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Abstract

Geophysical granular flows exert basal forces that generate seismic signals, which can
be used to better monitor and model these severe natural hazards. A number of
empirical relations and existing models link these signals’ high-frequency components
to a variety of flow properties, many of which are inaccessible by other analyses.
However, the range of validity of the empirical relations remains unclear and the models
lack validation, owing to the difficulty of adequately controlling and instrumenting
field-scale flows. Here, we present laboratory experiments investigating the normal
forces exerted on a basal plate by dense and partially dense flows of spherical glass
particles. We measured the power spectra of these forces and inferred predictions
for these power spectra from the models for debris flows’ seismic signals proposed by
Kean et al. (2015), Lai et al. (2018), and Farin, Tsai, et al. (2019), using Hertz theory
to extend Farin, Tsai, et al. (2019)’s models to higher frequencies. Comparison of
our observations to these predictions, and to predictions derived from Bachelet (2018)
and Bachelet et al. (2021)’s model for granular flows’ seismic signals, shows those of
Farin, Tsai, et al. (2019)’s ‘thin-flow’ model to be the most accurate, so we examine
explanations for this accuracy and discuss its implications for geophysical flows’ seismic
signals. We also consider the normalisation, by the mean force exerted by each flow,
of the force’s mean squared fluctuations, showing that this ratio varies by four orders
of magnitude over our experiments, but is determined by the bulk inertial number of
the flow.

Plain Language Summary

Landslides, like earthquakes, generate seismic signals: vibrations of the earth
that can be detected a long way away. Analysis of the most rapid vibrations could
provide information about how large a landslide is or how damaging it will be, helping
emergency services respond. But full-size landslides are complex and difficult to study,
so the generation of these vibrations is not yet sufficiently well understood for this in-
formation to be reliable. Therefore, in the place of full-size landslides, we studied
simplified, small-scale versions in the laboratory, testing previous authors’ predictions
for the seismic signals they generate. We find that one set of predictions was particu-
larly accurate and show that the corresponding predictions for full-size landslides are
consistent with previous observations. This implies that a landslide’s seismic signal
can be used to calculate its size, its speed, and the typical size of particles within it.

1 Introduction
1.1 Background

Landslides and other geophysical granular flows are a major natural hazard, caus-
ing on average 4,000 deaths worldwide each year from 2004 to 2016 (Froude & Petley,
2018) and an estimated billions of dollars of annual damage in the United States alone
(Fleming et al., 1980; National Research Council, 1985; Schuster & Fleming, 1986).
Few areas have an early warning system in place (Guzzetti et al., 2020) and a damaging
event’s magnitude and effects may remain unknown for hours or days after it happens
(Hervds, 2003; Scholl et al., 2017), hindering the response of emergency services. Mod-
elling is currently unable to remedy these knowledge gaps or to accurately identify the
hazardous areas that should be avoided, with poorly constrained parameters, such as
a flow’s basal friction coefficient, being important in determining a landslide’s runout
(van Asch et al., 2007; Lucas et al., 2014; Delannay et al., 2017; Cuomo, 2020).

Better monitoring of landslide-prone areas and better modelling of flows’ evo-
lution are therefore key to the reduction of landslide hazard, and the use of seismic
signals is a promising tool towards these aims. Geophysical flows exert forces on the



ground over which they travel, resulting in the outwards-propagating seismic waves
that Kanamori and Given (1982) first described in detail, for a rock avalanche at
Mount St. Helens. These seismic waves, which we refer to as ‘landquakes’, can be
detected by a local or regional seismic network, permitting continuous monitoring
of a wide area. This monitoring suggests the possibility of early warning systems,
analogous to those in use and development for earthquakes (e.g. Given et al., 2018).
Furthermore, landquakes encode information about a landslide’s magnitude and evo-
lution over time, and so these seismic signals can be analysed to assess damage, to
constrain model parameters, and to compare different models.

However, the low-frequency components of landquakes studied by Kanamori and
Given (1982) can typically only be detected for large landslides (> 107 m? according
to Allstadt et al. (2018)) and are predominantly generated by the accelerations of a
landslide’s centre of mass (Kawakatsu, 1989; Dahlen, 1993; Fukao, 1995). Therefore,
even when detected, they cannot provide information on many properties relevant to
landslide modelling and harm assessment, such as the size of individual particles within
the flow or the vertical profiles of flow properties.

To extract more information and infer these properties, previous authors suggest
using the high-frequency component of landquakes, generated by the rapidly fluctu-
ating forces exerted by the flow and associated with the accelerations of individual
particles within it. The spectrogram of this high-frequency component and its en-
velope have distinctive shapes (Surinach et al., 2005) which can be used to detect
landslides (e.g. Hibert et al., 2014; Dammeier et al., 2016; Fuchs et al., 2018; Lee
et al., 2019). Furthermore, the properties of this envelope can be related to those of
the landslide: the envelope’s duration to the landslide’s duration and hence its loss
of potential energy (Deparis et al., 2008; Hibert et al., 2011; Levy et al., 2015); the
envelope’s amplitude to the seismic energy emitted by the landslide and hence its
volume (Norris, 1994; Hibert et al., 2011; Levy et al., 2015), its work rate against
friction (Schneider et al., 2010; Levy et al., 2015), and its momentum (Hibert et al.,
2015, 2017); and envelope scale and shape parameters to the landslide’s geometry via
multilinear regression (Dammeier et al., 2011). Some of these relations have been
replicated in laboratory experiments on dry granular flows: Farin et al. (2018) links
seismic envelopes’ duration to potential energy loss and envelopes’ shape to flows’
varying vertical and horizontal momenta, for collapses of granular columns on angled
planes, while Farin, Mangeney, et al. (2019) proposes an expression for a collapse’s net
seismic energy emission, in terms of the column’s mass, aspect ratio, particle diameter,
and maximum centre of mass velocity.

Other laboratory experiments have investigated the dynamics by which gran-
ular flows generate high-frequency signals, in geometries including discharging silos
(Gardel et al., 2009), rotating drums (Hsu et al., 2014), and rotary shear cells (Taylor
& Brodsky, 2017). Gardel et al. (2009), calculating the power spectra of the forces
that flows exert on their boundaries, shows the amplitude of high-frequency force fluc-
tuations to increase with increasing flow rate. Hsu et al. (2014), meanwhile, shows
the typical magnitude of such fluctuations to increase with increases in flow rate and
grain size, with the mean force exerted over macroscopic flow timescales, and with the
shear-determined ‘inertial stress’ o;, as approximately o5 for flows of water-saturated
gravel. This is broadly consistent with Taylor and Brodsky (2017)’s observation that,
under constant mean pressure, granular flows’ force fluctuations induced boundary vi-
brations with squared amplitude proportional to d®I, for grain diameter d and estimate
I of the ‘inertial number’: a local, non-dimensional shear rate, with its square equal to
the ratio between the inertial stress and the mean stress, that previous authors suggest
will uniquely determine all other local, non-dimensional flow parameters (GDR MiDi,
2004; da Cruz et al., 2005; Jop et al., 2006).



