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In-depth influence of the top surface fabrication of a bead packing

Packings of beads confined in slowly tilted containers with a top free surface are commonly used in laboratory experiments to model natural grain avalanches and better understand and predict critical events from optical measurements of the surface activity. To that aim, after reproducible packing preparations, the present paper focuses on the effects of the surface fabrication, which can be scraped or soft leveled, on both the avalanche stability angle and the dynamic of precursory events for glass beads of 2-mm diameter. A depth effect of a scraping operation is highlighted by considering different packing heights and inclination speeds.

I. INTRODUCTION 1

Understanding the mechanics of granular flows is of first importance for numerous industrial and natural domains where avalanches constitute critical events of grain displacements. It remains difficult to prevent from such instabilities because the triggering is controlled by a large number of physical parameters, including the grain shape and material, the grain pile compacity and history and the ambient humidity and temperature. Aiming at identifying the contribution of each parameter, small-scale laboratory experiments are commonly performed in controlled conditions where the granular pile consists of grains confined in a box and slowly tilted until the granular flow at the top surface starts. At rest, a granular packing can sustain normal loads and shear stresses, such as a jammed structure [1]. When the packing is tilted, the shear stress may exceed a threshold, and part of the pile starts to flow and the macroscopic behavior of the packing is related to geometry changes of the contact network and more specifically to the nature of the contacts, which can be frictional, collisional, sliding, or cohesive [2]. Precursory events are observed during quasistatic behavior of the inclination process, i.e., when bead displacement occurs only when local shear forces reach a critical value defined by the Coulomb's friction law [3]. This behavior can be also influenced by the inclination speed of the grain container. For soft leveled surface flows, the critical shear stress is evidenced by the existence of the angle of maximum stability θ A associated to internal friction properties [4]. When the tilt stops, the angle of the pile relaxes towards the angle of repose (θ R < θ A ). Among the different techniques that can be used to observe the avalanche events of a granular pile, we can point out: measuring the weight at the outlet of the packing container [5], following the surface * luc.oger@univ-rennes1.fr evolution by sequential optical [3,6,[START_REF] Duranteau | Dynamique granulaire à l'approche de l'état critique[END_REF] or acoustical [6,[START_REF] Zaitsev | [END_REF][START_REF] Duranteau | Powders and Grains 2013[END_REF] 47 methods.
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More recently, Kiesgen de Richter [START_REF] Kiesgen De Richter | Etude de l organisation des réarrangements d un milieu granulaire sous sollicitations mécaniques[END_REF] and Kiesgen de 49 Richter et al. [START_REF] Kiesgen De Richter | [END_REF] and Duranteau et al. [START_REF] Duranteau | Powders and Grains 2013[END_REF] and Delannay 50 et al. [12] have confirmed these observations by using two 51 successive improved automatic tilting setups to study partic-52 ular physical parameters that control the dynamic of grain 53 avalanches. Indeed, the size of the system (height [5], length 2 54 [6], width [13][14][15][START_REF] Métayer | Stabilité et propriétés rhéologiques d'empilements granulaires confinés[END_REF]), the density or volume compaction of 55 the packing [5,6,[START_REF] Evesque | [END_REF][18][19], and the tilting regime [12,20,21] are 56 some parameters that have been studied in previous works. 57 For example, Aguirre et al. [18] put in evidence the influence 58 of the packing height h, which is related to an equivalent 59 number n l of bead layers in the container (see Eq. (1) in 60 Ref. [18]) on the maximum stability angle when n l < 13. This 61 is particularly important when it consists in layer-by-layer 62 depositions completed by a series of taps of the surface in 63 between [3]. Indeed, this can be related to the well-known 64 "wall effect" [22][23][24][25][26] obtained on few layers of grains that 65 become quasiordered close to the walls of the container, which 66 have locally modified the packing fraction.
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Since many years, we have developed numerous experi-68 ments at the laboratory of the IPR (Institut de Physique de 69 Rennes) to analyze precursory events of granular avalanches 70 [START_REF] Duranteau | Powders and Grains 2013[END_REF][START_REF] Kiesgen De Richter | Etude de l organisation des réarrangements d un milieu granulaire sous sollicitations mécaniques[END_REF]12,[START_REF] Oger | Powders and Grains[END_REF]. These previous series of experiments were the 71 opportunity to identify ambient (proximity of a ventilation 72 system, humidity, and temperature, etc.), experimental (di-73 mensions and inclination speed of the container, physical 74 parameters of the grains, synchronization of the data acqui-75 sition, etc.) and packing (electrostatic effects, compaction, 76 fabrication, etc.) conditions that influence the reproducibility 77 of the results. In particular, the fabrication of the granular 78 packing (and its top surface), which is often considered in the 79 literature as part of the "history" preparation of the grain pack-80 ing, requires a particular attention for a better understanding 81 of the results. First, the present paper focuses on the effects 82 of the granular top surface fabrication on the dynamic of the 83 randomly poured into the rigid bead container. The packing height h < H is linked by an equivalent number n l of bead layers in the container (= 2h/( √ 3D) [18]. For small n l , the dynamic of the bead destabilization may depend on the bottom wall effect [22][23][24][25][26] defined previously. But this fact differs from precursors experiments from Aguirre et al. [5,18,[START_REF] Aguirre | Traffic and Granular Flow[END_REF]. Indeed, in their experiments, a series of spoon taps on top of successive layer depositions have produced stronger and globally denser packings inside all the packing structures. This strong internal compaction induces, by consequence, two regimes for their avalanche mass versus the number of layers n l (see Fig. 7 in Ref. [18]) and the appearance of their threshold close to 13. Below this threshold, a collective granular avalanche occurs due to short force chains interactions acting all along the packing; above this threshold, the successive deposition-compaction process induces internal rupture surfaces (between these depositions), which allow the appearance of a constant mass avalanche slipping at one rupture surface. This situation will not appear in our experiments as our fabrication conditions are strongly different as described now. During the preparation, a grid with a square mesh of 12 mm D is placed above the bottom of the bead container, then covered by the beads and then pulled out to homogenize and "dilute" the contact network between the beads in the whole packing volume. Then, the top free surface of the bead packing, i.e., the freely obtained surface, is finally flattened by horizontally pushing tool to remove surface irregularities larger than a bead diameter and form an average bead packing of height h.

