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Robust experimental study of avalanche precursory events based on repro-
ducible cycles of grain packing destabilizations
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Abstract. Quasi-periodic collective displacements of grains at the free surface of a tilted grain packing consti-
tute precursors of granular avalanches. Laboratory experiments are commonly performed by slowly tilting the
packing from 0° to the maximal stability angle 84. In these conditions, the number of precursors is too small
to assess reproducible and robust statistical analyses of the precursor activity. To go beyond this limitation,
we have developed a specific experimental protocol consisting in tilting the packing with successive oscillation
cycles. We use a high resolution optical camera and process the images of the packing free surface to identify
precursory events during many consecutive cycles of a single packing. We observe the same behavior for all
half-cycles, forth and back: appearance of the first precursors after the same variation of inclination, exponen-
tial evolution of the weak surface activity for the first precursors and linear growth of stronger surface activity
for the following ones. The experimental protocol provides both reproducible precursor measurements based
on large sample statistical inferences and a quasi-stationary state after one full-cycle. This approach is very

promising to highlight the effects of external parameters, including humidity and packing geometry.

1 Introduction

Understanding the triggering mechanisms of granular
flows is a subject of great interest in many domains.
For instance, in pharmaceutical and agricultural domains,
grains can be stored, pilled or displaced; in natural do-
mains, snow avalanches or giant landslides require pre-
diction to prevent the recurrence of such dramatic events.
At small scales, laboratory experiments are performed to
study gravity destabilization of a packing of glass beads by
gently inclining it, assuming a quasi-static behavior. The
quasi-static regime is satisfied if the inclination process al-
lows the non-displacement of the grains except when local
shear forces reach a critical value related to the Coulomb’s
friction law. The destabilization is generally character-
ized by grain rearrangements at the free surface, based on
optical measurements [1-3] but many other experimental
techniques have also been successfully used (see [4] for a
comprehensive presentation).

Nerone et al. [5, 6] have shown that the size of the
grain rearrangements at the free surface increases with
the inclination angle 8 for freshly prepared packings and
that quasi-periodical large collective events can be ob-
served few degrees before the maximum stability angle
associated to the avalanche 64. They called precursors
such events and observe that their size, i.e. the number
of grains involved, grows exponentially with respect to
6. A better understanding of the precursor activity is re-
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quired to predict the onset of the avalanche. The avalanche
triggering and the irruption of precursors are controlled
by several physical parameters, such as the packing di-
mensions (height [7], length [2] and width [8-11]), the
density or volume compaction of the packing [2, 7, 12—
14], the tilting regime [4, 15, 16] and the humidity in-
side the packing [17]. Most of the previous experi-
ments [1-3, 5, 7, 13, 17-19] dedicated to precursor iden-
tification have been performed by direct tilting experi-
ments of a grain packing from the horizontal position to
the avalanche.

Kiesgen de Richter et al. [20] have stated that the
destabilization activity of the grain packing depends
strongly on the history of the system. Information on that
past history, and in particular the packing fabrication, is
stored in the initial network of the physical contacts that
exist between the grains. To study the influence of the sys-
tem history on the precursor activity, the authors applied
a series of consecutive forth-and-back tilting cycles: the
box was slowly inclined from the horizontal to an "ageing"
angle smaller than the avalanche angle and then inclined
back to the horizontal. The authors observed a decrease of
the overall precursor activity during the first cycles. Af-
ter four cycles, the activity reaches a limit state that cor-
responds to a strongly reduced intensity. It is worth not-
ing that, using acoustical methods, the authors observed
‘mirror-type’ rearrangements in the bulk of the pile. The
ascending and descending parts of the cycles form a kind
of anti-symmetric hysteresis loop which remains during up
to 15 cycles. This behavior has motivated the present work
where we implement a new experimental protocol. The



specific protocol consists in continuously tilting the pack-
ing with successive oscillation cycles between 8¢ < 64 and
—6c¢. As shown in the following, this original approach al-
lows providing a large number of precursors that improves
the accuracy of the analyses.

In section 2, we present the experimental setup and
the techniques used to monitor the surface activity. Sec-
tion 3 describes the results and presents the advantages of
the successive oscillation cycles, defined as ’full-cycle’, to
characterize the precursor activity.

2 Description of the reproducible cycle
experiments

2.1 Grain packing fabrication

To achieve the so-called "same history" of a packing fab-
rication [21], we have followed the approach introduced
by [20] which consists in a four-steps protocol.

