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Abstract The seismic waves emitted during granular flows are generated by different sources: high
frequencies by interparticle collisions and low frequencies by global motion and large scale deformation. To
unravel these different mechanisms, an experimental study has been performed on the seismic waves emitted by
dry, dense, quasi-steady granular flows. The emitted seismic waves were recorded using shock accelerometers
and the flow dynamics were captured with a fast camera. The mechanical characteristics of the particle
collisions were analyzed, along with the intervals between collisions and the correlations in particles' motion.
The high-frequency seismic waves (1-50 kHz) were found to originate from particle collisions and waves
trapped in the flowing layer. The low-frequency waves (20-60 Hz) were generated by particles' oscillations
along their trajectories, that is, from cycles of dilation/compression during coherent shear. The profiles of
granular temperature (i.e., the mean squared value of particle velocity fluctuations) and average velocity were
measured and related to each other, then used in a simple steady granular flow model, in which the seismic
signal consists of the variously attenuated contributions of shear-induced Hertzian collisions throughout the
flow, to predict the rate at which seismic energy was emitted. Agreement with the measured seismic power
was reasonable, and scaling laws relating the seismic power, the shear strain rate and the inertial number were
derived. In particular, the emitted seismic power was observed to be approximately proportional to the root
mean square velocity fluctuation to the power 3.1 + 0.9, with the latter related to the mean flow velocity.

Plain Language Summary The generation of seismic waves during granular avalanches is studied
experimentally and compared to simple models. The experiments allow granular layers to reach a steady state,
waves are recorded through the basement with accelerometers and grain motion is followed with a fast camera.
The origin of the different frequencies of signals is discussed. The role of the particles' collisions and the
attenuation of the waves in the layer is investigated.

1. Introduction

Gravitational flows such as landslides, debris avalanches, and rockfalls represent one of the major natural hazards
threatening life and property in mountainous, volcanic, seismic, and coastal areas, with large events possibly
displacing several hundred thousand people. They play a key role in erosion processes on the Earth's surface.
Gravitational instabilities are also closely related to volcanic, seismic, and climatic activity and thus represent
potential precursors or proxies for changes in these activities with time, as shown, for example, for the Piton de
la Fournaise volcano, Réunion (Durand et al., 2018; Hibert, Mangeney, et al., 2017; Hibert et al., 2014) or for the
Soufriere Hills volcano, Montserrat (Calder et al., 2005; Levy et al., 2015).

Research involving the dynamic analysis of gravitational mass flows is advancing rapidly. One of its ultimate
goals is to produce tools for detecting natural instabilities and for predicting the velocity, dynamic pressure,
and runout extent of rapid landslides. However, the theoretical description and physical understanding of these
processes in a natural environment are still open and extremely challenging problems (see Delannay et al. (2017)
for a review). In particular, the origin of the high mobility of large landslides is still unexplained, with different
hypotheses proposed in the literature (acoustic fluidization, flash heating, etc.) (Lucas et al., 2014). The lack
of field measurements relevant to the dynamics of natural landslides prevents us from fully understanding the
processes involved and from predicting landslide dynamics and deposition. Indeed, these events are generally
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unpredictable but have a strongly destructive power. Furthermore, data on the deposits are not always available
due to subsequent flows, erosion processes, or site inaccessibility.

In this context, analysis of the seismic signal generated by natural instabilities provides a unique way to detect and
characterize these events and to discriminate between the physical processes involved. When flowing down the
slope, landslides generate seismic waves in a wide frequency range that are recorded by local, regional, or global
seismic networks, depending on the event size (Allstadt et al., 2018; Okal, 1990). As a result, the recorded seis-
mic signal, with frequencies ranging from about 0.006 to 30 Hz, carries key information on landslide dynamics
to distances far from the source. However, the characterization of landslides from their seismic signals suffers
from uncertainty about the respective effects on such signals of mean flow dynamics, grain-scale processes, topo-
graphic variation, and wave propagation. It is commonly speculated that grain impacts on the substrate generate
high frequencies (>1 Hz in geophysical contexts), while the mean flow acceleration/deceleration is responsible
for lower frequencies.

Regarding the terminology in this work, we monitor the elastic (mechanical) waves transmitted to the solid plate
under the flow. They arise due to the motion of the flowing grains and are transmitted to the plate mostly by the
grains in contact with the plate. Some conversion of waves transmitted in the air to waves transmitted in the grains
or plate is also possible, but any such converted waves are presumably small in amplitude compared to the waves
transmitted entirely via the solid grains. Concerning the terminology, researchers in the acoustic community use
the term “acoustic wave” for all mechanical waves, whether in gas, solid, or liquid. Researchers in geophysics and
seismology use the term “acoustic wave” for waves propagating in a gas or liquid, and “seismic wave” for waves
in a solid. Most articles studying waves in solids generated during granular flow term them “acoustic,” without
distinction of the propagation medium, and most articles studying waves generated at field scale by avalanches
or debris flow term them “seismic.” Hence, we adopt this terminology and will refer to the monitored waves as
acoustic waves or elastic waves at the laboratory scale and seismic waves at the field scale.

Much work has been devoted to extracting information on geophysical flow dynamics from low-frequency signals
(periods 10 s < 7 < 120 s), with the net force that a landslide applies to the ground recovered using signal decon-
volution, for example, Allstadt (2013), Ekstrom and Stark (2013), Hibert, Ekstrom, and Stark (2017), Kanamori
and Given (1982), La Rocca et al. (2004), Lin et al. (2010), Moretti et al. (2012), Yamada et al. (2013), and Zhao
etal. (2015). The time history of this force is directly related to the acceleration and deceleration of the flow along
the topography. Comparing this force with the force simulated with landslide models makes it possible to recover
a landslide's characteristics and dynamics, such as its volume and timing, the friction coefficients involved,
the role of erosion processes, and the underlying ground's composition (rock or ice) and topography (Favreau
et al., 2010; Moretti et al., 2020, 2015, 2012; Schneider et al., 2010; Yamada et al., 2018, 2016).