However, there are discrepancies between the relations suggested by different
authors, including the difference between a landslide’s momentum and its work against
friction, and different exponents in power laws for force fluctuations’ amplitude as a
function of I. Furthermore, the relations are empirical, so both their precision and
their range of validity are unclear. Allstadt et al. (2020)’s large-scale experiments,
for example, identify no simple relations between the properties of debris flows and of
the fluctuating forces they exert, despite excellent instrumentation. To reliably link
landslides’ properties to those of the high-frequency seismic signals they generate, a
mechanistic model for landquake generation is required.

1.2 Existing Models

Models of the high-frequency component of landquakes rely on the same frame-
work: consideration of the total seismic signal as a sum of the uncorrelated signals
generated by individual, random particle impacts, with i) the properties of the im-
pacts determined by some mean properties of the particulate flow and ii) a specified
Green’s function mapping the force of an individual impact to the seismic signal ob-
served at a remote station. This stochastic impact framework arises from Tsai et
al. (2012)’s model of seismic noise generation from riverine sediment transport, and
Gimbert et al. (2019) validates it in that context using flume experiments. We discuss
its validity for landquakes in S2, showing that it will be applicable to any extensive
flows of stiff particles for which energetic impacts are more significant than other high-
frequency sources, for signal periods smaller than the timescales over which the bulk
flow varies. Examples may include avalanches, the coarse-grained fronts of debris flows,
and rockfalls involving multiple blocks.

Assuming the framework’s validity, prediction of a flow volume V’s high-frequency
landquake signal requires consideration of the locations x € V of signal generation, and
the specification of just three things at each location: 1) the number n;(x) of impacts
per unit volume and time; 2) the force F(x,t) applied by a single, typical impact over
its duration; and 3) the Green’s function G(¢,r;x) for each single-component velocity
response vy(t) to that force of the seismic station detecting the signal, located at r.
Writing ~ for Fourier transforms over time At, the landquake signal will then have
power spectral density

Po(f) = [5:(f)]2/ Mt = /V n(|Fr(x, f) - G, %) 2 dx.

1.2.1 Direct Use of Tsai et al. (2012)

Kean et al. (2015), Lai et al. (2018), and Farin, Tsai, et al. (2019) consider only
impacts at the base of a flow to be significant in signal generation, and assume 1)
that the rate of impacts is determined by the advection of particles, with the mean
flow, into basal irregularities of the same scale; 2) that the force a particle exerts
varies over timescales much shorter than the range of periods to which the seismic
station is sensitive; and 3) that the relevant Green’s function is that for Rayleigh-wave
propagation to the far field. Under these assumptions, if a representative impacting
particle has diameter d and downslope speed u, it will have collision rate u/d, so that
a bedrock-contacting flow area A in which impacting particles have a volume fraction
¢ will have an approximate integrated collision rate [, ny dx = ¢Au/d*. For all signal
periods of interest, the typical force applied by an impact will be approximable as a
Dirac delta function in time and hence constant in the frequency domain, equal to
the impulse transferred, so that F 1(f) = Apey for a representative impulse magnitude
Ap and unit vector e;. Meanwhile, the relevant frequency-space Green’s function for
a station at radius r will have magnitude |e; - G| = R(f)e~*)"/\/r, for functions
R and « related to Rayleigh-wave propagation and inelastic attenuation, respectively



(Lamb, 1904). Consequently, the signal’s power spectral density will be
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Material above the flow’s base is supposed to affect the signal only via its influence on
u and Ap.

Kean et al. (2015) suggests that u scales with the measured surface velocity and
Ap with the mean stress exerted by the flow, equal to the base-normal component
of the flow’s local weight per unit area. The authors use an empirical, piecewise-
continuous function «, and avoid consideration of scaling constants, ¢, R and d by
examining only the ratio of P, (f) to that measured during a reference debris flow in
the same channel, for which such parameters are assumed to be the same. The paper
uses this model to estimate the depths of static sediment ‘shielding’ the channel centre
from impacts, and these estimates correctly remain positive, but the paper performs
no further evaluation of the model.

Lai et al. (2018) suggests that large, flow-depth-spanning particles dominate the
signal, so that d should be the 94th percentile of the particle diameter distribution
and w should be the depth-averaged downslope velocity u of the flow. The authors
implicitly take ¢ = 1 and further assume that impacts transfer an impulse equal to
that for elastic rebounds of individual near-spherical particles at vertical velocity u,
such that Ap = mpd3@/3 for particle material density p. Equations for R(f) and a(f)
are taken from Tsai et al. (2012), Tsai and Atiganyanun (2014), and Gimbert and Tsai
(2015), and then applied to a Californian debris flow, to invert the peak frequency of
P, _(f) for r. However, this inversion relies on the model for signal generation only via
the assumption that [F;(f)| is independent of f in the frequency range of interest, so
this assumption is the only part of the model that the paper tests. Values for A, u,
and d were inferred but not measured.

Farin, Tsai, et al. (2019) generalises the model of Lai et al. (2018) to different
flow regions and regimes and to a continuous particle size distribution. The authors
calculate that the impacts of particles falling from the flow front or saltating ahead
of it are less significant for signal generation than those in the flow’s dense snout
and body. In these two regions, for ‘thin’ flows of depth h comparable to the largest
particle diameters, the paper suggests that the Lai et al. (2018) model will hold, with
slight modifications: ¢ is explicitly stated; there are extra terms in the equation for
Ap to account for inelasticity and variation in the angle and velocity of impacts; R
is adjusted to account for non-vertical e;; and d is represented by its appropriately
weighted average over the distribution of particle diameters, which is suggested to be
approximately equal to the 73rd percentile of that distribution. However, for ‘thick’
flows, where h is much larger than the particles’ diameters, the paper suggests that, in
addition to the above slight modifications, the relevant advection and impact velocity is
that of base-adjacent particles. Assuming no basal slip, in the sense that velocities tend
to zero towards the flow’s base, u is then proportional to @d/h and the representative
value of d is equal to the 86th percentile of the particle diameter distribution. The
authors tested neither of the ‘thin-flow’ and ‘thick-flow’ models.