In the present paper, series of experiments have been performed by the use of two different tools: a rigid metallic bar, commonly used in previous experiments [6,[START_REF] Duranteau | Powders and Grains 2013[END_REF][START_REF] Kiesgen De Richter | [END_REF], and a soft brush. Both tools have a width close to the inner box width. The first choice may compact and organize the superficial bead structure and result in a "scraped surface," and the second one only minimizes theses effects to maintain a "soft leveled surface." Our aim is to highlight the impact of these methods on the dynamic of the bead destabilization and on the precursors series of events.

According to this fabrication protocol, we have prepared series of bead packings with scraped or soft leveled surfaces and different heights h ranging between 30 mm (n l ≈ 17) and H max = 185 mm by inserting series of 5-mm thickness polyethylene foam plates at the bottom of the container.

C. Optical monitoring of the bead packing destabilization

To monitor the avalanche and precursory events of the bead packing during the inclination, an optical camera (Allied Vision TM Prosilica GC-2450) records images of the central part of the granular surface as a function of the tilt angle θ . The images, with a resolution of S 0 = 2448 × 2050 pixels on eight bits gray level, are recorded with a rate of 1 image/s and a high shutter speed of 1/15 000 s to ensure image sharpness. This requires a proper lighting of the packing surface, provided by four LEDs stripes glued on both side of the camera support on a rigid metallic plate parallel to the beads packing surface, which turns coupled with the packing oscillation (see Fig. 1). The camera is fixed 1 m above the granular surface and the size of an image is the surface reference 004900-2 the following figures for their mean values is only presented to provide some hints. In the following, these parameters are used to quantify the dynamic of the bead packing activity during gravity destabilization. But, at lower tilt angles, the extraction of a clear first precursor θ p from the signal noise is not so obvious (see Fig. 2) and can be assessed, at a first approach, as the first angle associated with S/S 0 > 0.5. The choice of the threshold equal to 0.5 is arbitrary but not crucial for the observation of the precursors series of events versus height and speed. According to Eq. ( 1), diminishing this threshold will just add few "previous" precursors for all the studied cases here. At this threshold, small error bars for the interprecursor values are observed, and an automatic treatment process can be used. In another way, if we try to adjust this threshold by fitting down the series of first precursors according to the slope drawn in Fig. 2 (dashed line), it is unclear to define the correct value versus the minimal signal to noise ratio. For example here, which value can be selected S/S 0 = 2% at θ p = 12 • or S/S 0 = 0.35% at θ p = 8.4 • ? The first choice is "compatible" with a visible precursor measurement, which is not true for the second choice where S/S 0 is smaller than the noise measurement made later on around 12 • . This problem will imply individual and manual treatment for each experiment and will increase the error bars.