In the first step, we position a 1 cm square mesh
grid at the bottom of a rectangular aluminum container
with length L,= 440 mm, width W;,= 200 mm and height
H,=185 mm. Note that the dimensions of the container are
adjustable (L,=240, 440, 640 or 1000 mm and W,=150,
200 or 300 mm). In the second step, we fill the container
with monodisperse glass beads with a diameter D = 2 mm.
The number of grain layers is about 90, which is high
enough to avoid any influence on the maximal stability an-
gle of the packing, the well-known wall effect in granular
packings [22]. Note that this number is much larger that
the limit of 10 layers observed by Aguirre et al. [13]. In
the third step, we slowly pull out the grid, an operation
which results in a nearly loose packing. In the forth step,
we flatten the free granular surface of the packing by push-
ing horizontally a rigid metallic bar along the L;, direction.

The average initial packing fraction (ratio between the
volume of sphere material with the volume of the whole
packing) evaluated in [20] is 0.594 + 0.001 but the last
step of the packing fabrication may compact the superficial
layer of grains by only few tenths but enough to result in a
"scrapped surface" of the packing.

2.2 Experimental setup and successive tilting
cycles principle

Preliminary developments of an automatic tilting experi-
mental setup have been designed to introduce original re-
sults in characterizing precursors and avalanches of gran-
ular piles [4, 19, 23]. For the present work, this exper-
imental setup has been significantly improved to reduce
artifacts, including mechanical vibrations and electrostatic
effects between the glass beads, to consider different sizes
of the packing container, to synchronize several physical
measurements not discussed here, and to perform large
range of inclinations positives or negatives (Fig. 1).

The experimental setup, placed in a humidity and tem-
perature controlled room, is constituted of an optical table
managed by four pneumatic attenuators and mounted on
damping pads in order to reduce external vibrations that

may modify the dynamics of the packing. Both the alu-
minum rectangular box that contains the grains, a camera
used to scan the free surface and lights used to illuminate
the free surface of the packing are fixed on an inclinable
plate that can rotate to a maximum angle of 30° around an
horizontal axis made of Teflon. The box is positioned so
that the horizontal axis is directed according to W, and is
located at the center of the L, length of the box. The plate
inclination is controlled by the use of a linear actuator and
the tilting speed can be set between 1.7 and 14 °/mn in
a LabVIEW™ program that also records the inclination
angle. In the present work, the experiments have been per-
formed at the minimum speed.
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Figure 1. Photography of the experimental setup.

The experimental setup allows performing multi-cycle
experiments composed of an initial quarter-cycle Cy from
0° to ¢ < 64, corresponding to a classical tilting experi-
ment with stop before reaching avalanche, followed by a
series of successive half-cycles indexed by i from +6¢ to
—6c (Ci*) and from —6c to +6c (C;). After N full-cycles,
the inclination of the last half-cycle C; increases up to the
maximal stability angle 6.

3 Measurement of the precursor activity
3.1 Optical detection of the precursory events

During the experiment, the optical camera takes one image
of the free granular surface per second with a resolution of
2448 x 2050 pixels on 8 bits gray level. This total surface
is noted S¢. Positioned 1 m above the free granular sur-
face and set on an aperture speed of 1/15000 s, the camera
allows imaging a surface of 230 x 230 mm? located at
the center of the granular surface and the grain 2D projec-
tion corresponds to about 300 pixels. The image acquisi-
tion is performed by the LabVIEW™ program and is thus
synchronized with the inclination angle measurements as
a function of the recording time.



Four stripes of LEDs illuminate the packing free sur-
face to produce grain shadows. Changes in the shadows
surface between two consecutive images are used to de-
tect grain displacements: an ImagelJ [24] script, initially
developed by Kiesgen de Richter et al. [2], consists in sub-
tracting two consecutive images, thresholding the result to
remove the noise and then quantifying the surface S of the
displaced grain shadows as a function of the inclination
angle. Based on the ratio S/S hereafter called the sur-
face activity, the detection of a precursory event is similar
to the approach used in previous studies [2, 5, 17, 19] and
corresponds to a surface activity close to unity.

3.2 Precursor activity in the classical range 0° to 6.

The initial quarter-cycle Cp of our multi-cycle protocol
is similar to classical avalanche experiments but the in-
clination is stopped before the avalanche occurs, at about
28°: just after its fabrication, the grain packing is slowly
tilted from the horizontal 8 = 0° to 8- = 24°. The image
processing allows detecting several main peaks of activ-
ity which appear quasi-periodically (Fig. 2, blue curve).
They can thus be associated to precursory events. The
red dashed line is drawn in a semi-logarithm scale to en-
sure the Nerone et al.’s assumption of an exponential in-
crease [1]. Obviously, this assumption is only valid for
the very first and weak amplitude precursory events. At
larger inclination angles (6 > 18°), the precursor activity
is getting higher but increases more slowly. It is difficult
to know, without a detailed analysis, if the first small pre-
cursors, already observed by Nerone et al. [1], are of the
same nature as the large ones that follow them.

