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Abstract. Granular packings slowly driven towards their instability threshold are

studied using a digital imaging technique as well as a nonlinear acoustic method. The

former method allows us to study grain rearrangements on the surface during the

tilting and the latter enables to selectively probe the modifications of the weak-contact

fraction in the material bulk. Gradual ageing of both the surface activity and the weak-

contact reconfigurations is observed as a result of repeated tilt cycles up to a given

angle smaller than the angle of avalanche. For an aged configuration reached after

several consecutive tilt cycles, abrupt resumption of the on-surface activity and of the

weak-contact rearrangements occurs when the packing is subsequently inclined beyond

the previous maximal tilting angle. This behavior is compared with literature results

from numerical simulations of inclined 2D packings. It is also found that the aged

weak-contact configurations exhibit spontaneous restoration towards the initial state

if the packing remains at rest for tens of minutes. When the packing is titled forth

and back between zero and near-critical angles, instead of ageing, the weak-contact

configuration exhibits ”internal weak-contact avalanches” in the vicinity of both the

near-critical and zero angles. By contrast, the stronger-contact skeleton remains stable.

PACS numbers: 83.80.Fg, 43.25.+y, 45.70.Ht
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1. Introduction

A major issue of industrial and geophysical interest is the knowledge and the

understanding of the stability of a granular packing. Evaluating and possibly modifying

the stability of a packing is essential to predict for instance avalanches, landslides or

the blocking of silos. Even when the external force applied to the packing does not

induce a flow, it may drive some microdisplacements as the system adapts to the

constraints. These events are precursors of the macroscopic failure; they can change

the stress distribution within the packing, thus controlling its stability. The transition

from a ”static” state to a flowing state is challenging for condensed matter physics. This

transition, which can be seen as a ”jamming-unjamming transition” with astonishing

analogies between granular and glassy systems, has recently triggered a wealth of

publications [1, 2, 3, 4, 5, 6].

Granular system driven quasistatically out of equilibrium exhibit memory effects and

local, intermittent, rearrangements of grains [7, 8]. Previous works [9, 10, 11] show that

parameters like humidity, system dimensions, friction between grains, bottom roughness,

or packing fraction can influence the value of the maximum angle of stability of a packing.

Aguirre et al. [9] showed that the influence of the number of grain layers on the stability

of a packing is noticeable up to about ten layers, while it becomes independent of it

for larger layer numbers. The angle at which an avalanche starts was further found to

increase with the packing fraction [11]. Scheller et al. [12] observed an evolution of the

packing fraction by successive jumps when the tilt angle of a 2D granular monolayer

increases. These studies evidence clear signatures of internal reorganizations in a 2D

packing and suggest the existence of ageing and memory effects during the inclination

process.

Numerical simulations of cyclic tiltings of 2D granular piles emphasized the

existence of hysteretic behaviors [7]. They also demonstrated the relevance of the

two-phase description, in terms of weak and strong contacts [13], thus correlating

with earlier observations [14, 15] which indicate quite independent evolution of the

weak- and strong-contact networks. The application of nonlinear acoustic techniques

[14] made it possible to detect transitional modifications of the weak-contact fraction

in the bulk of granular packings by observing acoustic signal components that had

arisen in the material due to its nonlinearity. The key point is that such components

are dominated by the weak-contact contribution [16, 17, 18, 15]. The observation of

nonlinear acoustic precursors of avalanche approaching agrees well qualitatively with

the simulated intermittent modifications of the inter-grain contact network in the bulk

of tilted 2D packings [19, 20] and the observations of on-surface displacements [21].

The previous 2D simulation results were reanalyzed in detail by Henkes et al. [22] to

examine the link between the avalanche process and a global isostaticity criterion. They

emphasized the role of clusters of particles with contacts at the Coulomb threshold,

which concentrate the local failure and grow in size when approaching the avalanche.

An open question remains as regards whether the contact rearrangements in the bulk
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are directly related to the on-surface ones and what the extent of independence of the

weak- and strong-contact configurations is.

Here, we demonstrate experimentally the existence of ageing and memory effects at the

surface and on the weak contact network. This is done by combining a classical digital

imaging techniques [23, 21] as well as a nonlinear acoustic method. In doing so, we

prove that experimental results on 3D packings share common features with results of

2D simulations [7, 22].

In section 2 we present the experimental setup and the techniques used to monitor

surface activity and modifications of the weak-contact network. Section 3 is devoted to

the characterization of the surface of the packing. First, we present the time evolution

of the rearranged area due to instantaneous grain motions at the surface of the packing

when the latter is inclined from 0◦ to the angle of avalanche, θa. Second, we describe

the evolution of the superficial activity during successive tilt cycles between 0 and a

given ”ageing angle” θm < θa. We also depict and discuss the recovery of the activity

when the inclination angle exceeds the ageing angle θm. Third, we summarize the results

obtained and justify the use of non-linear acoustic methods to study the contact network.

In section 4 the acoustical measurements are reported. After having compared the

information provided by the two methods, we evidence the ageing of the weak-contact

network and we describe the occurrence of ”mirror-type” rearrangements. Finally, we

show that the aged weak-contact configuration exhibits spontaneous restoration towards

the initial state when the packing remains at rest for tens of minutes.