III. DYNAMIC OF A SOFT LEVELED OR SCRAPED BEAD PACKING

By performing a series of experiments for different heights h of the bead packing and a fixed inclination speed of 3.3 • / min, we study the influence of the method for leveling the top granular surface with a soft (named here soft) or rigid tool (named here scraped").

A. Behavior of the maximum stability angle

A series of bead packings have been prepared in a container according to the method described in Sec. II B. An experiment consists of a slowly tilting of the bead container up to the avalanche, which occurs at the maximum stability angle θ A 004900-3 Sec. II B for the packing preparation. Then, we fully empty the container and weight the amount of grains present on it.

The results are averaged on five-independent measurements to estimate the mean and standard deviations for each configuration (Table I).

By looking at the packing fractions for the different heights, we can confirm the small influence of the soft leveling technique on the packing fraction visible by just a small continuous increase in the packing fraction with h, which can be linked to the ρgh effect. The packing fraction for h = 5 cm is close to the random loose packing (typically about 0.55), which confirms the dilution process generated by the moving grid during the packing fabrication.

By opposition, during the scrapping action, we can observe a "rolling moving" bump of beads in front of the rigid tool all along the top surface displacement, which densifies a lot the packing superficially. Indeed, this effect is clearly visible when h = 5 cm: the packing fraction is very close to the random close packing (RCP) (typically about 0.64), which is high for classical piling experimental setups. When the packing heights are larger, the influence of the densest upper thickness diminishes as visible for the two other values of h (10 and 18.5 cm) which are "identical" and close to 0.60. The strong difference of the packing fractions for the two packing preparations for h = 5 cm and the identical behaviors for the θ A evolutions imply that the correlation between packing fractions and avalanche angles made by Aguirre et al. [5] cannot be applied in our cases. These similar behaviors for θ A at small heights implies that the avalanche events are mainly controlled by the destabilization (such as Weibull's rupture) of the force chains that cross the packing independently of the local packing fraction. Indeed, for small packing heights, these force chains cross all the packing and cannot be supported by the smooth bottom walls. So they can be more easily broken through all these packing thickness.

As already mentioned, for larger heights, this densification action is, of course, space limited to a "small" thickness under the top surface only managed by the surface preparation. This structure discontinuity can explain the constant angle of avalanche for the scraped case due to the avalanche rupture which appears just below this constant denser thickness zone.

In complement, we can note that, close to very large heights available (value of 18.5 cm in the present paper), the maximum stability angles θ A tend to be similar for the soft leveled and the scraped surface experiments around 25 • ± 0.5, which confirms the decrease in the influence of the denser upper packing thickness. The dependency between θ p and h is, thus, not obvious, From Eq. ( 1), the number N p of detected events decreases also 367 with h.
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For scraped surface experiments, when h < h c , θ p , θ , and 369 N p are hardly measurable. This behavior can be related to the 370 measurements of h = 5 cm in Table I, which show a dense RCP jamming structure avoiding small internal displacements (slips) before large tilting angles and, by consequence, close to the final avalanche angle θ A . This explains why N p is very small and the uncertainties for θ p and θ are large in this part of h. When h > h c , measurements of θ p ≈ 13.5 • and θ ≈ 1.2 • , are drawn as constant and more reproducible than for soft leveled surfaces: scraping the surface tends to compact the superficial bead layer for which effects are an increase in the stability angle and stronger events associated with larger activities, i.e., events for S/S 0 > 0.5 can be detected with more confidence. In complement, we have drawn the same linear slope (as an eye guide) for the evolution of N p as for the soft case: only the initial values are different. According to Eq. ( 1), in the first approximation, it is not true but a constant evolution seems not so valid. Both decreases in N p in our range of h is quite interrogating about their evolutions for higher h: N p is going down to 0 or converging to a minimal value? We have not yet the answer due to the limitation of our setup.