1.2.2 Model of Bachelet et al.

In contrast to the above papers, Bachelet (2018) and Bachelet et al. (2021)
consider impacts between different layers of particles, throughout the depth of the
flow, and suppose 1) that the local impact rate is the rate at which adjacent layers
shear over each other; 2) that the force throughout an impact is described by Hertz
theory with typical impact velocity equal to the standard deviation in particle velocity



within each layer; and 3) that the Green’s function includes exponential attenuation
of the force with the impact’s distance from the flow’s base.

The use of Hertz theory to describe the contact force between impacting particles,
detailed in S3, predicts the duration of impacts and so a frequency scale for the spectral
density of the forces they exert (Hertz, 1881). For a collision at relative normal velocity
u, between two spherical particles of diameter d, consisting of material with density
p, Young’s modulus E, and Poisson’s ratio v, Hertz theory predicts a timescale for the

impact
7T2p2(171/2)2 1/5
= |— d.
[ 4E%u, ]

With this 7, the spectral density of the normal force between the particles is

wpd3uy,

A= (T2 ¢

for a non-dimensional function (7f), plotted in Figure S1b, which is approximately
equal to 1 for 7f < 1, monotonically decreases to {(7f.) = 0.5 for non-dimensional
corner frequency 7f. ~ 0.208, and is much less than 1 for 7f > 1. Impacts at higher
velocities u,, apply forces with higher spectral density, over a wider frequency range.

This spectral density doesn’t appear explicitly in Bachelet (2018) or Bachelet
et al. (2021), which instead use the integral of ¢ over all f to consider the total
seismic power generated by a flow. However, we can follow the authors’ reasoning
to derive from equation (4) a prediction for the spectral density of a flow’s high-
frequency landquake signal, in the form of equation (1). First, separating a flow with
representative particle size d and particle volume fraction ¢ into layers, and writing z;
for the vertical position of each layer and u; for the mean horizontal velocity within
it, the authors suggest that the rate of impacts is

m(x)ﬂ;’; (15 = u5-1)8(= — 2)

for Dirac delta function §. Then, writing 7} for the granular temperature in the jth
layer, equal to the variance of individual particles’ velocities, the authors take the
spectral density of the force applied by a typical impact to be given by equation (4)
with impact velocity u,, = \/ITJ . Finally, the magnitude of the frequency-space Green’s
function for an impact at height z is taken to be e_WZ/Q\C:'bL where v is an attenuation
constant and |éb|, describing a measurement station’s velocity response to vertical
basal forces, is constant due to the assumption of an incoherent, diffuse seismic field
with constant attenuation. Therefore, a flow of area A will generate a landquake signal
with power spectral density
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The experiments described by both Bachelet (2018) and Bachelet et al. (2021)
show this model to be consistent with measurements of the seismic signals generated
by approximately steady and uniform laboratory-scale granular flows, but the results
are not conclusive. Releasing flows of d = 2mm-diameter glass beads in a channel
inclined at angles between 16.5° and 18.1°, accelerometers were used to estimate the
total seismic power imparted to an isolated plate by overlying flows of depths between



15d and 20d, and this power was compared to the prediction of equation (6), with
flow parameters estimated using high-speed photography through the channel’s trans-
parent sidewalls. The agreement is reasonable, but is highly dependent on the fitted
parameter 7, and so the number of estimates, and their range of variation, are too
small for conclusions to be definitive. The use of Hertz theory permits predictions for
the frequency-dependence of the power spectral density, but no such predictions are
compared with experimental results. Further tests are therefore required.

1.3 Aim of Our Work

Given their insufficient validation to date, our work aims to test the above mod-
els of high-frequency landquake signal generation. Because we are concerned with the
generation of the signal, rather than its propagation, we consider models’ predictions
for the power spectral density Pp of the total base-normal force exerted by the flow,
which may be obtained by removing the Green’s function in equation (1), so by divid-
ing equation (2) by R%e=2%" /r and equation (6) by |Gy|2. Pr will be proportional to
the spectral density of the signal at a receiver, with its appropriately weighted inte-
gral proportional to the seismic power transmitted by the flow, but Pg, unlike these
measurements, is independent of the response of the base on which the flow propagates.

However, it is difficult to use field-scale granular flows to test the models’ predic-
tions for Pr. Natural geophysical flows often occur in remote locations, infrequently
and unpredictably, and so the sites of most flows are not instrumented for any mea-
surements of flow parameters. Where sites are instrumented, the destructiveness of
geophysical flows restricts which parameters can be measured, excluding most used by
the above models. Furthermore, geophysical flows are typically extremely unsteady
and heterogeneous, so that any given landquake signal may be produced by a flow
region with parameters very different from those that have been measured. Finally,
the inference from a landquake signal of the forces that generated it requires inversion
of the Green’s function, which is typically poorly constrained at the high frequencies
of interest, and to which the inversion is typically very sensitive at precisely these high
frequencies.

We therefore conducted laboratory experiments to link the properties of a gran-
ular flow to the seismic signal it generates. In the laboratory, flows can be fully
controlled and instrumented, allowing a wide range of parameter values to be explored
and measured. Apparatus can be designed to produce steady, fully developed, homo-
geneous flows, and the Green’s function can be well constrained over a large frequency
range by calibration. Since the models entirely neglect geophysical flows’ fluid phases
and consider normal impulses transferred between similarly sized particles, they can
be tested with the dry flows of monodisperse, spherical grains that best satisfy their
assumptions. Having established the relevant physics for simple flows, the applicability
of results to more complex, geophysical flows can be discussed.

We describe our laboratory experiments in section 2.1, our analysis of experimen-
tal data in section 2.2, and our calculation of existing models’ predictions for flows’
force signals Pp in section 2.3. Section 3.1 describes how each flow’s signal evolves
with the flow, over the course of an experiment, while section 3.2 describes the prop-
erties of Prp and section 3.3 compares those properties to the models’ predictions. We
discuss the implications of this comparison for our flows’ velocity profiles in section
4.1, and the relation between non-dimensional shear and non-dimensionalised force
fluctuations in section 4.2, while section 4.3 discusses the application of our results to
geophysical flows, including the effects of different Green’s functions, particle size and
polydispersity, and flow evolution. Section 5 concludes by summarising our results.