2. Experimental Methods

2.1. Experimental set-up

The experimental setup consists of a slowly rotating rectangular plexiglass box

containing glass beads (see figure 1). The system is constituted of a heavy table and

of a frame which can be inclined at different rates by means of a threaded stem linked

to a DC motor. Foams were used to damp vibrations from this motor. The rotation

speed can be varied from 0.02◦. s−1 to (1/6)◦.s−1. The box, which contains grains, and

a camera used to scan the free surface are both fixed on the frame. The inclination

angle is measured with an inclinometer fixed also on the frame. The precision of the

angle measurement is 0.1◦. The size of the box is 30 × 20 × 11 cm. We use glass

beads of two types with the same diameter, (3 ± 0.1) mm, similar to those used in

experiments [21, 14] as well as smaller beads (2± 0.1) mm as in studies [17, 18, 15]. In

all experiments, the thickness of the packing is kept constant and equal to 8 cm. The

bottom of the box is prepared for once by gluing down glass beads similar to those that

constitute the piles on a flat piece of wood. The ambient humidity is kept constant at

50% to avoid effects of capillary or electrostatic forces. To ensure reproducible results,

we applied in all experiments the same procedure for the preparation of the packing.

First, a grid is put at the bottom of the box, then the box is filled with glass beads and
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the height of the packing is made equal to a chosen value. This is done by eroding the

free surface with a bar until it reaches the chosen height marked on the lateral walls

of the box. Finally, the grid is removed from the box. Glass beads cross the grid and

ensure in that way the homogeneization of the packing. Then, the height of the packing

is adjusted again as mentioned before. The resulting initial packing fraction (evaluated

by measuring the height of the packing) is 0.594 ± 0.001. During an experiment, the

free surface is scanned with a camera interfaced to a computer equipped with an image

processing software (ImageJ). The resolution of the camera is 768× 512 pixels and 256

gray levels. The acquisition speed can be chosen between 1 and 25 frames s−1. All

results based on image-acquisition presented in the present work were obtained with an

inclination velocity of 0.05◦ s−1 and an acquisition rate of 5 frames s−1. These choices

are not critical, since we do not observe significant variations of our results when the

inclination speed is varied in the aforementioned angular velocity interval.

Figure 1. Left: Schematics of the experimental setup. Right: Acoustic probing

configuration and spatial dependence of the acoustic frequency components.

2.2. Image processing

The image processing is composed of three steps. First, all images of the movie recorded

during the inclination process are extracted. In images, centers of grains appear as bright

spots. Each image is subtracted from the next image. In that way, grains which have

moved are detected. The elements of the ”difference” images correspond to the positions

of the centers of grains before and after the rearrangements. Then, these images are

binarized and noise is reduced by applying a gray-level thresholding method. To recover

the initial size of rearrangements, we apply a dilation algorithm, followed by a hole fill-

ing procedure. Finally, a particle analyzer is used to extract the position, the area, and

the eccentricity of clusters of synchronously displaced grains. The conversion between

pixels and glass bead diameter is obtained by calibration. The above-described image

analysis method allows us to evaluate the area fraction which is rearranged between two

successive images.
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2.3. Acoustical methods

The acoustic method is similar to the one described in [14]. Acoustic pump waves

composed of two frequencies f1 and f2 are emitted by a piezo-transducer (with an active

surface radius a = 1.75 cm) in contact with the beads at mid-depth of the granular layer

(see figure 1). A piezo-receiver placed on the opposite wall allows to detect acoustic

signals at f1, f2, as well as some acoustic noise generated in the medium and the

difference frequency signal F = |f1 − f2| arising from the nonlinearity of the medium

[14, 17]. The received signal is recorded using a spectrum analyzer in the form of time

dependent spectra, from which the temporal evolutions of specific frequency component

amplitudes can be extracted with a 39 ms time step. The emitted frequencies f1 and f2
(with an acoustic strain amplitude ε̃A ≃ 10−7) are chosen around 10 kHz resulting from

a compromise between the efficiency of the transducers and a weak acoustic scattering

by the medium. F = |f1 − f2| ≃ 1.5 kHz is chosen lower than f1 and f2 to ensure a

low damping in the medium during propagation. Under these experimental conditions,

the received acoustic energy is mostly coming from the waves propagating through the

grains and their contacts (the solid skeleton) and not through the air. The presence of

an in-depth acoustic velocity gradient (due to the nonlinearity of the contacts together

with the increasing static pressure with depth [24]), prevents us from giving a simple

picture of the acoustic propagation in this configuration. The acoustic propagation is

multimodal and the several expected modes are guided by the velocity gradient [24]

as well as by the layer boundaries (free boundary at the top, rigid at the bottom).

From an estimation of the velocity v ≃ 100 m/s of bulk longitudinal waves at a 4 cm

depth (static pressure ≃ 600 Pa), the wavelength of the emitted waves is λ1,2 ≃ 1 cm.

For the nonlinearly generated difference frequency F , the wavelength estimation gives

Λ ≃ 8 cm a value comparable with the layer thickness. We notice that resonance effects

between transducers are not observed in gravity stressed granular packings due to the

important acoustic damping at these frequencies. The diffraction length of the emitted

acoustic beam neglecting the elasticity gradient is ℓd = πa2/λ1,2 ≃ 10 cm. Therefore,

the difference frequency wave is mainly generated from a collimated pump beam which

has not yet reached the free surface of the layer. The nonlinear wave generation is thus

expected to be weakly sensitive to the surface events monitored by the camera.