The high-frequency signal is much more difficult to interpret, due in part to the strong effect of topography and
Earth heterogeneity along seismic waves' path from source to receiver (Kuehnert et al., 2020, 2021). For this
reason, mainly empirical relationships have been proposed between high-frequency signals and landslide charac-
teristics (Allstadt et al., 2020; Dammeier et al., 2011; Deparis et al., 2008; Norris, 1994). However, high-frequency
signals are recorded more commonly than low-frequency signals, because of the lower price of short period seis-
mometers and because small landslides (with volumes <107 m? (Allstadt et al., 2018)) only generate frequencies
larger than about 1 Hz. Recent studies show correlations between the high-frequency signal (energy, envelope,
etc.) and the mean properties of the flow (potential energy lost, force, velocity, momentum, etc.) estimated using
landslide models (Hibert et al., 2014, 2011; Levy et al., 2015) or from inversion of low-frequency seismic data
(Hibert, Ekstrom, & Stark, 2017). In particular, Hibert, Ekstrom, and Stark (2017) observed that the flow momen-
tum is generally proportional to the amplitude of the high-frequency envelope of the signal. However, sometimes,
in particular during the deceleration phases, a high-frequency signal can be observed even if the force inverted
from the seismic signal, which is proportional to the landslide acceleration, is almost zero, leading to an apparent
zero-velocity (see gray area in Figure 1). Even nonaccelerating, constant-velocity flows generate seismic waves,
possibly due to grain agitation. The generation of high-frequency signals by agitated flowing grains has been
both observed and theorized. Huang et al. (2007) compared the high-frequency seismic signals generated by rock
impacts and debris flows (grain/fluid mixtures) and concluded that one of the main sources of ground vibration
caused by debris flows is the interaction of rocks or boulders with the channel bed. Models for this process have
been both developed and tested, by Farin, Tsai, et al. (2019), Kean et al. (2015), Lai et al. (2018), and Zhang
etal. (2021). However, the complexity of natural landslides and the difficulty of obtaining accurate measurements
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Figure 1. Seismic signal envelope (gray), smoothed envelope (red), and inverted momentum (blue) from the inversion method proposed by Ekstrém and Stark (2013)
for landslides on (a) Mt Dall, (b) Mt Lituya, (c) the Sheemahant glacier and (d) the Lamplugh glacier, as a function of time (UTC, Hour:min format), with the second
line of each legend indicating the seismic station and its distance from the landslide.

of their dynamics makes it nearly impossible to quantity, or rigorously test models of, the link between grain-scale
physical processes, such as velocity fluctuations, and the generated seismic signal. More generally, the measure-
ment of particle agitation, called granular temperature in the kinetic theory of granular flows, and its link with
mean flow properties in dense flows are still open questions, closely related to the rheology of granular materials
(see for example, Andreotti et al., 2013; Delannay et al., 2017 for review papers).

A few studies addressed this issue with laboratory scale experiments, recording and quantifying the seismic (i.e.,
acoustic) waves generated by almost steady and uniform granular flows. These experiments make it possible
to test physical interpretations of the characteristics of the seismic signal generated by natural landslides and
to quantify the partition of energy between the flow and its seismic emissions. Furthermore, such experiments
provide a unique way to check models of granular flows and seismic wave generation in a simple configuration,
before tackling natural applications.

In model granular layers, Aleshin et al. (2007) have theoretically investigated guided modes of mechanical waves
and shown the existence of a property gradient due to gravity. This was experimentally evidenced at labora-
tory scale by Jacob et al. (2008) and Bonneau et al. (2008). Zaitsev, Gusev, et al. (2008) and Zaitsev, Richard,
et al. (2008) have evidenced acoustic emissions precursory to granular flow and used acoustic probing of granular
layer changes in the context of granular avalanches at the laboratory scale. Acoustic emissions during granular
shear have also been investigated by Michlmayr et al. (2013). de Richter et al. (2010) and Zaitsev et al. (2014)
have demonstrated the slow evolution and ageing of acoustic properties during the restoration of contacts in
granular packings.

In a 8-m long channel, Huang et al. (2004) investigated the acoustic waves generated by (a) the friction and impacts
of rocks of about 100 g to 1 kg on a granular bed filled with water and slurry and (b) debris flows of gravel and
water/slurry. They recorded similar frequencies for individual rock motion and debris flows, as observed in the
field by Huang et al. (2007). Their measurements also showed that the amplitude of the acoustic signal increases
with gravel size. However, as with the later, better-instrumented experiments of de Haas et al. (2021) on debris
flows of clay, sand, gravel, and water, the complexity of the materials involved and the lack of measurements at
the grain scale made it difficult to capture the origin of the generated signal and to quantify the link between the
acoustic measurements and the flow properties.

Working with more monodisperse grains, researchers investigating “booming dunes” have recorded acoustic
signals that are generated by grain agitation but differ from those of landslides in being coherent. The reviews
of Hunt and Vriend (2010) and Andreotti (2004, 2012) present different perspectives on experiments and field
observations, agreeing that internal shear generates initial signals with frequency related to the shear rate but
without consensus on the mechanism by which certain dune sands produce clear tones of around 100 Hz. In
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sheared and confined granular layers of similarly monodisperse grains, wave propagation through the granular
structure has been investigated by Lherminier et al. (2014).

Shearing similarly well-sorted beach sands in a torsional rheometer, Taylor and Brodsky (2017) found that the
square of the acceleration measured with their accelerometers divided by the number of particles was proportional
to I X d3, where d is the particle diameter and I the so-called inertial number, defined as the ratio between the
timescale related to shear and the timescale related to particle rearrangement under confining pressure. However,
Taylor & Brodsky (2017) neither calculated absolute values of the acoustic energy nor measured the characteris-
tics of the flow such as velocity fluctuations, mean velocity profiles, etc.

A series of experiments on granular impacts on various smooth beds showed that Hertz theory quantitatively
explains the acoustic signal generated in the bed substrate (Farin et al., 2015). These experiments also showed
that power laws issued from this theory make it possible to empirically relate the acoustic energy to the prop-
erties of the impactor (mass and velocity) on smooth, rough, and erodible beds (Bachelet et al., 2018; Farin
et al., 2016, 2015). More specifically, the characteristic frequency of the acoustic signal is shown to decrease
with increasing impactor mass and to increase with increasing impact velocity, while the radiated energy of the
acoustic signal increases with both increasing mass and increasing velocity, as observed for debris flows (Okuda
et al., 1980) and for single block rockfalls (Hibert, Malet, et al., 2017). These quantitative relationships, between
acoustic and kinematic properties, were discovered thanks to accurate measurement and calculation both of grain
motion and of the absolute value of radiated acoustic energy, using coupled optical and acoustic methods.