2 Methods
2.1 Experimental Apparatus

As the simplest possible analogue of a geophysical granular flow, we studied the
flow of spherical glass beads, d = 2mm in diameter, in an inclined channel 2.5m
long and W = 0.2m wide, shown in Figure 1. The beads were 1.7-2.1 mm Type
S glass beads produced by Sigmund Lindner GmbH and provided by MINERALEX,
with material density p = 2500 kgm 3 and Young’s modulus E = 63 GPa (Sigmund
Lindner, 2018). In each experiment, 40 kg of beads were initially stored in a plastic
reservoir of volume 0.08 m?, from which they flowed out via a rectangular opening
of width 0.18 m and adjustable height hg, controlled to within 0.06 mm by a plastic
gate which was fixed in place during each experiment. A separate plastic release gate
blocked this opening before each experiment and was manually lifted to start outflow.
On leaving the reservoir, beads entered the separately supported channel, which had
an aluminium base; transparent, 0.1 m-high acrylic walls; and an incline tan 6, which
could be adjusted by changing the heights of the braces attaching the channel to its
supports. The channel’s base was roughened with the same type of glass beads as
constituted the flow, fixed in place with extra-strong double-sided carpet tape, with
an irregular, dense pattern achieved by random pouring.

The flow of beads down the channel adapted to these conditions over a distance of
1.92 m, before reaching a rectangular, instrumented steel plate set into a corresponding
hole in the centre of the channel’s base. The plate was X = 0.18m long, ¥ = 0.1m
wide, and H = 2mm thick, with its surface flush with that of the aluminium base to
within 0.02 mm and separated from it by an isolation gap of 0.04 £ 0.01 mm, achieved
by using strips of plastic film as spacers during emplacement. The plate was supported
by a force sensor and a support piece, with the three separated by washers and held
together by a prestressing screw, the head of which was glued into a 0.5 mm-deep
recess in the centre of the plate’s underside. The support piece, in turn, was attached
to the channel’s substructure using phenyl salicyclate (salol), which was added to the
join when molten and solidifed to form a stiff connection, but could be melted with
a heat gun for removal of the plate or adjustment of its position. Before the plate’s
emplacement, we used the same salol to roughen its surface with glass beads: heating
the plate, we added salol to form a thin, liquid layer, and we poured beads on top to
form an irregular, dense pattern, before the salol solidified and fixed them in place.

After the plate, the flow of beads continued for 0.4 m, before flowing out of the
channel and into a plastic outflow tray. Plastic sheeting extended the tray’s walls, to
prevent energetic particles from escaping.

Four sets of devices took measurements of the flow: a mass balance beneath the
outflow tray; the force sensor supporting the instrumented plate; four accelerometers
attached to the plate’s underside; and a high-speed camera directed through the chan-
nel’s wall. The mass balance was a Dymo S50 digital shipping scale, which measured
in each experiment the cumulative mass that had passed through the channel. The
force sensor was a Kistler 9027C three-component force sensor and was connected to a
Kistler 5073 charge amplifier, measuring the normal, downslope, and cross-slope forces
exerted by the flow on the plate. The accelerometers were Briiel and Kjeer type 8309
accelerometers, attached with salol to randomly selected positions on the plate’s un-
derside and connected to a Briiel and Kjeser Nexus 2692-A-OS4 conditioning amplifier,
to measure the normal vibrations of the plate and hence the seismic energy imparted
to it by the flow. Settings of the force sensor and accelerometer amplifiers are de-
scribed in S4. The camera was an Optronis CR600x2, with a Sigma 17-50 mm F2.8
EX DC lense, and was level with and focussed on the inside of the channel sidewall,
directly cross-slope from the instrumented plate’s centre. The camera’s inclination
was the same as the channel’s and its field of view was 640x256 pixels, corresponding
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Figure 1. Schematic of experimental apparatus. Experiments are conducted in the channel
represented, to scale, at left, with components of the apparatus labelled in blue and relevant di-
mensions in red. Expansions at top-centre and bottom-right represent, in cutaway views and not
to scale, details of the reservoir and the instrumented plate, respectively. The glass beads used in

experiments are shown at top-right, with a mm-unit scale.

to a region 8 cm long and 3.2cm high. The sidewall was lit using a Photonlines H5
LED light, via a white sheet of paper which acted as a reflective diffuser, and we used
an exposure of 25011s and a frame rate of 2000571,

To control the measurement devices, we used an Arduino Uno R3 microcontroller
board, and we recorded measurements using a Pico Technology Picoscope 4824 oscillo-
scope connected to a Lenovo E530 laptop. Measurements from the mass balance, force
sensor, and accelerometers were recorded from the time ¢ = 0 at which the reservoir’s
release gate was lifted until the outflow stopped at ¢t = t., while the camera recorded
footage over a duration At. between 2s and 10s, after a delay time ¢4 in which the
flow developed into a steady state. Details are in S5.

We conducted experiments with six different channel inclinations between 22.8°
and 27.5° (tan 6 = 0.42, 0.44, 0.46, 0.48, 0.50 and 0.52), with this order randomised to
negate the effect of any systematic variation in atmospheric conditions or measurement
sensitivity. For each inclination, we conducted three repeats with the reservoir control
gate at each of four different heights (h, = 5mm, 10mm, 20 mm and 40 mm), with
the order of gate heights again selected at random.

At channel inclines equal to and greater than tan 6 = 0.46 (§ = 24.7°), there was
a gate height below which flows were in the gaseous regime of e.g. Borzsényi and Ecke
(2006) and Taberlet et al. (2007), with all glass beads in saltation and accelerating
downslope. We recorded no measurements of such flows, which were energetic and far
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Figure 2. Channel inclines tan6 and release gate heights hg used in experiments. o indi-

cates an experiment for which the flow was in the transitional regime, while colours indicate the

duration of time At, recorded by the camera.

from stationary, with a large number of beads escaping across the channel’s sidewalls
and with the camera’s images unusable for reliable measurements. At each such incline,
we instead recorded measurements at all gate heights resulting in dense flows and at
one gate height resulting in a ‘transitional-regime’ flow, with a dense basal flow below
a saltating layer. These gate heights are plotted in Figure 2, within the full parameter
space investigated.

2.2 Data Analysis

For each experiment within the parameter space, we analysed the experimental
data to calculate dynamic, seismic, and kinematic properties of the flow: the mass
of particles that lay over the instrumented plate and the effective friction coefficient
between the two; the mass flux of particles through the channel and their average
velocity; the power spectrum of the normal force exerted on the plate by the flow; and
the vertical profiles of particle volume fraction, velocity, and granular temperature
at a channel wall. We recall that W denotes the channel’s width and 6 its angle of
inclination; that X, Y, and H denote the length, width, and thickness of the plate; and
that ty and At. denote the delay before and the duration of the high-speed camera’s
recording, respectively. These and all other variables are listed in S1 and all code used
to perform these analyses is available at Arran et al. (2021).