Moreover, as shown in [17, 14] and references therein, there are essential differences in the

roles of the weakest contacts and those of the average (and strongly) loaded contacts for

the propagation of linear and nonlinear acoustic waves. Let us consider a single Hertzian

contact between two beads, with a static deformation ε0, and subjected to a dynamic

(acoustic) deformation of amplitude ε̃A. A Taylor expansion of the Hertz relation [25]

for |ε̃A| ≪ |ε0| provides for the dynamic perturbation, a linear elastic modulus Eℓ ∝ ε
1/2
0

while the nonlinear quadratic modulus is Enℓ ∝ ε
−1/2
0 [17]. (A typical static pressure of

600 Pa between two of our glass beads gives ε0 ≃ 10−6 as the average contact strain).

Consequently, the smaller the static strain (or stress) of a contact, the higher the contact

nonlinearity. Similar reasoning holds for the hysteretic nonlinearity of sheared Hertz-
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Mindlin contacts. This explains the numerous experimental observations indicating the

dominant role played by the weakest contacts (with ε0 < 10−7 or less) in the nonlinear

acoustic generation process [17, 14, 18, 15]. In particular here, the demodulated F

component is selectively sensitive to the weakest contacts in the medium, which in turn

makes it sensitive to extremely weak modifications of contact forces induced by tilting.

Indeed, although the absolute displacements due to microscopic rearrangements of the

grains at the averagely loaded and the weakest contacts are comparable, the relative

force change of the averagely loaded contacts induced by tilting is much smaller, which

ensures much smaller relative variations of the linear acoustic components.

In summary, the variations of acoustic amplitude of the nonlinearly generated F

component discussed in what follows reflect predominantly the variations in the weak

contact configuration of the packing. The variations of the acoustic noise amplitude

(typically, in the 2 − 3 kHz range and 128 Hz bandwidth, aside of f1, f2, F and

the rotating-engine noise) come from both the surface movements of grains and from

structural rearrangements in the bulk. This detected acoustic noise is at least ten times

above the measurement noise.

3. Surface measurements

3.1. Dynamics of rearrangements

We describe below experimental results concerning the dynamics of superficial

rearrangements during a single inclination of the packing from zero angle until the

avalanche onset at θa. Figure 2 shows examples of events taking place at the

surface of the packing during the inclination from 0◦ to θa. Each subfigure shows all

rearrangements which occur between two consecutive images around the inclination

angle considered. The number and size of events increase with the inclination angle.

While rearrangements are isolated from each other for small inclination angles, those

which take place for angles larger than 20◦ involve a large fraction of the grains located at

the surface of the packing. Image analysis techniques, described in the previous section,

yield the surface fraction which has evolved between two consecutive images. Figure 3

shows the evolution of the rearranged surface fraction S/S0 with the angle of inclination

of the packing for different experiments performed in similar conditions. Here, S0 is

the total area of the surface of the packing. The rearranged fraction exhibits an overall

increase with the inclination angle in a reproducible way. A transition to an intermittent

regime, in which large events occur almost periodically, takes place at about 20◦. The

latter events correspond to the large events named ”avalanche precursors” by Nerone et

al. [21]. They are due to the simultaneous movement of a large fraction of the grains

of the surface of the packing in agreement with the findings of Nerone et al. [21] and of

Zaitsev et al. [14]. These authors report indeed that similar large events occur at angles

smaller, by a few degrees, than the angle of avalanche. It is worth noticing that similar

intermittent events are observed in numerical simulations of inclined 2D packings [20].
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(b)

(d)(c)

(a)

Figure 2. Examples of events observed at the surface of the packing (bead diameter

d = (3± 0.1) mm) for different inclination angles. (a) 3◦ (b) 12◦ (c) 20◦ (d) 26◦ Each

subfigure makes visible all rearrangements which occur between two successive images.
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Figure 3. Evolution of the rearranged fraction of the surface with the inclination

angle for different experiments carried out in the same conditions (bead diameter

d = (3± 0.1) mm).

The results of previous non-linear acoustic studies of Zaitsev et al. [14], those discussed

in section 4 and those of 2D numerical simulations of Staron et al. [20] all suggest

that these large events are linked to intermittent reorganizations of the network of weak

contacts in the bulk of the packing.

To characterize the dynamics and quantify the increase of the rearranged surface

fraction during inclination, we show in figure 4, the activity of the packing, A(θ), defined
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as the cumulated sum over the rearranged surface normalized by S0.

A(θ) =

⌊ θ

dθ
⌋

∑

j=0

S(jdθ)

S0

. (1)

In equation (1), θ is the angle of inclination of the packing and dθ is the angular

interval between two consecutive images.

Different results found for experiments performed in similar conditions are plotted

in figure 4 to emphasize their reproducibility. Three regimes are evidenced in the

evolution of the activity of the packing during inclination. First, for small angles, a

transient regime depends significantly on the initial preparation of the packing, where

some beads initially in metastable positions on the surface move. Second, a growth

regime is characterized by an exponential increase of the activity where rearrangements
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Figure 4. Cumulated sum A(θ) (bead diameter d = (3 ± 0.1) mm) for experiments

performed in similar conditions. Inset : more detailed record for the last degrees before

the avalanche.

involving groups of several beads occur. Third, a regime dominated by the occurence of

precursors, with pseudo-periodic large events, appears close to the critical angle. Last,

the system avalanches. The most intense precursors occur for angles larger than 25◦

(figure 4, rightmost dotted line), but the first, less intense, ones are more difficult to

detect. The minimum value of the angle at which they can be detected, is of the order

of 20◦ and varies from experiment to experiment (see inset of figure 4). For simplicity,

the precursor dominated regime will be named hereafter ”precursor regime”.