With similar methods, Farin et al. (2018), Farin, Mangeney, et al. (2019), and Farin, Tsai, et al. (2019) showed
that during 3D granular collapses on inclined planes, the rate of seismic energy emission varies in the same
manner as the flow velocity. In particular, analyzing the period of flow that follows grains' initial acceleration and
deceleration, the rate of seismic energy emission increases with increasing slope, as do the downslope velocity
and the agitation of particles at the flow front. However, grain-scale fluctuations were not measured.

The acoustic signals of flows that are comparably energetic, but steady and apparently uniform, were investigated
by Arran et al. (2021), which used carefully calibrated force and flux measurements, high-speed photography,
and accelerometer recordings to test the models of Farin, Tsai, et al. (2019), Kean et al. (2015), Lai et al. (2018).
With the flows' bulk inertial numbers / between 0.1 and 5 and indications of basal slip, acoustic signals were best
predicted by a model adapted from Farin, Tsai, et al. (2019), in which signals are generated by Hertzian impacts,
with the ground, of particles with mean velocity equal to that of the flow. But this prompts a new question: how
are signals generated by less energetic flows, in which basal particles are almost static and the collisions of other
particles, far from the flow's base, will be more significant?

We investigate here the quantitative link between velocity fluctuations, mean flow properties, and acoustic energy
by combining accurate optical and acoustic measurements of granular flows over a range of slopes. Compared
to Arran et al. (2021), we focus here on more gentle slopes, on which flows are almost steady and uniform but a
persistent contact network links almost static basal particles to energetic particles far from the base. Our objec-
tives are to (a) capture and quantify the fluctuations and heterogeneities in almost steady uniform flows and their
relationship with mean flow properties, (b) characterize and quantify the radiated acoustic energy, (c) relate the
acoustic characteristics (energy, frequency) to the grain-scale and mean properties of the flow, (d) check whether
a simple model based on particle collisions at fluctuating velocities can quantitatively explain the measured seis-
mic power, (e) quantify the relative contributions of collisions within the flow and with the bed on the generated
acoustic energy, (f) quantify the proportion of energy lost by vibrations, and (g) discuss our results with regards
to field observations.

2. Setup

The experimental setup consists of a 1.5 m long chute made of poly(methyl methacrylate) (PMMA), inclined
at an angle 6 to the horizontal, with rigid side walls 10 cm apart. Granular flows are initiated by opening a
gate that releases glass particles of diameter d = 2 mm and density p = 2,500 kg m~3, initially stored in a
tank (Figure 2). The rough bed is made of the same glass particles, glued to the PMMA plate with phenyl
salicylate, a crystalline substance with low melting point. As opposed to tape, it prevents the glued particles
from vibrating and significantly disturbing the acoustic signal. The two control parameters are the height of
the gate h, and the slope angle of the channel 6, which varies between ¢ = 16.5° and 6 = 18.1°. Note that the
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Figure 2. Setup, composed of a narrow inclined channel in which granular
flows are created by opening the gate of the upstream tank that contains glass
particles. The same particles are glued to the bottom plate to obtain a rough
surface. The flow properties are measured using a high-speed camera and the
generated acoustic waves by accelerometers fixed on the channel bottom.

flow thickness is related but not equal to the height of the gate, which varies
between h, = 4.4 cm and i, = 8.5 cm. In this range of inclination angles,
almost steady and uniform flows can be observed at about 70 cm from the
gate (as discussed below). The characteristics of these flows are summa-
rized in Table 1. 70 cm from the gate, a Photron SA5® high-speed camera
(5,000 frames per second) records the flow during 2 s with a field of view
of around 50 mm by 50 mm. Simultaneously, two accelerometers (Bruel &
Kjaer, 8309, bandwidth 10 Hz—54 kHz) record the radiated acoustic waves.
These accelerometers are glued, using the same phenyl salicylate as for the
particles of the rough surface, on the back of a L X / = 10 cm X 6.4 cm plate,
isolated acoustically from the rest of the channel bottom. To isolate the
plate, we fixed it to the channel bottom with a silicone sealant (see bottom
of Figure 2).

3. Optical and Acoustic Methods

Our objective is to obtain deep quantitative insights into the mean properties
of the flow and into its fluctuations and heterogeneity, in order to further
interpret the generated acoustic signal in terms of grain scale and mean flow
dynamics. Before analysis of these measurements, in Section 4, let us detail
below the optical and acoustic methods used here to measure flow and acous-
tic characteristics, respectively. To illustrate the methods, we focus in this
section on the two “extreme” cases representing the slower flows by experi-
ments 1 and 2, at = 16.5°, with flow thicknesses 4 =3.5 cm and 4 = 3.6 cm
and surface velocities V., = 0.30 m s~ and V. = 0.29 m s~!, and the faster
flows by experiment 9 at 6 = 18.1°, with h = 3.3 cm and V, = 0.48 m s~!
(Table 1).

3.1. Flow Measurement Using Optical Methods

The flows in all our experiments reach an almost steady and uniform regime: their heights typically vary by one
particle diameter or less in space and time over the entire recorded experiment (see Figure Al in the Appendix).
The flow is steady over the central half of the experiment, up to statistical fluctuations. From the average height
decrease between x = 0 and x = 25d = 50 mm (Figure A1 c in the Appendix), a variation from uniformity of 1°
can be estimated: the slope angle is slightly below that required to maintain a steady, uniform flow, and steadiness
is maintained by net energy input from the grains' initial release.