To infer the mass overlying the plate and its effective friction coefficient with the
flow, we used the data from the force sensor. Averaging over successive 0.5 ms intervals,
the net downslope force F,(t) and plate-normal, downwards force F(t) applied to the
plate by the flow were calculated from the voltage output of the force sensor’s charge
amplifier, as described in S6. Then, assuming no net plate-normal acceleration of the
flow overlying the plate, over the period of steady flow recorded by the camera, we
calculated the average mass per unit area overlying the plate as

o= <Fz>Atc
XYgcosf’

where (-)a;, represents the arithmetic mean over ty < ¢t < tq + At. and g represents
gravitational acceleration. Similarly, we followed Hungr and Morgenstern (1984) and
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Roche et al. (2021) in calculating the effective friction coefficient as

_ <F:v>AtC
<Fz>Atc ’

with this calculation validated in S6, section S6.3.

To calculate the mass flux through the channel, we examined the data recorded
by the mass balance. Having the cumulative mass M (¢) that had flowed through the
channel after time ¢, we calculated the average flux per unit channel width, over the
period of steady flow recorded by the camera, as

M (tg + At.) — M(tq)
At W '

Assuming this average mass flux to be equal to that across the plate, and having
calculated the mass overlying the plate, we could then calculate the mean depth-
averaged flow velocity across the plate,

u=qjo.

To extract the power spectral density of the flow’s basal force, we processed data
from the accelerometers using Kirchhoff-Love plate theory (Love & Darwin, 1888) and
assuming perfect isolation of the plate from the channel and linear attenuation within
the plate. On the basis of the steel’s technical documentation (John Steel, 2019; Steel
SS, 2019), we took its density to be p, = 7800kgm™3, its Young’s modulus to be
E, =200 GPa, and its Poisson’s ratio to be v, = 0.29. Then, its bending stiffness was
D = E,H?/12(1—v}) and the mean gap between the resonant frequencies at which its
motion was sensitive to forcing was Ay = 2/D/XY \/ ppH ~ 400 Hz. Assuming that
the spectral density of an impact’s force varied little over this frequency scale, this
spectral density was estimated using D, the proportion of the plate’s energy P in its
steel structure’s vertical displacements, the quality factor @) describing the attenuation
of energy in the plate, and the accelerations a;(¢) measured by the four accelerometers,

as
> 2 3/2 4
pe(g) = OE & @I ATVD (5™ (1))

Jj=1

where Fourier transforms are over a time interval At = 0.2s, and (-)ay represents a
moving average over frequency, with window width Af = 2kHz. We describe in S7,
section S7.1 the derivation of this relation and the calculation of |d;|? from the voltage
output of the accelerometers’ conditioning amplifer; in section S7.2 the calibration we
performed to measure the plate parameters P = 0.25 and @ = 99 and to extend the
flat frequency range of the accelerometers to 120 kHz; and in section S7.3 the valida-
tion of this work. The gaps between the plate’s resonant frequencies limit both the
resolution and the lower limit of our Pr-measurements to 1 kHz, whilst an accelerome-
ter resonance at 125 kHz prevents measurement above 120 kHz. Measurements have a
frequency-dependent, systematic relative error of typical magnitude around 40%, due
to an imperfect attenuation model and variation in the number of resonant frequencies
within each 2kHz interval.

Finally, to extract profiles of kinematic properties at the channel wall, we anal-
ysed the images taken by the high-speed camera, using particle tracking velocimetry
and Gaussian coarse-graining. Analysing each frame in turn, we detected the posi-
tions (x;, z;) of particles at the channel walls and, tracking particles between consec-
utive frames, calculated their mean velocities over each 0.5ms interval. Calculating
the smoothed velocities u; over five frames, or 2.5ms, we estimated the downslope-
averaged and time-averaged base-normal profiles at the channel’s wall of relative vol-
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ume fraction ¢,,(z), mean velocity u,(z), and granular temperature Ty, (z) as
du(2) = (3 Clzi2)md? [ au.
J
uy(2) = (Y Clzj; 2)md’u; /4) ar. /du(2),
J

Tw(z) = <Z Czj5 2)md?| [0y — wu(2)[*/4) ar./Su(2),

J

where averages are over all frames recorded by the camera, sums are over all particles
tracked in each frame, and C' is a Gaussian weight function, localised around z and
with integral over the total spatial domain equal to 1. This process is described in
detail in section S8.

While the irregularity of the flow’s base and surface complicate the definition of
the flow thickness h, we take the base-normal co-ordinate z to be zero at the top of
the base’s fixed beads, and extract h as the value of z at which ¢,,(z) drops below half
its maximum value,

h = min{z > argmax ¢, |dw(z) < max(¢)/2}.

For a flow with constant particle volume fraction below a level surface, this exactly
corresponds to the intuitive flow depth. Whilst other reasonable definitions lead to
different values of h and of all quantities derived from it, they do not alter our conclu-
sions.

2.3 Model Predictions

For each of the models described in section 1.2, for a granular flow’s seismic signal,
we inferred predictions for the experimental seismic signal. Specifically, we expressed
a prediction Pr for the power spectrum of the base-normal force applied by the flow
to the instrumented plate, as a function of the flow properties specified in section 2.2:
the mean depth-averaged flow velocity @, the mass overburden per unit area o, the
flow depth h, and the channel-wall profiles w,,(z) and Ty, (z) of downslope velocity and
granular temperature. Since previous authors attempted to predict slightly different
seismic properties and used slightly different flow properties, no directly applicable
expressions are in the articles introducing the models (Kean et al., 2015; Lai et al.,
2018; Farin, Tsai, et al., 2019; Bachelet, 2018). We therefore worked from equations
(2) and (6); used the models’ methods of estimating those equations’ variables, as
described in sections 1.2.1 and 1.2.2; and removed Green’s functions as described in
section 1.3, to predict the basal force’s power spectrum rather than the power spectrum
of a seismic station’s response. Recalling that g cos 6 denotes base-normal gravitational
acceleration, d the particles’ mean diameter, and p their density, and approximating the
flow area generating the measured signal by the instrumented plate’s area A = XY
and the flow’s mean volume fraction by ¢ = o/ph, these predictions could then be
compared to the measured power spectra Pr.

The model introduced by Kean et al. (2015) predicts the seismic signal generated
by a granular flow covering a certain area, using its surface velocity and the base-normal
component of its weight per unit area. If the near-base velocity of the flow scales with
its surface velocity, as Kean et al. (2015) suggests, then both will scale with the depth-
averaged velocity #, so to calculate predictions we estimated the velocity u of equation
(2) with @ and the impulse Ap with ogcos 6, the measured base-normal component
of the flow’s weight per unit area. We may therefore write the model’s prediction for
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P, for signal periods 1/f well above the duration of a typical impact, as
PY = K Aii(ogcos)?/d®.

K is a free parameter, which in Kean et al. (2015)’s model is equal to the product
of a constant volume fraction; a constant of proportionality between u and the near-
base flow velocity; and a squared constant of proportionality between the mean basal
pressure and the typical impulse transferred by a basal impact. No indication is given
as to its value, so it must be found by fitting.