3.2. Evidence of ageing

To study the influence of the system history on the activity of the packing, we applied

a series of consecutive forth-and-back tilting cycles to the container. During a cycle, the

box is first inclined from the zero angle to an angle θm chosen to be close to the critical
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angle and then it is inclined back to the zero angle. The maximum inclination angle θm
will be named hereafter the ”ageing angle”. The activity at the surface of the packing is

followed during the part of each cycle with forward tilting. During a given inclination,
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Figure 5. Ageing during several consecutive inclinations of the pile with θm = 25◦

(bead diameter d = (3 ± 0.1) mm). Each curve is a mean over five independent

experiments.

a regular overall increase of the activity of the packing with θ occurs up to θm. Figure 5

clearly shows that the system is in a gradually evolving non-stationary state, with an

overall activity decrease, during the first three cycles. After four cycles, the activity

of the system reaches a limit state corresponding to strongly reduced intensity. The

surface is then in a rather stable, ”aged” configuration. The system keeps its ”aged”

configuration when it is inclined between 0 and θm. This evolution of the activity of

the packing is a clear signature of the existence of the influence of the past history of

the system on its future evolution. That phenomenon, which was reported for instance

in experiments of granular compaction [26], is typical of evolution of out-of-equilibrium

glassy systems. Thus, the activity of a slowly tilted granular packing depends not only

on geometrical properties of the packing: bead diameter and box dimensions, initial

packing fraction, number of layers, but also on the mechanical perturbations and loading

applied to it before it is inclined. Using two-dimensional contact dynamics simulations

of packings of discs inclined forth and back during successive cycles, Deboeuf et al. [7]

showed that a 2D system driven in that way exhibits an ageing phenomenon related to

an anisotropy of the contact orientations. They further show that the latter anisotropy

is concentrated in the network of weak contacts. The observed behavior dwells in an

asymmetry in the activity of the packing when it is tilted forth and back. The evolution

of the contact orientations during the inclination process is irreversible. Contacts tend

to orientate in a favored direction which depends on that of gravity. In any case, even if

there exists a priori differences between the behavior of 2D and 3D inclined packings, our

experiments on inclined 3D packings and numerical simulations of inclined 2D packings
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of Deboeuf et al. [7] exhibit similar ageing phenomena. The question of the existence

of such an ageing in the weak-contact network will be addressed in section 4.
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θm = 25°

Figure 6. Resurgence of the activity of the packing for various ageing angles

θm = 10◦, 15◦, 22◦, 25◦. The bead diameter is d = (3± 0.1) mm.

To investigate the influence of the ageing angle θm on the dynamics of the system, we

performed a series of four cycles as described above. The fifth and last cycle differed from

the previous ones in that the system was inclined up to the avalanche angle. Figure 6

shows the superficial activity of the packing for various values of the ageing angle θm
during the last passage. The activity resumes precisely at the point where the inclination

angle exceeds θm for any value of θm ranging between 0 and θa. The system keeps in its

configuration the memory of the value θm through irreversible reorganizations during

cycles in the interval [0; θm]. The previous observations are in good agreement with

the results obtained on granular packings in a slowly rotating drum [8]. No precursors

are observed in the aged configuration (i.e. for θ lower than θm). However precursors

reappear for inclination angles larger than θm. Figure 6 shows that precursors occur at

angles θ lower than 25◦ for θm less than 25◦. By contrast precursors are not evidenced

for θ lower than 25◦ when θm = 25◦ while they would be expected to appear as they do

for the other ageing angles. The disappearance of precursors during the ageing process

in the interval [ 0; θm](figure 6) highlights the irreversible nature of precursors.

The path to the avalanche of a given packing depends thus on the value of θm and

shows a hysteretic behavior. The resurgence of the activity shown by figure 6 emphasizes

once again the irreversible nature of the reorganizations in an inclined packing.

3.3. Summary

The aforementioned experimental results constitute evidence of the existence of ageing

and memory effects in 3D packings slowly driven to their maximum angle of stability.

During inclination cycles, the activity of a granular packing decreases and reaches a
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stationary state.

These results deal exclusively with observations performed at the surface of the

packing. Numerical simulations [19, 20, 22] show that approaching avalanche-type

instabilities are linked to the nature of the grain-grain contacts in the bulk of the

material. To test how relevant the latter results are for real 3D packings, it is necessary

to explore the nature of the contacts within the granular medium. Imaging methods,

for instance X-ray tomography [27, 28], are unable to characterize the actual nature

of a contact (two spheres can be infinitesimally close without touching each other).

Photoelasticity allows to visualize the weak and strong force networks in 2D systems

but the application of this method to 3D systems is presently beyond reach. To the best

of our knowledge the only technique that is able to probe weak contacts (with the average

loading of a few percents of the mean value) within the bulk of a granular medium and

with a high temporal resolution is the non-linear acoustic method described in [14]. In

the next section we will use the latter method to show that similar effects occur in the

bulk of the packing. This will allow us to compare the respective roles played by the

weak and strong contact networks in the dynamics and consequently their roles in the

unjamming transition.

4. Acoustical measurements

4.1. Pre-avalanche variations of the nonlinear signal component

Figure 7 shows an example of the acoustical record obtained during a tilting of the

packing for the last 8◦ before the critical angle. The noise of the avalanche itself which

started at 28◦ is not shown here. The levels of two received frequency components are

presented as a function of the tilt angle: the nonlinear demodulated F component and

the component f1 initially excited in the medium. As discussed earlier, in section 2.3,

this record illustrates the higher sensitivity of the nonlinear F component, which is

preferentially influenced by the contribution of the weakest contacts in the medium (with

a static strain of a few percents of the average contact static strain). Quasi-periodical

variations (in the form of abrupt drops) of the nonlinear F component amplitude can

be easily identified in figure 7 for the last ∼ 4◦ before the avalanche. This qualitative

trend has been analyzed in [14]. In what follows, in view of the higher sensitivity of the

nonlinear signal F component compared to the linear one, we focus on the nonlinear F

component analysis and in some cases on the acoustic noise as well. The abrupt drops

in the amplitude of the nonlinear F component play a role analogous to the intensity

bursts of the on-surface rearrangements (compare figures 3 and 7). Like what was done

for surface precursors (end of section 3.2), we will name hereafter ”precursor region”

the angular range in which the most intense, quasi-periodical, acoustical drops occur.