Table 1

Parameters of the Quasi-Steady and Quasi-Uniform Flows Obtained in Our 9 Experiments (Referred to by the Index 1-9):

Slope Angle of the Channel 0, Thickness of the Flow h, Downslope Velocity of the Surface Particles V,

Depth- and Time-

9

Averaged Downslope Velocity ((V,)), Shear Rate (y), and Inertial Number (I')

Index 071 (£0.1) hd(£0.5) Vi/\/gd (20.05) ((Vi))/\/2d (£0.05) \/d]g (7)(x0.01) (I)(+0.003)
1 16.5 175 2.15 0.65 0.12 0.070
2 16.5 18.0 2.05 0.55 0.10 0.054
3 16.5 20.0 235 0.80 0.12 0.061
4 172 155 2.50 0.75 0.15 0.094
5 172 16.5 2.85 0.90 0.16 0.094
6 172 16.5 295 1.00 0.17 0.103
7 18.1 14.5 2.02 0.50 0.11 0.074
8 18.1 15.0 2.95 0.90 0.18 0.103
9 18.1 16.5 345 1.10 021 0.131

Note. Note that here d =2 mm, \/gd ~ 0.14 m/s, and y/d /g ~ 0.014 s.
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3.1.1. Mean Velocity and Fluctuations

We measured particle velocities V = (V4, V;) by Correlation Image Velocimetry (CIV) and Particle Tracking
Velocimetry (PTV). CIV divides each image from the high-speed camera into boxes and calculates the average
displacement into each box by correlation of the graymap between successive images (Figure 3a). The size of the
boxes is a crucial parameter. Boxes that are too large miss individual particles whereas boxes that are too narrow
do not allow good correlations. Similarly to Gollin et al. (2015a), the size of the boxes was chosen to be equal to
1.14 particles. The overlap between boxes is 75%. We used the code developed by Thielicke and Stamhuis (2014).

On the other hand, PTV detects and follows the particle positions, making it possible to record their trajectories
(Figure 3b). The particles are semitransparent and cause complex reflection effects. Consequently, a compromise
must be made between the completeness and accuracy of detections. PTV shows that particles are essentially
organized into layers that do not really mix during the flow. Mean velocities (V) = ((Vx), (Vy)) are therefore
calculated by averaging the measurements within each layer (over 1 particle diameter in the y-direction), the
borders of which are clearly visible on the PTV images (Figure 3b). As done for calculating the mean thickness,
the averaging is performed over about 16 particles in space in the downslope direction and over the whole exper-
iment duration (2 s).

Velocity fluctuations 0V are computed over the same intervals (2 s, 16 particles in the x-direction and 1 particle
in the y-direction) by taking the standard deviation of the norm of the velocities:

8V =\/oVi* +6V,7, M

where §V;* = <(V,~ —(Vi))? > the variance of the velocity along the i-direction, with i = x, y. For granular systems,
the measurement of velocity fluctuations may lead to scale dependency effects due to gradients developing in the
flow (see e.g., Artoni & Richard, 2015a, 2015b). Indeed, the thickness w of the layers within which the velocity
fluctuations are calculated affects the estimates. Following Glasser and Goldhirsch (2001), we showed that the
size dependency starts for w > 2d (see Figure B1 of Appendix B). In the following, we will consider velocity
fluctuations calculated with a window size w = d. Note that when velocity fluctuations are calculated with a
smaller averaging window (e.g., w = 0.2 d), the layering of the flow clearly appears and resembles that observed
by Weinhart et al. (2013) (Figure B1, Appendix B). Note also that velocity fluctuations of about 0.1 \/g_d are
measured near the bottom, where the mean velocity is zero. This indicates the order of magnitude of the error in
the measurement of velocity fluctuations (~0.01 m s71).

The profiles of mean velocity, in both the downslope ((Vx)) and normal ((V;)) directions, differ by at most 10%
when obtained using CIV as compared to PTV, as illustrated in Figure 3c. In contrast, velocity fluctuations
may differ by up to a factor of two between the two methods. This discrepancy has also been observed by
Gollin et al. (2015b) and Gollin et al. (2017) and seems to be due to the average nature of CIV, which is there-
fore less suitable to measure fluctuations. As a result, PTV measurements will be used in the following, as in
Pouliquen (2004), except for mapping of the spatiotemporal distribution of velocity fluctuations (Figure C1).

3.1.2. Packing Volume Fraction

The setup can only measure the surface packing fraction ¢,,, at the lateral walls (Fig. 3de), with specular reflec-
tions making it impossible to apply Sarno et al. (2016)'s method for estimating the (typically smaller) volume
packing fraction. Furthermore, one observes an ordering of the particles along the walls, with a close to hexag-
onal pattern visible in Figure 3d. Nevertheless, one expects qualitative variations with depth of the 2D volume
fraction along the walls to reflect the qualitative behavior in the volume; as is typically observed, we measure an
almost constant packing fraction within the flow and a decrease when approaching the free surface (Figure 3e).
Due to the strong uncertainty in our measurements, the change of ¢,,, when increasing the slope angle (i.e., when
the inertial number changes) is hard to capture, even though a decrease of ¢,,, with increasing inertial number is
visible near the surface, in agreement with the literature (GDR MiDi, 2004). Calculation of the volume fraction
shows the layering of the granular flows observed, for example, by Artoni and Richard (2015b) and Weinhart
et al. (2013).

3.1.3. Frequency of Particle Oscillations

During the flow, vertical oscillations of the particles can be observed, related to compression/dilatation effects
occurring when one layer passes over another (see Movies S1 and S2 in Supporting Information S1). These
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Figure 3. Examples, from experiment 2, of image analysis. (a) A velocity field calculated by Correlation Image Velocimetry (CIV) (red arrows) and (b) a superposition
of particle trajectories, over 2 s, obtained with Particle Tracking Velocimetry (PTV). The organization of the flow into a superposition of layers is clearly visible. In

