical mechanism is
constant. Also in this range, the frequency of events deaffected by parameters such as the order of the packing, the
creases remarkablgee preceding sectipnin summary, we roughness of the free surface, and the number of layers.
can state that all the activity observed in an intergat We now present the experimental results concerning the
essentially originates from the precursor’s activity. In othervariation of the angular interval between successive precur-

It should be noted thal(6) is only a function of three
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57 propagate to the whole contact network producing internal
rearrangement of the grains until it reaches the free surface
4 * [16]. At this point, the perturbation destabilizes beads at the
free surface at different places, where several small rear-
] rangements are triggered simultaneously. After each internal
31 rearrangement, the contact network relaxes to a new stable
configuration until the inclination angle is increased by an
interval A . When the pile has many layers, the perturbation
f grows faster and produces a much larger internal rearrange-
ment than in a pile with a smaller number of bead layers. In
this situation, the pile reaches a more stable state. The angle
of inclination must then be increased by a larger interval to
0 . . . . . reach an unstable configuration.
0 10 20 30 40 50 In order to get more information about the latter mecha-
N nism, we have carried out a qualitative experiment. We pre-
pared a 20lDR pile placing several black beads, three layers
FIG. 8. Variation of the angular interval between successivebelow the free surface and performed a regular experiment.
precursors as a function of the number of layers of the pile. EactAlthough the shape of the black beads is not very well de-
value is obtained by averaging over five identical experiments.  fined when recording images of the free surface, the contrast
between black and transparent beads allows us to trace the
sors that seem to characterize this mechanism when the coposition of the black ones. Initially, we could not detect any
trol parameters of the experiments are changed. displacement of any black bead between the images taken
In Fig. 8, we have plotted the variation &f6 with the  pefore and after a precursor occurred. After around five pre-
number of layers foDR (disordered and roughpiles. Each  cyrsors, however, we observed that the black beads had
value was obtained by averaging over five identical experiymoyed a distance of the order of one-bead diameter. In ad-
ments. It can be appreciated thiag increases wittN. This  gjition, we noticed that no displacement of the beads placed
result suggests that the mechanism that triggers precursorsiisine |ateral side of the piléin contact with the lateral walls
affect_ed by collective effects, which involve all the Iayers_ qf ad been observed. Precursors were never observed in ex-
the pile. In other words, precursors are not only SuPerf'C'aEeriments performed with a AIDR pile whose width was
events. Let us add that the correlation betwaghandN is fi . .
ive bead diameter 10 mm). The observation reported

even observed on systems with>13, which is the maxi- bove confirm that the internal rearrangement of beads oc-
mum number of layers the avalanche perturbs as was o5t 9

served in Ref[12]. Let us see now, in Table I, the results curs mainly in the bulk of the pile and not only on the free
obtained forA 6 in 20-layer piles, while varying superficial surface.

roughness and pile structure. Each value was also obtained

by averaging over five identical experiments. Although there V. CONCLUSIONS

is no significant difference between the valuea@f a small In this work, we designed an experimental technique ad-
increase can be appreciated for ordered systems. On the cop- '

I Wessed to study the superficial fluctuations produced when a
trary, the variation of the roughness does not seem to mOd'f}rf}ranular packing is slowly driven.

A.e' In both, orde'red and disordered piles, the average coor- The techniques, developed to analyze the experimental
dinance number is 12 and the geometry of the contact ne?esults, allowed us to identify the underlying physical

ngrlé IS not ng'f'eddby tr:ﬁ s';ructur;e ofdthe Ifle|e- In .(I)ur (i/"‘\‘/ie' echanisms of the events observed during an experiment.
0€s not depend on the type ot order of our pries. al 15 the first place, the size distribution function and the

is clear in our expenmer_ﬂ_s, however, IS that the ngmber OEmalysis of the number of events confirm the presence of
layers dramatlgally_ n_10d|f|es t_he stability of the _p|le_. If_a superficial small events which exhibit a power-law behavior.
small perturbation is induced in the bulk of the pile, it will This behavior is observed in a system that is not in a critical
state but where the inertia effect is negligible. The existence
of these events can be straightforwardly understood in terms
of the loss of equilibrium of the superficial beads when the

(degrees)
-

A6

TABLE II. Angular interval A § between successive precursors
for piles of N=20 layers with different structure and surface rough-

ness. pile is tilted. We have shown the existence of precursors
. before the avalanche occurs. These events are observed in
N Structure Roughness (A ) (in degreep : .
(+12%) 3D p||¢s with more than ten layers and occur at regular an-
gular intervals.
20 D R 2.3 The analysis of the cumulated activity and the interval
20 D S 2.6 between successive precursors indicate that these events are
20 o) R 3.45 produced by the propagation of an internal rearrangement of
20 0 S 3 beads. We predict that when a thick 3D pile is slowly in-

clined, the contact network will oscillate between stable and
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unstable configurations at regular angular intervals. Everglways be some precursors to the avalanche. This is precisely
time the pile reaches an unstable state, the system relax#¥ origin of the name we have chosen for these events.
producing an internal rearrangement of grains.

The analysis of the avalanche process lets us argue that
the onset of the avalanche is produced when some superficial \We wish to thank S. Gabbanelli from the Facultad de
beads that are set in motion by an instability, for example, angenieria(University of Buenos Airesfor invaluable con-
small rearrangement or a precursor, acquire enough mometributions to this work. This work was supported by the pro-
tum to destabilize grains from layers below. Finally, we cangrams Ecos-Sud A97-E03, PICS CNRS-CONICET 561, and
assure that in piles with more than ten layers, there willTI-07 SECyT UBA.
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