In the general case, the level of the demodulated signal is determined by many

factors, among which are the number of the weakest contacts and their loading, the

amplitude and attenuation in space of the initially excited f1 and f2 components,
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Figure 7. Simultaneously recorded amplitudes of the linear f1 component initially

radiated by the acoustic source and of the F component (nonlinearly demodulated

in the material). The latter exhibits stronger variations in the inclined pile for the

angular range 20− 28◦. The bead diameter is d = (3± 0.1) mm.

. . . . Due to the weak amplitude variations of f1 and f2, the dominant contribution

to the variation of the F component amplitude is expected to arise from the variations

of the nonlinear elastic properties of the packing, i.e. the weak-contact properties.

Numerical simulations [19, 20, 22] report the existence of a temporarily unloading, up

to complete break, of the ”mobilized” weakest contacts during microrearrangements.

This observation is consistent with the modeling of the demodulated-signal amplitude

of [14] which shows that drops in the nonlinear signal amplitude are produced when the

number of weak contacts contributing to the nonlinear acoustic process is temporary

diminished. Consequently, abrupt drops in the nonlinear F component amplitude can

be interpreted as a temporary decrease in the number of the weakest contacts during the

tilt-induced small rearrangements. It should be recalled that to our knowledge, no other

experimental technique is able to probe in real time such fast transient variations in the

state of the weakest contacts: millisecond time scales (e.g., the time step in figure 7 is

39 ms) and subnanometer scale acoustic displacements.

We now analyze the transition from a noisy-like behavior to a quasi-periodic

appearance of drops in the F component amplitude (like in the example shown in

figure 7) as a function of the tilt angle. The acoustic signals in different experimental

runs exhibit similar trends of variability increase with the tilt angle like in figure 7.

Nevertheless the exact positions of the extrema certainly do not coincide (like for the

visual records in figure 3). Therefore, it is difficult to directly average such signals

in order to extract a general quantitative behavior. In view of this, by analogy with

the cumulative characterization of the on-surface activity in the previous section, we

characterize statistically the F component amplitude variations with the help of the

Hurst parameter [29]. We recall that for a discrete signal Y (u) (with 1 ≤ u ≤ N),
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the Hurst parameter H(j) within a portion 1 < j < N can be expressed as the ratio

between the accumulated peak-to-peak variation R(j) and the standard deviation S(j)

[30]:

H(j) = R(j)/S(j). (2)

The accumulated peak-to-peak variation R(j) is given by

R(j) = max
1≤i≤j

(Xi,j)− min
1≤i≤j

(Xi,j), (3)

with Xi,j =
u=i≤j
∑

u=1

[Y (u)−Mj ], and Mj =
1

j

j
∑

u=1

Y (u). (4)

The standard deviation S(j) is defined by

Sj =

{

1

j

j
∑

i=1

[Y (i)−Mj ]
2

}1/2

. (5)

Then the logarithm log[H(j)] is plotted against log(j) and the slope of the dependence

is determined. This slope is called the Hurst exponent. For a random signal without

a trend its value equals to 1/2 (i.e. the normalized peak-to-peak variation increases as

a square root of the signal length). If a deterministic trend is present in the signal,

the Hurst exponent value becomes close to unity (and such signal is called persistent).

A Hurst exponent smaller than 1/2 corresponds to so-called antipersistent signals, for

which an increase is likely to be followed by a decrease. The cumulated representation

of the Hurst parameter allows to compare different records such as that of figure 7 as

well as to distinguish the precursor region from the random noisy-like region.
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Figure 8. F component acoustic amplitude recorded during tilting up to the critical

angle superposed with the corresponding Hurst parameter. The bead diameter is

d = (3 ± 0.1) mm. The inset shows a zoom on a linear scale of the precursor region

for which the Hurst parameter stabilizes. The characteristic slopes x1, x0 and x1/2 are

shown by dashed lines.
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Figure 9. Evolution of the Hurst parameter during the tilting of the packing (bead

diameter d = (3± 0.1) mm) from zero to the critical angle. The thick curve shows the

average over five records, similar to that in figure 7 but for the same beads. Individual

dependences are shown by thin lines. The Hurst parameter stabilizes close to the

critical angle. This behavior is observed for the averaged and the individual records.

The dashed lines show the characteristic slopes x1, x1/2, and x0.

Figure 8 shows the Hurst parameter for a record similar to the one reported in

figure 7. Since the slow signal changes are mostly associated with the slow evolution in

the loading of the contacts during the titling, we subtracted the slow trend by averaging

over sliding windows of 1/20 of the entire length of the record and then applied the

above-described procedure for determining the Hurst parameter. The Hurst parameter

stabilizes (a bright antipersistent behavior) in the region of the quasi-periodic drops

in the F component amplitude (figure 8). In the initial stage, before the precursors,

the signal behavior is closer to a persistent-type behavior with a Hurst exponent close

to unity. The thick curve in figure 9 shows the Hurst parameter averaged over five

different records (shown by thin lines). The average curve and the individual ones are

characterized by a Hurst exponent close to unity in the region before the precursors and

characterized by a constant Hurst parameter in the precursor region. Consequently, such

a cumulative characteristic appears to be well reproducible over different experimental

runs, in contrast to the particular drop features. This constitutes a useful way to

determine the onset of precursors and the approaching of the stability loss of the packing.