IV. INFLUENCE OF THE INCLINATION SPEED

Up to now, we have assumed that the tilting process is a quasistatic process, but we know that it is not perfectly true, so we study how the inclination speed biases our experimental results. In this section, we study the influence of the packing inclination speed, in the range of 1.7-14 • /min on the avalanche and precursory events. For each experimental speed conditions, we have also reproduced between 8 and 15 similar experiments to highlight representative results. The choices of the different heights and surface association analysis was induced by the observation of θ A in Fig. 3: We selected for the first soft leveled surface experiments h = 4 cm h c , then, for both soft and scraped ones 10 cm >≈ h c and, finally, for scraped surface experiments h = 18.5 cm h c .

A. Behavior of the maximum stability angle

As previously, for each experiment, we measure the maximum stability angle θ A of the bead packing. The results are plotted in Fig. 5, which also shows the error bars of the measurements for both soft leveled and scraped surfaces.

Soft leveled surface experiments are characterized by a continuous nonlinear increase in the maximum stability angle θ A with the inclination speed: It increases from 22.2 to 23.5 • for a packing height of h = 4 cm, and the behavior is similar for h = 10 cm where θ A increases from 23.4 to 24.5 • . The small increase is linked to the increase of the amount of beads, which implies higher internal stability. Indeed, the effect of h observed here is in agreement with the previous analyzes dedicated to the effects induced by the packing height (Fig. 3). In these soft leveled cases, the contact stiffness is weak, and the superficial beads are more sensitive to inertia effects, which increases with the inclination speed, in agreement with previous experiments [35][START_REF] Jarray | Powders and Grains[END_REF][37].

For the scraped surface experiments as we are at a height h > h c , we can observe also here a nearly constant maximum stability angles θ A , about 25.7 and 26.5 • for packing heights h = 10 and 18.5 cm, respectively. The difference of 0.8 fall into the uncertainty of the measurements performed for the previous analyzes (Fig. 3), already pointed out and justified the horizontal line on the Fig. 3 for h > h c .

B. Behavior of the precursory events

We also measured the characteristic parameters θ p , θ , and N p associated with the precursory events, and we plotted their evolutions in Fig. 6.

When the inclination speed increases, the uncertainties of the first precursor appearance increase naturally due to two additional effects coupled with the inertial effect: temporal angular resolution (still only one image per second) and higher inherent vibrations of the full setup linear actuator.

In Fig. 6(a), we can also note that, only for the soft leveled surface (empty circle) at h = 4 cm, the first precursor appearance angle θ p increases with the inclination speed: The value starts around ∼10.5 • ends around ∼16 • . For the other three cases, the scraped surface h = 10 cm (full diamond) and 18.5 cm (empty diamond) and the soft case h = 10 cm (full circle), the first precursor appearance angles θ p remain constant in the full range of the inclination speed. For the scraped cases, this observation is in accordance with the previous observation of the nondependence of the maximal stability angle θ A , which indicates that the denser superficial thickness zone limits the displacement of the beads. On the other hand, for the soft case at h = 10 cm the observation of a constant value of θ p with the inclination speed is more complex to explain: we may assume that the dense packing fraction (see Table I) allows the existence of long force chains crossing all the height of the piling and keeping some stress independently of the inclination speed. vary due to less and less internal superficial stress for smaller 461 height h or higher speed.