(b), red lines indicate the separation between layers. (c) Mean downslope and normal velocity profiles (V. ) and (V;), as a function of the position above the bottom y.
The associated velocity fluctuations are represented by the horizontal error bars. Vertical error bars correspond to the thickness of the layer within which the velocity
has been averaged. One can compare the measurements made by CIV (blue line) and PTV (red line). (d and e) Surface packing fraction of the particles in contact

with the lateral wall: (d) manual picking of the particles of flow experiment 1 in Table 1 (8 = 16.5°, h/d = 17.5, i.e., h = 35 mm) at one instant and (e) the inferred
surface packing fraction (blue dot) per Voronoi cell, ®,,, obtained by projecting spheres as disks on the wall. The average values are plotted in the solid blue line. For
comparison, the average surface packing fractions of flow experiment 9 in Table 1 (6 = 18.1°, h/d = 16.5, i.e., h = 33 mm) are plotted with the solid red line.
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oscillations are captured in PTV measurements of the trajectories of parti-
cles located at the surface (Figure 4). Indeed, several oscillations can be
observed before these particles' relatively high velocity causes their tracking

to fail. On the contrary, for particles located deeper in the flow, oscillations

15.05

y/d

15.00

14.95

generally occur when tracking has already failed. For oscillations that are

captured, the oscillation frequency f

osc

is calculated by filtering each parti-
cle trajectory with two filters and taking the median of values 1/z, where
each 7; ~ 0.02 s is the time between successive maxima or minima of each
filtered trajectory (Figure 4). More precisely, the first filter is a normalized
median filter adapted from Westerweel & Scarano (2005) and applied to each
trajectory component, with a neighborhood radius of 5 successive positions,
an acceptable fluctuation level of &£ = 0.10 pixels and a detection threshold
equal to the median difference between particles' velocities and the median of
velocities in their local neighborhood (for technical details, see Westerweel
L L L1 Ll & Scarano (2005)). The second filter is a second order zero-phase low pass

0.00

O?‘[l | 0.06 0.08 filter (cutoff frequency of 50 Hz). The median filter has been chosen to
S

suppress random fluctuations.

Figure 4. Example (from experiment 2) of vertical particle oscillations

captured by Particle Tracking Velocimetry, for a particle located close to the

3.2. Elastic Wave Measurements

surface of the flow: The smoothed trajectory demonstrates the calculation of
the average period of the oscillations 7 ~ 0.02 s. The elastic waves generated by the granular flows and by their interactions

with the bottom are recorded by two accelerometers glued to the isolated

plate (Figure 5a). It is assumed here that the accelerometers mainly record
the vibrations generated by the section of granular flow over the plate. Isolation of the plate from the rest
of the flume was verified by comparing the signals recorded by accelerometers glued to these two elements
(Bachelet, 2018).

3.2.1. Radiated Elastic Power

The average radiated elastic power over duration At is IT,, = W, /At, where W, is the radiated elastic energy. The
acoustically isolated plate is small compared to the characteristic viscoelastic attenuation length of energy in
PMMA. As a result, elastic waves are reflected many times at the boundaries of the plate, leading to a diffuse
elastic field, that is, a situation in which energy can be assumed to be homogeneously distributed over the plate
and equipartitioned. The elastic energy dissipated over A¢ can then be approximated from measurements of
plate-normal velocity v_, by using the diffuse field theory proposed by Farin et al. (2016):

Wu=My,v, X / vi(t)dt, )

At

where M ~ 80 g is the mass of the isolated piece of plate, y, ~ 3 m~! its average viscoelastic attenuation, and
v, = 1,000 m s~! the average group velocity of the radiated acoustic waves (4, Lamb waves). The value of 7
is obtained by measuring the response of the plate at various distances with a source and a vibrometer and
the value of v, by calculating the dispersion relation of the A, Lamb modes of the plate, following Royer &
Dieulesaint (2000) (Bachelet, 2018). The measurements to determine y, were performed on a PMMA plate of
size 1 m by 1 m, with material and thickness corresponding to the isolated piece of plate. The amplitude at
first passage of a wave induced by a piezoelectric sensor was measured with the vibrometer at distances up to
60 cm from the source, every mm. The source was excited by a 1 s-long chirp (or sweep) with an instantaneous
frequency linearly increasing from 1 to 50 kHz. This permitted determination of the dispersion relationship and
the attenuation of the A, mode in both the 1 m by 1 m plate and the experimental isolated plate. A large time
window Ar = 0.2 s is selected in order to consider only slow changes of I1 ;. The fast fluctuations will be charac-
terized in the next section. An example of radiated elastic power computation is presented in Figure Sa.

3.2.2. Frequency Content

The spectrograms shown in Figures 5f and 5g indicate that the main frequency content of the acoustic signals lies
between 20 and 30 kHz. Amplitude spectra are not studied beyond 54 kHz, which is the upper limit of the accel-
erometers' flat response. This prevents us from reliably measuring the mean frequencies of the seismic signals.
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Figure 5. Acoustic signal of flow number 2: (a) acceleration of the vibration (blue) and associated elastic power (red),
(b) an excerpt of the acoustic signal and (c) its frequency spectrum, (d) envelope (red) of the acoustic signal (blue) and (e)
the frequency spectrum of this envelope. (f and g) Spectrograms of the signal of experiment 1 ((f), 6 = 16.5°, h = 3.5 cm,
V., =0.30 ms™!) and experiment 9 ((g), = 18.1°, h =33 cm, V,, =048 ms™").
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Vertical stripes can be identified on the spectrograms (Figures 5f and 5g). The time interval between these stripes
decreases as the slope angle increases. The frequency content of this amplitude modulation is between 25 and
50 Hz, that is, about 1,000 times smaller than the highest frequencies at which we detect signals. To calculate the
modulation frequency f, . we first extract the envelope of the signal (the absolute value of its analytic representa-
tion) and apply a low pass filter (cutoff frequency empirically fixed at 75 Hz). Then, the modulation frequency is
determined by fitting a Gaussian in Fourier space (Figures 5d and 5e).

4. Flow Characteristics

Our objective here is to capture the relationship between mean flow properties and the fluctuations that are
expected to play a role in acoustic emissions. Note that the flow measurements are made at the side walls. It is
well known that the wall boundaries significantly affect the mean flow quantities and their fluctuations, as will be
discussed below (see e.g., Artoni & Richard, 2015b; Ferndndez-Nieto et al., 2018; Jop et al., 2005, 2007; Mandal
& Khakhar, 2017; Taberlet et al., 2003).