4.2. Comparative studies of the acoustic signal from the material bulk and of surface

rearrangements of the grains

To study the relation between the surface activity and the contact rearrangements in

the bulk, simultaneous visual and acoustic measurements were performed both during

the ascending and the descending phases.
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As reported in section 3, in earlier experimental data [21], in nonlinear acoustic

observations [14] and in numerical simulations [19, 20] the intensity of the precursors

increases when the packing is inclined closer and closer to the angle of avalanche. These
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Figure 10. Simultaneously recorded rearranged fraction of the surface S/S0 (a), and

of F variations and acoustic noise around 2816 Hz (b), in the inclined pile for the

angular range 20−27◦ (bead diameter d = (3±0.1) mm). The gray regions emphasize

a high-degree of co-occurrence of variations of the superficial activity, of those of F

due to weak-contact rearrangements and that of noise bursts.

precursors exhibit a quasi-periodic behaviour and become less frequent than the initial

small-amplitude rearrangements. An example of the dependence of the normalized

surface activity intensity S/S0 with the tilt angle of the pile is shown in figure 10(a)

while the simultaneously recorded nonlinear F signal and acoustic noise are shown in

figure 10(b). The figure shows only the range of large angles (20◦ − 27◦), where the

surface activity is significant. For some peaks of the surface activity (marked by gray

regions in figure 10), there are simultaneous rapid variations of the F signal related to

the weak-contact rearrangements in the material bulk. However, such coincidences are

not observed for all peaks, a result which makes the relation of the surface events to

the weak-contact rearrangements in the bulk not so obvious. In addition, a significant

number of expected correspondences do exist between the on-surface activity and the

recorded noise bursts in the tilted pile. We evaluated the correlation function between

the peaks in the on-surface activity and the absolute value of the derivative of F with

respect to the angle. A rough estimation based solely on three experiments, shows that,

for simultaneous records of the two signals, the cross-correlation displays a maximum

value of typically 0.25 when the delay time is zero. The correlation-peak amplitude

for the visual and acoustic signals recorded for the same tilt appeared to be noticeably

greater (≈ 1.5 times) than the amplitude obtained by correlating a visual signal taken
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from one tilt and an acoustic signal taken from another, independent tilt. This is

an indication that the correlation is weak but discernible. Two facts can explain this

weak correlation. First, a large contact reorganisation in the volume (detected by the

acoustic method) does not necessary bring out grain motion at the surface (detected

by the optical method). Second, large grain displacements at the surface are related to

a reorganisation of contacts at the surface which can be more or less correlated to the

reorganization of contacts in the volume.
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Figure 11. Example of the weak-contact network ageing during several consecutive

tilts of the pile as evidenced by the nonlinear F signals shown here for the last 10◦

before θm = 26◦ (bead diameter d = (2± 0.1) mm).

4.3. ageing of the weak-contact rearrangements in the bulk

As described in section 3, the surface activity exhibits strong ageing after a few

consecutive cycles of forth-and-back tilting whith a maximum tilting angle θm, smaller

than the critical angle of value ∼ 27◦ − 28◦ . These observations coincide with those

of numerical simulations of 2D inclined packings [7, 22]. Deboeuf et al. [7] relate

this ”ageing” phenomenon to an anisotropy of the contact orientations, concentrated in

the network of weak contacts. Even if 2D and 3D systems differ in many respects, it

seems reasonable to expect similar behaviors for the bulk rearrangements of the least

stable weak-contact subnetworks. Figure 11 shows several such consecutive records of

the variability of the weak-contact subnetwork, observed via the nonlinearity produced

F signal for θm = 26◦ in the angular range in which F varies the most [14]. The

overall amplitude of variation of F is seen to decrease significantly cycle after cycle.

Four consequent tilts were sufficient for the weak-contact network to reach an aged

configuration, for which no appreciable further variations were noticeable in the angular

range studied.

Although four tilts were also found for the ageing of the surface activity (see

section 3), it is necessary to wonder whether the transition to the new more stable state
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Figure 12. Example of reactivation of the weak-contact network rearrangements upon

surpassing the previous upper angle θ2 = 20◦ (curve 1). The noise level (curve 2) is

also sensitive to the reactivation. The next upward tilt again exhibits an ageing stage

(curve 3). The bead diameter is d = (2 ± 0.1) mm.

could be caused by the acoustic field itself rather than by the variation in the gravity-field

orientation. In order to clarify this, we performed several consecutive tilts of a freshly

prepared packing with a several-degree excursion up to a fixed threshold angle below the

critical one. After several tilts (for example, in the range θ1 = 14◦ ≤ θ ≤ θ2 = 20◦) the

variations in the acoustic signal are strongly reduced like in figure 11. Then the packing is

tilted to a larger angle (in the case discussed, the next range is θ′
1
= 18◦ ≤ θ ≤ θ′

2
= 24◦;

see the insert in Figure 12). If the ageing of the weak-contact network resulted from

the acoustic perturbation, then the increase in the tilt angle above θ2 = 20◦ would not

significantly affect the nonlinear acoustic response of the material. Actually, a dramatic

change in the material response occurs just upon passing the previous maximal angle

of θ2 = 20◦: the intensity of the nonlinear signal variations, which is determined by

the intensity of the weak-contact rearrangements, abruptly increases (figure 12). This

pronounced effect of the packing orientation indicates the dominant role of gravity in the

weak-contact rearrangements. The strong increase in the noise intensity after surpassing

the previous maximal tilt angle is also remarkable (see figure 12). Similar behaviors are

observed in other overlapped ranges of the tilt angle. As described in section 3, the

superficial rearrangements also demonstrate simultaneous reactivation which evidently

contributes to the increased noise.