In contrast, the model introduced by Lai et al. (2018) requires no free parameter.
Noting that the experimental particles have a narrow diameter distribution, with 94th
percentile approximately equal to its mean d, and using the appropriate substitutions
for w and Ap in equation (2), the model’s prediction for Pg is the constant

PY = w22 Ad%u® )9,

with the implicit assumption that the volume fraction is equal to 1. Again, this
prediction is expected to be valid only for signal periods 1/f well above the duration
of a typical impact.

The two models described by Farin, Tsai, et al. (2019) are developments of this
model, with that article’s equation (16) developing the definition of the impulse de-
noted Ap in our equation (2). Within the same frequency range as in prior paragraphs,
the associated predictions for Pg(f) are the constants

PR =70’ Ad* (1 + €)*¢(v)uf /36,

where e is a constant coefficient of restitution; £(v) ~ 0.053(1 + 5.6v?) is a non-
dimensional function accounting for variation in impacts’ geometry; and v and wuy
define the velocities of base-impacting particles uy(e, + ve,), for randomly directed
unit vector e,,.

In the ‘thin-flow’ model, u;, = @, whereas in the ‘thick-flow’ model u, = xud/h
for velocity profile shape factor y, assumed constant and between 1 and 1.5. The
model-specific parameters are e, v and x, which can neither be reliably measured
in individual experiments nor individually determined via fitting. We therefore take
e = 0.9, consistent with the rebound heights of particles dropped onto the instrumented
plate; take x = 1.25, consistent with the velocity profiles measured at the channel’s wall
and introducing an error factor of at most 2; and fit the free parameter v, corresponding
to the normalised standard deviation of base-impacting particles’ velocities. Farin,
Tsai, et al. (2019)’s derivation of £ makes unphysical assumptions (e.g. that impacting
particles’ velocities differ from uye, by an exactly constant magnitude vu, and that,
for each impact velocity, all possible impact locations are equally likely), so the best-fit
value of v for an otherwise-accurate model will not exactly equal the true normalised
standard deviation, but a model cannot be said to be accurate unless this best-fit
value is a physically reasonable approximation. Specifically, the energy associated
with velocity fluctuations is drawn from the mean flow and dissipated rapidly, so that
we expect the typical magnitude of velocity fluctuations to be less than the mean
velocity, and hence a condition for model accuracy is that v < 1.

To further assess the assumptions of the ‘thick-flow’ and ‘thin-flow” models, we
extended each model to higher frequencies. Farin, Tsai, et al. (2019) assumes binary,
elastic, normal interactions during impacts, with impact velocities such that particle
deformation in our experiments will be quasistatic and the Hertz theory described in
S3 will apply. Applying this theory to the impact velocities and geometry assumed
by Farin, Tsai, et al. (2019), we therefore compute predictions for Pgr over a larger
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frequency range than that considered by the original article, as

fS2 d2€v f52/ d2€n (unen : 92)2 C(Tf)H (un) N
_ 7/6 P
2 2 2 F

sz d’e, fsi/s d“e, (une, - e.)” H (uy)

Pr

for unit sphere S2; unit spherical cap Sfr /6 with maximum polar angle 7/6; normal
impact velocity u, = up(e, + ve,) - e,; impact timescale 7(u,,) as defined by equation
(3); non-dimensional function ¢ as introduced in equation (4); and Heaviside step
function H.

Finally, the model of Bachelet et al. already predicts Pr over a large frequency
range. Substituting equations (7) into (6) and moving from the well-defined particle
layers considered in the thesis to the continuous profiles measured in our experiments,
the predicted power spectral density of the basal force is

h
Pr(f) = Goartd [ (T (ra()f) e d

where u, is the derivative of u,, with respect to z; ¢ is the non-dimensional function
in equation (4); impact timescale 7,,(z) is defined with respect to T,,(2) as 7; is to Tj
in equation (7); and constant v is a free parameter, to be determined by fitting.

We compare these predictions to the measured power spectra Pr in section 3.3,
but first we define the time period and the frequency-space properties used for the
comparison, by considering the evolution of the flow (section 3.1) and the form of the
power spectrum of the basal force (section 3.2).

3 Results
3.1 Evolution of the Flow

In each experiment, the flow passing a given point evolved through four stages
that could be distinguished from measurements of outflow mass M and the net normal
force on the plate F.: I) precursory saltation of particles released at the start of the
experiment; IT) arrival of the dense flow’s front; IIT) steady flow; and IV) decay of the
flow. These corresponded to different signals measured at the instrumented plate, as
illustrated for two different experiments in Figure 3.

As Figure 3 illustrates, saltating particles in stage I contributed little to the out-
flow mass M and to the net downslope and normal forces F, and F,, with an implied
number density of around one particle per cm? of plate surface, but such particles ap-
plied basal forces with significant spectral density Pr across a wide frequency range.
Similarly, the dense front’s arrival in stage II had a short duration, but was associ-
ated with an intense, broad power spectrum of basal force, as high-velocity, surficial
particles reached the front and impacted the plate. In general, as in Figure 3a, the
power spectrum at high frequencies then dropped during stages I1I and 1V, indicating
that impact velocities in the dense flow’s bulk were lower than those of high-velocity
saltating particles. For ‘transitional-regime’ flows, however, Ppr remained the same
during stages II and III, as in Figure 3b, reflecting the continued saltation within each
flow that defines this regime.

Such variation of signal properties between different experiments is summarised
in Table 1. With increasing channel incline tan ¢ and release gate height hgy, the du-
ration of stage I decreased rapidly and that of stage II decreased slightly, as the speed
of the dense flow front increased to the speed of saltating particles. Since the same
changes greatly increased the high-frequency spectral density Pr of the plate-normal
force during stage I1I, which had duration determined by the reservoir’s capacity and
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Table 1. Properties of the flow’s stages of evolution. F, and Pr are as defined in section 2.2,
while f. is the frequency at which Pr drops to half its mean value pre-maximum. Arrows (—)
indicate ranges over time in an experiment, while hyphens (—) represent the ranges over different
experiments. e indicates the value for dense flows and o for transitional-regime flows, wherever

they differed significantly.