C, from 0° to 24° ,’/

Figure 2. Surface activity measured for a 2 mm beads packing
and O¢c = 24° during the initial quarter-cycle Cy. The dashed line
is an exponential approximation of the activity behavior.

Weak events can also be observed between the pre-
cursory events (Fig. 2) and are discarded in the present
study where we chose to identify precursory events when
at least half of the free surface of the grain packing has
moved. We thus characterize the dynamic of the precur-
sor activity after the angle of the first precursor defined by
S/So > 0.5. In the present C experiment which starts
at § = 0°, we measure a variation 6y ~ 16.5° of the in-
clination angle before the first large precursor and detect
My=5 precursors. Variations in 6y and My may exist from
one experiment to another not only because of the use of
different grain packings but also because of the noise in

the image processing. When only considering C experi-
ments to characterize the precursor activity with the angle
A@ that separates two consecutive precursors, a large num-
ber of realizations is required to increase the total number
of precursory events and get more representative statisti-
cal analyses of the precursor activity. Such an approach
using different initial packings has strong limitations, in
particular when we aim at quantifying the effects of exter-
nal conditions (humidity, temperature, inclination speed,
angle ¢, ....) on the precursor activity.

3.3 Multi-cycle precursor activity from 6. to -6

This section presents the first results of the multi-cycle ex-
periment composed of N=4 full-cycles with 60 = 24°

(Fig. 3a).

Figure 3. (a) Surface activity S/S( measured as a function of
the recording time during a multi-cycle experiment composed
of 4 full-cycles (blue line). During the first quarter-cycle and
each following half-cycle, the inclination angle 6 changes lin-
early with the time (red lines). (b) Activity of the C{ half-cycle
following Cy as a function of the inclination angle.
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The experiment starts with the initial quarter-cycle Cy
discussed in the previous section, represented here as a
function of the acquisition time. It is followed by the first
half-cycle C{ (Fig. 3b) during which the first "large" pre-
cursor appears at § ~ 8°. The variation of inclination an-
gle necessary to observe this first large precursor is thus
91' = Oc — 8° ~ 16°, similar to 6, measured in the previ-
ous case Cy. Then, we observe a long series of precursors
whose activity increases up to the opposite extreme angle
—0c. Interestingly, the activity increases rapidly for the
weak activity precursors preceding 8° and then linearly at
a much slower rate for the precursors of stronger surface
activity, after 8°. This is symmetric to what we observed
in figure 2 and confirms the mirror-type effect observed
in [20]. In this first half-cycle C?, with 01’ ~ 16°, the num-
ber of precursors M{=16 is already much larger than M,.
In the second half-cycle C}, we observe a symmetric be-
havior with 6] ~ 19°, and a number of precursors M} =13.
So, in practice, we can average inter-precursor angles A6
on each group of precursors during C¥ half-cycle or the
summation of the inter-precursors angles during each half-
cycle up to the given full-cycle N.

As aresult, the total number My = YN, (M + M) of
precursory events detected for a single grain packing can
be very high. The results show a good reproducibility of
the precursor activity after the initial quarter-cycle Cy and
no more than two full-cycles are required to get a repre-
sentative grain packing behavior. Thanks to the robust sta-
tistical approach allowed by the new multi-cycle protocol,



only few full-cycles are enough to obtain a good accuracy
of the results. In practice, four full-cycles following the Cy
quarter-cycle will be used in our future work.
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Figure 4. (a) Evolution of the inter-precursor angle A6 averaged
(<>)on each half-cycle C; (disk with its error bar) and accumu-
lated average from O up to n (open diamond) versus the number n
up to 23 full-cycles. (b) Evolution of the accumulated data error
bar versus M, = }i_ (M; + M;) , the dashed line corresponds to
the fit for the latest values.

Figure 4 demonstrates that, after the first full-cycles,
we can observe a quasi-stationary of the precursor mea-
surements for the average inter-precursor angle A6 be-
tween two consecutive precursory events. We can notice
also the accuracy increase with the increase of M, after n
full-cycles.

4 Conclusion

The original multi-cycle experimental protocol designed
to study precursor activity of grain packings allows us to
provide precursor measurements based on large sample
statistical inferences. In complement - not shown here -
this quasi-stationary state already obtained after two full-
cycles has also permitted us to demonstrate that this setup
protocol don’t seem to depend much on the initial pack-
ing fabrication. With only two full-cycles, we have high-
lighted this quasi-stationary state and, for accuracy and re-
producibility improvement, four full-cycles will be used as
standard protocol in our future experimental works. This
new approach allows generating accurate and reproducible
results required to measure and analyse in more details
weak variations induced by changes in physical parame-
ters such as humidity, packing geometry and inclination
speed that motive future works on grain packing precur-
sory events.
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