4.1. Mean Flow

The nearly uniform and steady flows obtained here, confined in a narrow channel inclined at slope angles
between 16.5° and 18.1°, are similar to those observed by Hanes & Walton (2000) in similar settings. In these
flows, the mean downslope velocity (V,)(y) is maximized at the free surface, decreasing down to zero near the
bottom (Figure 6). Such convex velocity profiles are observed in flows confined in narrow channels (see e.g.,
Ancey, 2001; Courrech du Pont et al., 2003; Jop et al., 2005, 2007; Mandal & Khakhar, 2017; GDR MiDi, 2004;
Taberlet et al., 2003) and differ from the Bagnold-like velocity profiles obtained for steady and uniform flows in
wide channels (see GDR MiDi (2004) or Figure 4 of Fernadndez-Nieto et al. (2018)). These profiles have a shape
that can be approximately fitted by the velocity profiles assumed in Josserand et al. (2004) to describe heap flows:

3/2
_ <VxJ YO _ 1—eV/Y 3)
V=0 |, ('Z—“ _ )e-yw ’

'm

where y' = h — y and A is the height of the flow surface, Y is a fitting parameter, and ¢, = 0.5 and ¢,, = 0.65 are
the loose and dense random packing fraction, respectively. Figure 6 shows that Equation 3 fits our experimental
data quite well, except near the bottom for experiments with thick flow depth 4, for which the horizontal veloc-
ity is nonzero at the base. While second order polynomials ((V4)/ \/g_d =a*(y/ d)* + b*(y/d)) give even better
results, especially near the bottom, we use the physically motivated fits of Equation 3 to calculate the shear strain
rate y = o(V,))/dy. We do not calculate y for the surficial layer, which is poorly modeled by dense, continuum
shear.

The shear strain rate y decreases from the surface down to the bottom (Figure 7b). Granular flows are charac-

terized by the inertial number I = yd /4/P/p, where p is the grain density and P the pressure, taken here to be
hydrostatic (P = p¢gcos(0) (h — y)):
y(¥)d
I(y) = # 4)

Vgeos(0)(h — y)

The packing fraction is approximated by ¢ = 0.6 (Jop et al., 2005) because we do not have access to the packing
fraction in the bulk of the flow (see Section 3.1.2). As the velocity profiles are not Bagnold-like, the inertial
number is not constant with depth here but decreases from the surface to the bottom (Figure 7c).

4.2. Velocity Fluctuations

The high-frequency acoustic signal generated by granular flows is expected to arise mainly from particle colli-
sions, as indicated by Huang et al. (2007), though other effects may play a role (Michlmayr et al., 2013). Squeal
noise associated with friction in granular media has been documented by Akay (2002) but, in the unconfined
configuration of free surface granular flow, we hypothesize that normal forces between the centers of colliding
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Figure 6. Velocity profiles of all the experiments, with letters (a) to (i) referring to flows 1 to 9, corresponding to the angles (a—c) 8 = 16.5°, (d—f) 8 = 17.2°, and (g-i)
6 = 18.1° and to increasing flow thickness along each row (see Table 1 for details). Two theoretical profiles have been fitted: the ones given by Equation 3 in dashed
lines and a second order polynomial ((V;)/+/gd = a*(y/d)* + b*(y/d)) in solid lines. For all polynomial fits, R? > 0.99.

grains are larger than the sliding forces between surfaces of grains in contact, so we focus on the normal compo-
nent of collisions. Such collisions occur only when neighboring particles have different velocities, either due to a
gradient of mean velocity or as a result of fluctuations about their mean velocities.

Velocity fluctuations, quantified by their mean squared values (the “granular temperature”) (Goldhirsch, 2008)
T =6V?, ®)

are known to be significant in granular flows. In general, however, granular temperature is not explicitly accounted
for in the rheology of dense granular flows, except in the extended kinetic theory (for example, Berzi, 2014;
Gollin et al., 2017). Indeed, the relationship between velocity fluctuations and the inertial number or other mean
flow quantities has not yet been thoroughly investigated in dense granular flows. They are difficult to measure
experimentally and even more so in the field (Berzi & Jenkins, 2011; Hill & Tan, 2014). The acoustic power,
which is much easier to measure, may provide a unique tool to obtain quantitative measurements of granular
temperature, as will be investigated below.

Figure 7a shows that measured velocity fluctuations decrease from the surface to the bottom for all experiments
and increase with slope angle. Using discrete element modeling, Hanes and Walton (2000) showed that the
granular temperature profile is very different at the side wall than it is within the core of the flow: the simulated
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Figure 7. (a) Normalized fluctuating speed 5V / \/g_d (with \/g—d ~ (.14 m/s), (b) normalized shear rate \/m;'/ (with \/m ~ 0.014 s), and (c) inertial number 7,

computed using the second order polynomials that provide the best fit to (V), as functions of flow depth y/d, for all of the experiments (colors). (d) to (f) Normalized
fluctuating speed 6V / \/g_d as a function of (d) the mean flow speed [|(V)||/ \/g_d , (e) the normalized shear rate \/m?, and (f) inertial number /. In panels (d) to (f),
dashed lines show fits of the data with linear laws. In panel (f), the dash-dotted line shows a power-law (square root) fit of the data.
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granular temperature is, at the surface, the same at the side walls and across the flow, but increases with depth in
the middle of the flow while decreasing with depth at the side walls, as observed in these experiments.

Even though velocity fluctuations about the mean look regular when averaged over volume and time, Figures Cla
and C1b in the Appendix and Movies S3 and S4 in the Supporting Information S1 illustrate the existence of tran-
sient vortices of velocity fluctuations in our experiments, as observed by Kharel and Rognon (2017). The size and
intensity of these transient vortices seem to be related to the flow regime, leading to strong variation of velocity
fluctuations (in space and time) where the flow is close to jamming, possibly contributing to acoustic emissions
from these regions. The correlation length of these velocity fluctuations is around 1 grain diameter in the y-direction
and can reach up to 8d in the x-direction, decreasing with increasing slope (see Figure C2 in Appendix C).