Flow stage 1 I 11 v

Durations (s) 0—40 2-8 4 — 150 5—20

F. (N) 0(0.1) 0-(1—-10) 1-10 (1-10) — (0 —2)
¢70 — 110 70— 110

fe (kHz) > 100 >90 0>100 o> 100

[ Ppdf (N3) 0(0.1) 0.02-2 0.003—3  (0.003—3) =0

decreasing with hg, the contribution of stage I to the total generation of seismic en-
ergy decreased from around 70 % to less than 0.1 %, while the contribution of stage II
remained between around 10 % and 20 %, and the contributions of stages III and IV
increased. In contrast to this pattern of variation, the net normal force F, increased
with hy but, for each hy, decreased with increasing tan 6; the same hgy-determined flux
of particles was maintained by faster flows, which were therefore thinner. These oppos-
ing trends indicate the independence of F, and Pg(f) for f # 0, with the former the
mean force applied by the flow, and the latter associated with the force’s fluctuations
about this mean.

In this article, we restrict our attention to stage III of the flow’s evolution, in
which the flow’s steadiness ensured that all measurements were of the same flow state.
Specifically, between different At = 0.2s time intervals within the duration At. of
steady flow recorded by the camera, the per-second rate of change of outflow mass
M had a standard deviation of around 10% of its mean value, while the standard
deviations of F, and F, were around 1% and that for [ Pr df around 5%. Similarly,
we examined the profiles of kinematic properties at the channel wall, averaged in turn
over each decile of time tq + nAt./10 < t < tq + (n + 1)At./10 within the period
recorded by the camera. Within the flow, kinematic properties at the channel wall
were steady over time, in the sense that the values of ¢, (z), u,(z) and Ty, (z) varied
by at most a few percent over time, for each z satisfying ¢, (z) > max, ¢, (z)/2.

3.2 Power Spectrum of the Basal Force

Averaging over this period of steady flow, by taking At = At,. in equation (12),
we calculated the power spectrum of the base-normal force applied by the flow to the
plate and find it to be consistent with impacts of short duration. As in the example
shown in Figure 4, the power spectral density Pr(f) is approximately constant over a
large frequency range and displays the same decay beyond a given corner frequency as
Hertz theory predicts for a single impact. The high, O(100kHz) corner frequencies are
comparable to those predicted by equation (3) for the small, O(1 mm) experimental
particles, while the deviations from power spectra proportional to equation (4) are
consistent between experiments and generally consistent with the systematic errors
discussed in section 2.2, as estimated in section S7.3.

We described the power spectrum by two quantities: its low-frequency amplitude
PY and its corner frequency f.. We calculated f. as the frequency at which Pr(f) drops
to half its mean pre-maximum value, so that for errorless measurement of a Hertzian
impact it would be equal to approximately 0.208/7, for the impact timescale 7 defined
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104 10°
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Figure 4. Ezxample of the plate-normal force’s power spectral density during steady flow.

The measured power spectrum (blue, solid line) corresponds to the same experiment as Fig-

ure 3a, with channel incline tan§ = 0.44 (§ = 23.7°) and release gate height by = 20mm.
The dotted lines indicate the corner frequency f. = 77.5kHz and the low-frequency amplitude
P2 = 1.29mN?s. The black dashed line indicates the Hertzian power spectrum fit to these val-

ues, closely approximating the functional form predicted by the model of Bachelet et al. and by
our extensions of Farin, Tsai, et al. (2019)’s models. It was calculated from equations (3) and (4)
and corresponds to 4,000 Hertzian impacts per second, each at normal velocity u, = 0.9ms™!,
of the d = 2mm experimental particles on the plate’s surface. The blue dashed line represents a
‘corrected’ power spectrum, calculated with section S7.3’s estimate for the frequency-dependent

systematic relative error.

by equation (3). The systematic errors in Pr(f) will result in systematic error in f. of
order 20%, for which we’re unable to compensate with our uncertain error estimates..
However, our measurements of f, were sufficiently robust that we calculated PP as the
arithmetic mean value of Pg over all frequencies less than f./2, with systematic errors
in Pp cancelling out over this range. We could then compare these experimentally
measured values with the model predictions, computed as described in section 2.3.

3.3 Tests of Existing Models for Flows’ Seismic Signals

To assess the model predictions described in section 2.3, we compared their pre-
dictions pl(} for the low-frequency value of the basal force’s power spectrum to the
measured values P2. Where possible, we also inferred a prediction fc for the cor-
ner frequency of the basal force’s power spectrum, as the frequency at which [:’F( 1)
dropped to half its maximum value, and we compared this prediction with the mea-
sured value f.. Where a model had a free parameter, we used the parameter value
that minimised the sum over all experiments of In(P%/P%)?, which was equivalent to
minimising the typical logarithmic error or maximising the model likelihood under the
assumption that measurements were log-normally distributed about their predicted
values (see S9). Table 2 lists these best-fit parameter values and Figure 5 shows the
results of the comparisons.

The model introduced by Kean et al. (2015) predicts P2 poorly, due largely to
its incorrect assumption of proportionality between the pressure fluctuations relevant
to P2 and the mean pressure ogcosf used as input. To best fit the measurements,
the free parameter K had to take a value of 4.0 x 10716 m*s?, entirely unpredicted by
the model, and even then predictions often differed from measurements by an order
of magnitude (Figure 5a). Notably, the model’s predictions f’g decrease for flows at
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Comparison between models’ predictions (z-azes) and experimental measurements

(y-azxes) for the basal force’s power spectrum during steady flow. Plots f, g, and h represent pre-

dictions for the corner frequency of the basal force’s power spectrum, while all others represent

predictions for the power spectral density’s value at frequencies well below this corner frequency.

In all plots, the grey line represents perfect agreement between predictions and measurements,

colours indicate each experiment’s mass flux ¢ per unit channel width, and unfilled symbols

represent experiments for which the flow was in the transitional regime.
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Table 2. Summary of model testing. For each of the existing models described in section
1.2, we list the flow measurements defined in section 2.2 that are required to predict the flow’s
high-frequency seismic signal. We further record the equation for predictions Pg; the free param-

eter value for which such predictions best fit measurements; and the geometric standard error

€ = exp [ = ln(PIEl/PIEl)Q} of these predictions.

Model Inputs Equation Best-fit parameter €
Kean et al. (2015) a, o, 0 (17) K=40x10""%m%? 42
Lai et al. (2018) a (18) n/a 18.5
Farin, Tsai, et al. (2019) @, o, h (19)
‘thick-flow’ v=09.8 3.2
‘thin-flow’ v =0.51 2.1
Bachelet et al. o, hy Uy, Ty (21) ~y=0m"! 3.9

higher channel inclinations or in the transitional regime, for which the mean pressure
is lower, whereas such flows’ higher impact energies in fact resulted in higher pressure
fluctuations and so larger measured values P2.

In contrast, the model introduced by Lai et al. (2018) accurately predicted vari-
ation in P2 between experiments, with predictions for dense flows consistently 3 to 10
times larger than the measured values (Figure 5b). For transitional-regime flows, the
predictions’ errors are larger, due to the model’s implicit assumption that the volume
fraction is equal to one.