4.4. Formation of a new weak-contact subnetwork and “mirror-type” internal

avalanches of the weak-contact network near zero angle

Despite similarities in the responses of the surface and of the bulk to consecutive tiltings,

the surface activity and the weak-contact rearrangements differ in some respects. The

surface activity decreases strongly during consecutive forth-and-back tiltings of the
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pile. The bulk rearrangements of the weak-contact network can behave differently,

especially when the pile is tilted in the entire angular range, from zero to a near-crital

angle. Figure 13 shows as an example the superimposed records of the F variations

during titling from zero to a nearly critical angle of θm = 26◦ and back from 26◦

to zero. If the angle is counted from the initial position of the packing (i.e., from

θm = 26◦ for the return to 0◦), the two curves exhibit a striking similarity. For the

descending phase, a pronounced activity of the weak-contact rearrangements is observed

for the angles close to the apparently stable horizontal position of the packing. This

observation can be tentatively explained as follows. When coming closer and closer

to the nearly critical angle, the configuration of the weak-contact fraction gradually

adapts itself to the changing orientation of gravity. In particular, such contacts with

”mobilized” dry friction exhibit jumps into new, more stable positions as seen from

2D numerical simulations [19, 20]. For the reorganized weak-contact network, the new

stable configuration corresponds to angles close to the critical one. When the angle

of the pile decreases back to to zero during the second half-cycle, gravity pushes such

contacts out of their stable configuration formed near the critical angle. Therefore,

closer to zero angle, such contacts become mobilized. They loose their stability and

exhibit a kind of ”internal avalanche”. They rearrange themselves back to more stable

positions corresponding to near-horizontal orientation of the pile. Thus the weak-contact

network exhibits very significant modifications. Note that this is not the the case for

the network of averagely loaded contacts, which mechanically supports the ”visible”

structure of the pile and ensures fairly stable conditions for the linear propagation of

the sounding signal (i.e., the stable value of the elastic modulus). For a few-degree

excursions, ageing of weak-contact rearrangements occurs. By contrast, for sufficiently

large excursions of the tilt angles (especially between zero and near-critical angles),

the weak-contact network exhibits unceasing rearrangements. We verified that these

features are observed for grains of different types whose diameter varies from 1.8 to

3.1 mm (correspondingly the inertia effects differ by over 3.5 times). Such ”mirror-type”

rearrangements in the bulk, which are seen to show quite good symmetry (figure 13),

are fairly reproducible. They do not tend to cease even after 10 − 15 tilt cycles in

contrast to the surface activity. However, during the very first tilts of freshly prepared

packings, the variations of F normally exhibit finer structure (as shown in the main

panel of figure 13). For subsequent mirror-type rearrangements of the weak-contact

network, larger scale structures are essentially seen (insets of figure 13).

It is worth noting that if the origin for the return angle is not shifted to zero but

counted from the maximum back to zero value, the ascending and descending branches

form a kind of antisymmetric hysteretic loop. One can mention a qualitative resemblance

to antisymmetric hysteretic loops numerically simulated in [7] (e.g., figure 5 therein)

for forth-and-back tilting of 2D granular packings. Note that the quantity reported

in [7] (the density of critical contacts) is closely related to the experimentally observed

hysteretic behavior, since the variations of the nonlinear acoustic signal are determined

by the instability (breaking) of the weak critical contacts.
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Figure 13. Examples of the symmetrical “mirror-type” evolution of the weak-contact

network (bead diameter d = (3 ± 0.1) mm). The main panel shows superimposed

curve 1 for the first tilt from zero to near-critical angle of a freshly prepared packing

and the very similar curve 2 for the return. The upper inset shows analogously

superimposed curves 1’ and 2’ for the second up-and-down cycle of tilting in another

similar experiment. In the lower inset, for the same pair of the curves, the latter

curves have been replotted but the return curve (nammed 2”) is now inverted (i.e.,

the return angle is counted from the maximal value down to zero). The resultant

two-branch curve is rather similar to antisymmetric hysteretic loops observed in [7] for

other physical characteristics related to the state of the contacts.

20 21 22 23 24
θ (deg.)

-65

-60

-55

-50

-45

-40

-35

A
m

pl
itu

de
 (

dB
)

22 23 24 25 26
θ (deg.)

-65

-60

-55

-50

-45

-40

-35

1

2

2N

3N

3 1

2

3

1

3N

2N

Figure 14. Examples of relaxation of the weak-contact network for two subsequent

angular ranges of tilting (bead diameter d = (2 ± 0.1) mm). Curves 1 are for the

first upward tilt in the angular range. Aged curves 2 are recorded after three (left

panel) and two (right panel) consecutive up-and-down tilts. Curves 3 are obtained

after 20 min (left panel) and 45 min (right panel) of rest at the minimal angle before

the next tilt. The noise curves 2N and 3N correspond to curves 2 and 3, respectively.
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4.5. Relaxational restoration of aged weak-contact network