462

Indeed, with a soft leveled surface, the packing is char-463 acterized by both an interprecursor angle and a number of 464 interprecursors that decrease linearly with the inclination 465 speed. The interprecursor angles θ vary roughly from 1 • to 466 0.7 • for h = 4 cm and from 0.9 to 0.6 • for h = 10 cm. The 467 numbers of interprecursors N p vary at the same time from 15 468 to 10 for h = 4 cm and from 10 to 0 for h = 10 cm. We have 469 to mention that for the inclination angle higher than 18 • , some 470 small superficial continuous slidings of top grains can appear 471 without producing an avalanche, which make the optical de-472 tection of precursors impossible in these cases. Of course, this 473 problem avoids the use of these data for the averaging. In the classical results [3,[5][6][START_REF] Duranteau | Dynamique granulaire à l'approche de l'état critique[END_REF]18] the maximal stability 493 angle θ A and the precursor appearances were observed only on 494 packings submitted either to series of tapping or to superficial 495 scrapping techniques. But here, we have demonstrated that the 496 packing preparation history (i.e., soft leveled or scraped sur-497 face) is crucial in these kinds of studies and can explain some 498 particular previous results. In our cases, we have observed that 499 the soft leveled surface cases are, always, producing more 500 evolving results than the scraped ones. These behaviors are due to the more dilute, homogeneous packing structure for the soft cases by opposition of the presence of a dense reorganized thick upper band in the scraped cases. We have pointed out that the decreases of N p in our range of h is generating new interrogations about either the full disappearance of the precursors or a small remaining number of them. This needs setup development and complementary investigation. Another interesting point for a practical use is the fact that scraping the surfaces implies that the experiments can be performed at a "higher inclination" speed, allowing performing a larger number of experiments when our studies require large statistical approaches and less uncertainty results.

Main results and conclusions are defining the good use for our future works made in our laboratory for studying more complex behaviors, such as playing with different lengths and widths of the box, inclination speed, oscillation cycles ± θ c , environmental conditions (humidity range relative humidity) or adding other detection techniques, such as mechanical or acoustical sensors.

FIG. 1 . 2 FIG. 2 .

 122 FIG.1. Experimental setup which presents the pneumatic table, the inclinable plate, the metallic box, and the optical system (camera + lights) on top attached to the plate.

FIG. 3 .

 3 FIG. 3. Maximum stability angle θ A measured as a function of the packing height for soft (disks) or scraped (diamonds) leveling top surfaces. Error bars are associated to, at least, ten similar experiments.

FIG. 4 .

 4 FIG. 4. Characteristic parameters of the precursory events measured as a function of the packing height with soft leveled (disks) or scraped (diamonds) surfaces. (a) θ p , the first precursor angle; (b) the interprecursor angle θ and (c) the number N p of precursors events.
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  which implies that, for simplicity, we have drawn the same 361 slope as the scraped case described below. The interprecursor 362 angle θ , defined as an average parameter over N p obser-363 vations, is more representative of the dynamic of the bead 364 destabilization: It ranges between 0.9 and 1.4 • and as a first 365 approximation, it linearly increases with the packing height.
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Figures 6 (

 6 Figures 6(b) and 6(c) show the coupled information about θ and N p versus the inclination speed. As previously noted, we can observe globally that for the scraped surface, these two parameters are constant, and for the soft leveled surface, they
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  With a scraped surface, the packing is characterized by a 475 constant interprecursor angle θ about 1.5 • for h = 18.5 cm 476 and about 1 • for h = 10 cm. N p is about nine precursors for 477 004900-6The analysis of around 8 to 20 identical experiments (i.e., 488 same history of fabrication and physical and mechanical pa-489 rameters) have allowed us to use them with enough good 490 reproducible results to deduce some conclusions about these 491 different experimental protocols.
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TABLE I .

 I Packing fraction versus height and surface layering techniques.

	Height (cm)	Scraped	Soft
	5	0 .635 ± 0.002	0.555 ± 0.005
	10	0.608 ± 0.001	0.579 ± 0.001
	18.5	0.603 ± 0.001	0.591 ± 0.001

  Maximal stability angle θ A measured as a function of the inclination speed with soft leveled (disks) or scraped (diamonds) surfaces and different packing heights. The dashed lines for the scraped surfaces are drawn horizontally and, for the soft leveled surface, they are just drawn for eye guides without theoretical explanations. Error bars are associated with 8-15 similar experiments.
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