4.3. Relationship Between Mean Properties and Fluctuations

Granular temperature is expected to scale with the square of the shear strain rate, so that 5V « y (see for example,
Andreotti et al., 2013; Pouliquen, 2004). Such a linear relationship between 6V and y seems indeed to be satisfied
(Figure 7e), in very good agreement with observations at the surface of granular flows by Pouliquen (2004) and
in other configurations (GDR MiDi, 2004). If we try to fit the data by a power law, we get a power equal to 2
with high R2. A higher R? is found when trying to relate the velocity fluctuations to the mean downslope velocity
(V%) (Figure 7d). The slightly higher R?> may result from errors in the estimation of the gradient of the measured
velocity profile. Any power law relationship between velocity fluctuations and the inertial number is less clear,
with a smaller R? (Figure 7). This could, similarly, be due to the errors in the calculation of I. As a result, velocity
fluctuations averaged in time and along one layer of grains scale very well with shear rate and with mean velocity
and to a lesser extent with the inertial number:

8V « (Vi) x 7 o 1%, (6)

5. Signature of Flow Dynamics in the Acoustic Signal

Our objective is to quantitatively relate the characteristics of the seismic signal to those of the flow, in order to
(a) get physical insights into the sources of acoustic emission and (b) propose empirical scaling laws that can be
used to recover flow properties from the recorded acoustic waves. As the range of configurations (slope angle and
thickness) investigated here is not very large, it is hard to discriminate between power laws or linear trends. We
will therefore systematically test these two types of empirical fits and quantify the associated R?.

5.1. Acoustic Frequencies
5.1.1. Orders of Magnitude of Possible Signal Frequencies

Let us first discuss the orders of magnitude of the signal frequencies that the physics of the granular flow could
generate, based on our setup and on the observation of flow dynamics described in the previous sections. We have
identified six physical processes that present different frequency signatures.

The frequency range of the signal is expected to be determined by the physics of a typical interparticle collision,
scaling with the inverse of the Hertzian contact time between two spheres of diameter d that have collided at rela-
tive velocity 6V (Farin et al., 2015). For impacts between such particles, Bachelet (2018) proposed the following
expression for the amplitude-weighted mean signal frequency:

fHenz = ayd™ V'3, %)
where
2/5
EV2
ay =~ 0.90 LAVER m/s)*”, ®)
wp(l —v?)

for E = 74 GPa, p = 2,500 kg m~3, and v = 0.2 the Young's modulus, density, and Poisson's ratio of the particles'
glass. This implies that 140 kHz < f,,,,, <220 kHz for 0.1 x \/gd < 6V < /gd, with/gd = 0.14 m s~'. While
we will not discuss the validity of Bachelet (2018)'s theoretical prediction, and Farin et al. (2018) found the mean
frequency of an impact on a rough bed to be between about 1/2 and 2/3 of the mean frequency of an impact on
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a smooth bed, this indicates that collisions between particles will generate signals at frequencies right up to the
upper limit of our measurements.

In contrast, the coherent vertical oscillations of the particles, due to the motion of each layer over the one below
(see Section 3.1.3, Figure 3), can be expected to cause signal modulation at frequencies £, . that are about 1,000

osc

times smaller, with 33 Hz < f, . < 52 Hz.. These oscillation frequencies are of the order of magnitude of §V/d,

corresponding to a typical rate of collisions.

On the other hand, frequencies around f, ~ 3-7 kHz in the signal may originate from the typical period of the
acoustic wave front propagation though the flow thickness 7 = 3 cm, if we assume an acoustic wave velocity in
granular flows of 100-200 m s~! (see e.g., Hostler, 2004; Hostler & Brennen, 2005; Mouraille & Luding, 2008).
Note that the velocity of acoustic signals in granular material varies strongly depending on the confining pressure,
packing fraction, material involved, etc. Liu and Nagel (1993) found values varying from about 60 to 280 m s~
depending upon the kind of velocity measured, van den Wildenberg et al. (2013) between 80 m s~ and 150 m s/,
and Bonneau et al. (2008) between 40 m s~! and 80 m s~'.

Observations show that the flow thickness oscillates slightly with time (see Figure A1 in the Appendix), possibly
due to compression/dilatation waves in the media or to the complex heterogeneity of the flow (see Section 4.2
and Figure C1 in the Appendix). The typical period of these oscillations is 1 s, possibly generating signals at
frequencies f,, ~ 1 Hz.

Movies of velocity fluctuations (Movies S3 and S4 in Supporting Information S1) demonstrate the appearance
and disappearance of vortices of velocity fluctuations (cf. Figure C1 in the Appendix). These vortices may be
similar to the turbulent vortices that develop in rivers and apply fluctuating forces on the bed roughness, generat-
ing seismic signals over a wide frequency range 1-10° Hz (Gimbert et al., 2014). Turbulent vortices form close to
the flowing-static interface due to the shear stress applied by the flow on the bed. The vortices, once formed, grow
through coalescence until they reach the thickness of the flow, then break up into smaller vortices, transferring
flow energy toward smaller scales (Kolmogorov, 1941). The highest frequencies generated by the vortices are
related to the minimum vortex size, that is, the Kolmogorov microscale, which may not be reachable in a granular
flow in which the minimum vortex scale is in theory at least two particle diameters 2d. Therefore, in granular
flows, we expect lower frequencies to be generated by vortices than those that can be observed in a liquid flow.
The typical size of the observed vortices in our granular flows is about 5-8d ~ 1-1.6 cm and they travel within
the flow at velocities of around 1 m s~!. Therefore, these granular vortices may generate waves at frequencies
f, = 60-100 Hz.

Finally, if we assume a wave velocity in the plate of v, ~1,000ms~ I, theresonance of the L /=10cm X 6.5 cmacous-
tically isolated plate gives rise to fundamental resonance frequencies f,; ~ v/l ~ 15 kHz and f,, ~ v, /L ~ 10 kHz,
with higher resonances possible throughout the measured frequency range. Let us now analyze the frequency
content of the measured signal and compare it to these expected frequencies.

5.1.2. Comparison With Measured Frequencies

Figure 8 shows that signals are generated throughout the frequency range we are able to measure, consistent with
our expectations of interparticle collisions. Even though no clear peaks appear in the high-frequency spectra,
there are indications of peaks at frequencies 3 kHz < < 10 kHz for almost all the flows, which may correspond to
waves trapped within the flowing granular layer (with expected frequency range 3 kHz < f, < 10 kHz). These are
highlighted in light green in Figures 8c, 8d, 8f, and 8i. Other peaks appear at frequencies between 10 and 20 kHz,
which may be related to the plate's fundamental resonances (at f,, ~ 10 kHz and f, ~ 15 kHz), as illustrated in
light pink in Figures 8b, 8d, 8e, 8g, and 8h.