Deboeuf et al. [7, 31] observed the relaxation toward a static packing in terms of critical

contacts by stopping the rotation. Their 2D numerical simulations show that the density

of critical contacts is a dynamical response function to the actual loading. It vanishes

after a transient dynamics. The critical contacts likely give rise to microplasticity. In

previous experiments [14], the nonlinear acoustic technique revealed active structural

rearrangements even in the motionless granular material up to 10 − 30 min after

avalanche. It was thus tempting to search for such kinds of relaxation phenomena in our

ageing experiment. Despite the essential ageing of the weak-contact network towards

an indifferent equilibrium state observed for moderate angular excursions (figures 11

and 13), the weak-contact network tends to spontaneously relax towards the pre-aged

structure if the packing remains at rest for sufficiently long time. This statement is

illustrated by figure 14. The left part corresponds to a range of tilt angles of 18◦ − 24◦,

and the right part to the subsequent range of 20◦−26◦. Curves marked 1 are obtained for

the first upward tilt in the angular range indicated. They exhibit pronounced variations

due to weak-contact rearrangements (in particular, curve 1 in the left plot in figure 14

is the same as curve 1 in figure 12)

Significantly smoother curves 2 in both parts of figure 14 correspond to aged

structures of the weak-contact network obtained after three and two up-and-down cycles

for the left and right panels, respectively. Before recording curves marked 3, the packings

remained 20 − 45 min at complete rest near their respective minimal angles. Instead

of showing changes similar to (or even smaller than) those found for previous cycles,

the relaxed curves 3 reveal significantly reactivated rearrangements. Their variations

are similar to those of curves 1. In both cases, the weak-contact configurations restore

themselves during the rest periods, into states which are close to their states before

the first up-tilting. The restored configurations are however not such that curves 3

reproduce entirely the shapes of curves 1. We observe nevertheless similarities between

some parts of curves 1 and 3 (e.g. the encircled ones), as well as in the angular positions

where abrupt variations occur (intensity jumps). Some features of the aged network

appear thus to be restored.

The possibility of such restoration can be understood since the weak-contact

rearrangements do not imply macroscopic displacements of the grains, such that almost

all contacts remain in positions very close to their initial ones until the onset of

the macroscopic avalanche occurs. This ensures the possibility for parts of the weak

contacts to return from the aged metastable configuration to the equilibrium positions

corresponding to smaller tilt angles. It is important to emphasize that the acoustic

signal was switched off during the rest periods. Therefore, the restoration of the aged

configuration is attributed to the intrinsic dynamics of the packing under the influence of

gravity and thermal fluctuations. The latter factors evidently suffice to overcome energy

barriers resulting from the nanometer scale distances between the ruptured and slightly

separated interfaces at the weak contacts. Figure 14 shows that this configuration can
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be spontaneously restored to a considerable extent, even after significant disturbance, if

the packing is returned to the initial angle and if it is maintained at rest for a sufficiently

long time.

It is also interesting to compare the levels of its own acoustic noise in the tilted

packing for the aged and then restored configurations. The own material noise within

a 128 Hz bandwidth around 2816 Hz (as in figure 12) is shown in figure 14 by curves

marked 2N and 3N which correspond to curves 2 and 3. The noise becomes 3 − 6 dB

more intense after the rest period. Comparison with the much stronger noise in freshly

prepared packings (figure 12) indicates that the noise is initially dominated by the

superficial activity.

5. Conclusions

Optical measurements and non-linear acoustic technique were combined to study desta-

bilization in tilted granular packings. The resulting grain rearrangements at the surface

of the pile as well as the modifications of the weak-contact network can be followed in

that way. These two signals exhibit weak, although discernible correlations at least for

freshly prepared granular piles. These correlations seem to disappear when the piles

are inclined repeatedly forth and back. Additional more detailed statistical studies of

the on-surface displacements, of the weak-contact network modifications and of the own

acoustic noise in granular piles are planned. The reported experiments constitute ev-

idence of the existence of ageing and memory effects in 3D packings slowly driven to

their maximum angle of stability. During inclination cycles, the activity of a granular

packing decreases (after 3-5 cycles) and reaches a stationary state. For cycles performed

in overlapped ranges of the tilt angles, the aged configuration presents reactivation of

the rearrangement activity upon surpassing the previous maximal tilt angle. This is

observed for the weak-contact network modification as well as for surface activity. For

larger excursions, especially for inclinations in the entire range from zero to near-critical

angles, very peculiar rearrangements occur in the weak-contact fraction instead of age-

ing towards an indifferent configuration. These rearrangements appear as “mirror-type

internal avalanches” when the packing is tilted up to an almost critical angle and then

returned to the horizontal position. For the descending half-cycles, the configuration of

weak contacts rearranged during upward tilting loses its stability closer to zero angle

producing a kind of “mirror” symmetry of the weak-contact avalanches. This effect

does not exhibit any trend toward ceasing and is very well reproducible for multiple

forth-and-back cycles, unlike irreversibly aged on-surface displacements. Finally, it is

found that even apparently aged configurations of the weak-contact network can exhibit

a peculiar slow restoration towards the configuration it had before ageing if the packing

remains at rest during tens of minutes. These results have a deep relation to earlier

reported relaxation effects of other types found for granular materials [7, 32]. In a

broad sense, the experimental results presented support and complement the conclusion

following from numerical simulations in 2D [13, 7, 19, 20] and from earlier acoustical
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[16, 17] results that granular materials can be viewed as a composition of essentially

independent fractions of strong and weak contacts with radically different properties.

Our results suggest that the non-stationary dynamics of an inclined grain packing

shares relaxation properties and memory effects with granular media subjected to

different kinds of mechanical perturbations (for instance, tapping [26, 33, 34]). ageing

effects stabilize the packing. They emphasize the major role played by the orientation

of gravity in the reorganization of contact networks. In particular, the activity of the

packing was shown to depend strongly on the past of the system. This ageing effect has

to be considered in parallel with the influence of the initial preparation of the packing

(for example the initial packing fraction). Thus, information on that past is in some

way stored in a specific texture of contact between grains.
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