In the low-frequency range, Figure 9 shows clear peaks in signal envelope amplitude between 28 and 50 Hz.
These frequencies f,, , of the acoustic amplitude modulation are clearly in the range of the frequencies f, . asso-

ciated with the vertical oscillation of the particles at the surface of the flow (Figure 10c). Indeed, accounting for

error, all modulation frequencies f, , are within the 30-60 Hz frequency range of f, , as highlighted in light gray

od

in Figures 9a and 9i.

The acoustic amplitude modulation frequency increases as a function of the inertial number: £, _, is extracted from
a Gaussian fit in the range 10-70 Hz of the spectrum (Figure 9) and shown as a function of () in Figure 10b. In
addition, almost all the flows exhibit an increase of spectral amplitude at frequencies between 1 and 3 Hz (see
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Figure 8. High-frequency (f > 1 kHz) spectral amplitude measured for all flows. Letters (a) to (i) refer to flow numbers 1 to 9, corresponding to angles (a—c) 6 = 16.5°,
(d—f) 6 =17.2°, and (g—i) 6 = 18.1° and to increasing flow thickness along each row (see Table 1 for details). Light pink areas correspond to the frequency range
associated with fundamental plate resonances, between f,, and f,,, and light green areas to the frequency range f, associated with waves trapped in the granular layer.

light pink region in Figure 9). This may correspond to the frequencies of flow oscillations f;,, ~ 1 Hz. Some
peaks at 15-25 Hz also appear for some flows. Some flows also show a small increase of spectral amplitude at
around 60-70 Hz (see Figures 9c and 9f where this frequency range is highlighted in light green) that could be
compatible with frequencies f, ~ 60 — 100 Hz associated with vortices of the velocity fluctuations.

5.2. Acoustic Power
5.2.1. Power Laws and Comparison With Field Observations

We investigate here the relationship between the acoustic power and the properties of the flow, averaged over
the granular depth. Figures 11a and 11b show that the acoustic power increases with the depth-averaged velocity
fluctuations (6V) and inertial number (/). The range of parameter variation is too low to determine a functional
relationship but, conducting a linear regression in log-space, our data are compatible with power law relationships.

He[ & <5V>3.110.9 & <I>2.2¢0.4. (9)

In the field, the seismic power can be calculated from the signal measured at seismic stations and then related
to the mean flow velocity, deduced by inverting low-frequency seismic data (Allstadt, 2013; Hibert, Ekstrom, &
Stark, 2017). Field experiments, in which single blocks of different masses were released down a gully, have also
shown a correlation between the velocity V of a block before impact and the seismic energy E released during
impact (Hibert, Malet, et al., 2017). With this data set, we conducted a linear regression of log E, against log
m and either log || V|| or log IV |, where m is the mass of a block and V its velocity before impact, with vertical
component V.. When considering the modulus of the velocity, we found that the seismic energy scales as E,
|| V||>4£03 (Figure 12a). When considering only the modulus of vertical component of the velocity before impact
V., the seismic energy scales as E, |V |33+98 (Figure 12b). Note that the precision on these best fit exponents is
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Figure 9. Low-frequency (f < 100 Hz) spectral amplitude measured for all flows. Letters (a) to (i) refer to flow numbers 1 to 9, corresponding to angles (a—c)
6 =16.5° (d—f) 0 = 17.2°, and (g—i) @ = 18.1° and to increasing flow thickness along each row (see Table 1 for details). The orange curves correspond to the Gaussian

fits (see Figure Se). Light gray areas in Figures (a and i) correspond to the frequency range associated with particle oscillations f,

osc?

light pink zones on all the figures

correspond to the frequency range of flow oscillations fj,,, and light green zones to frequency range of vortices f,. The dashed and dot-dashed vertical lines indicate the

boundaries of these zones.
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Figure 11. Radiated elastic power I1,, as a function of (a) normalized average velocity fluctuations (6V)/ \/g_d (with \/g_d ~ (.14 m/s) and (b) average inertial number
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7, = 100 m~!, the value for which the model gives about the same result as the measurements, that is, l'[:,’ er'z /T, =~ 1. () Comparison between the measured radiated

elastic power I1,, and available kinetic power IT,.
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Figure 12. (a) Energy E, of the seismic signal generated at each individual block impact, as a function of m®||V||%, for block
mass m and modulus of the velocity before impact || V||, with the exponents a and  inferred to get the best fit by linear
regression and (b) as (a), except with |V | rather than || V||. All quantities are in SI units and rockfall data are from Hibert,
Malet, et al. (2017).

low, since the fit quality of this form is moderate, with R? between 0.6 and 0.7, and that they were obtained for
single blocks and not for granular flows. Nevertheless, the dependence of E, on impact velocity may be compared
to the dependence of IT, on (§V) in our laboratory measurements, in Equation 9. Note that similar scaling laws
linking seismic wave characteristics to dynamic properties have been found for granular flows and for natural
single-block rockfalls (e.g., (Hibert, Ekstrom, & Stark, 2017; Hibert, Malet, et al., 2017; Schneider et al., 2010)).

5.2.2. Simple Model for Acoustic Emission

Based on the understanding of the seismic source gained above, we propose a simple model that makes it possi-
ble to recover the radiated elastic power from particles' velocity fluctuations (i.e., the square root of the granular
temperature). We assume that (a) the elastic waves are generated during binary collisions between particles in
adjacent layers, at speeds corresponding to the particles’ fluctuation velocities, (b) collisions are described by
the Hertz contact law and the radiated elastic energy is the work done by the impact force during the contact
(Farin et al., 2015; Johnson, 1987), and (c) the acoustic waves propagate from the layer where they are generated
down to the bottom of the channel. Attenuation in granular media is frequency dependent (Leclercq et al., 2017,
Legland et al., 2012; Martin et al., 2018) and evolves with the reconfiguration of force chains during the flow
(as illustrated by Lherminier et al. (2014)), but for the sake of simplicity we assume here that attenuation with
distance to the bottom is frequency independent, with constant attenuation coefficient y,.

Attenuation in granular media varies strongly, depending on the confining pressure, packing fraction, signal
frequency, etc. Different values are reported in the literature, varying between 15 m~! and 150 m~": for example,
Voronina and Horoshenkov (2004) and Chrzaszcz (2016) found Yo = 100 m~! and Hostler and Brennen (2005)
found values between 25 m~! and 50 m~".

In