Of the two models described by Farin, Tsai, et al. (2019), the model derived for
flows thicker than the largest particles is less accurate than that derived for thin flows,
with the former’s fit to observations requiring an unrealistically large ratio v between
the magnitudes of velocity fluctuations and of the mean velocity. As explained in
section 2.3, realism demands that v < 1, but the ‘thick-flow’ model requires v = 9.8
for predictions 152 to be as large as measurements Pg and, in that case, the predictions
are too large for the transitional-regime flows (Figure 5¢). For the ‘thin-flow’ model,
meanwhile, the best-fit value is v = 0.51, which is physically reasonable and provides
an excellent fit of PIQ to P2 over all experiments (Figure 5d).

This difference between the ‘thick-flow’ and ‘thin-flow’ models’ best-fit values
of v is reflected in the predictions fc they implied for the corner frequency of the
basal force’s power spectrum, calculated according to our extensions of these models
using equation (20). The higher v required for the ‘thick-flow’ model results in higher
predictions f., matching the measured values f. (Figure 5f), whereas for the ‘thin-
flow” model predictions are consistently approximately 30 % smaller than the measured
values (Figure 5g). Predicted corner frequencies fc are as large as measurements f,.
only for typical impact velocities six times larger than the flows’ mean velocities,
suggesting that our measurements f. were slight, but systematic, overestimates. Such
systematic disagreement is consistent with the systematic errors in Pr discussed in
sections 2.2 and 3.2, or with 30% error in the particle properties in equation (3).

Finally, the predictions of the ‘Bachelet et al.” model followed the correct trend
but had a wide dispersion (Figure 5e). The free parameter -, representing signal
attenuation within the flow, had best-fit value 0, indicating that the unattenuated
contributions of all synthetic impacts are necessary for PIQ to be large enough to
compare to P2. Even then, the lower energies of synthetic impacts are reflected in
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predictions fc for the power spectrum’s corner frequency that are even lower than
those of our extension to Farin, Tsai, et al. (2019)’s ‘thin-flow’ model (see Figure 5h).

Overall, of the five models, the ‘thin-flow” model described in Farin, Tsai, et
al. (2019) best fits the results from our experiments. While the fit is imperfect, the
predictions PY of this model differ from the measured values P by a typical factor of
2.1, lower than that for the other models, and the model’s accuracy is approximately
equal across the entire range of experiments, including for the flows in the transitional
regime. Constructing a statistical model for each physical model, by assuming In P2
was normally distributed about In P}l with constant variance, the ‘thin-flow’ model is
also the preferred model by the Akaike information criterion (see S9), indicating that
its additional free parameter compared to the Lai et al. (2018) model is worthwhile
in an information theoretic sense. This analysis did not compare models’ predictions
to the measured corner frequencies f., due to the likelihood of systematic error in the
latter, but our extensions to the models of Farin, Tsai, et al. (2019) both predicted a
trend in fc consistent with measurements.

4 Discussion
4.1 Velocity Profiles and the ‘Thin-flow’ Model

That the ‘thin-flow’ model best predicts the experimental results is surprising,
because we do not expect the velocity profile within the flow to be consistent with
the model’s assumptions. The ‘thin-flow’ model assumes that particles at the flow’s
base move across the instrumented plate’s surface at approximately the flow’s mean
velocity, whereas previous authors suggest that the plate’s roughened surface should
impose a no-slip condition on the flow, in the sense that particles’ velocities should tend
to zero towards the flow’s base (GDR MiDi, 2004; Jing et al., 2016). Furthermore, as
the example of Figure 6 demonstrates, the velocity profiles we observe at the channel’s
wall are consistent with this no-slip condition (which we note is distinct from any
micromechanical condition on rolling or sliding at particle contacts).

We propose two possible explanations for the success of the ‘thin-flow’ model.
The first is that the instrumented plate’s flow-induced vibration reduces the effective
friction between it and the flow, leading to basal slip and a basal flow velocity closer
to the flow’s mean velocity. The second is that basal particles have low velocities, but
that impacts away from the flow’s base make significant contributions to the basal
force exerted by the flow, in such a way that the total contribution of these impacts
scales with the mean velocity of the flow.

The first explanation is supported by the literature on frictional weakening and by
measurements of the plate’s effective friction coefficient with the flow. The reduction
by vibration of a granular medium’s effective friction has been documented in discrete
element simulations (e.g. Capozza et al., 2009; Ferdowsi et al., 2014; Lemrich et al.,
2017) and experiments (e.g. Johnson et al., 2008; Dijksman et al., 2011; Lastakowski
et al., 2015; Léopoldes et al., 2020), with suggestions for the necessary vibration am-
plitude being a particle strain of order 1076 (Ferdowsi et al., 2014), a velocity of order
100pms~—! (Lastakowski et al., 2015), and an acceleration of order 0.1g (Dijksman et
al., 2011). Even in the experiments in which the plate vibration amplitudes during
steady flow were lowest, the plate had approximate root mean square normal dis-
placement 10 nm, velocity 100 pms™!, and acceleration 20ms~2 (around an order of
magnitude larger than were measured away from the plate), so a vibration-induced
reduction in friction appears viable. Furthermore, the effective friction coefficients p
that we measure between the plate and the flow are too low to prevent basal slip on
the surface of the plate, with Figure 7a showing that p < tan for all channel inclines
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Figure 6. FEzamples of kinematic properties’ steady profiles at the channel wall. Profiles are
estimates from particle tracking velocimetry of the relative volume fraction ¢,,, the downslope
velocity w., and the square root /Ty, of the granular temperature, non-dimensionalised by

V/gd = 0.14, while the dashed lines represent the flow thicknesses h inferred from the profile of
¢w. Profiles are taken from the same experiments as for Figure 3: a) a dense flow at channel
incline tan 0 = 0.44 (0 = 23.7°) with release gate height hy = 20 mm; and b) a transitional-regime
flow at channel incline tan 6 = 0.52 (6 = 27.5°) with release gate height hy = 28 mm.
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Figure 7. Complications in modelling the granular flow. a) Measurements of the effective
friction coefficient u between the instrumented plate and the flow fall consistently below the con-
dition = tan# for zero basal slip (grey line). b) The depth-averaged particle velocity measured
at the channel wall @, is poorly correlated with the mean velocity @ calculated from bulk flow
properties. Colours indicate each experiment’s mass flux ¢ per unit channel width, and unfilled

symbols represent experiments for which the flow was in the transitional regime.

tan #. This implies that basal particles accelerate across the plate’s surface, towards
the flow’s mean velocity.

On the other hand, we do not directly measure any increases in velocity associ-
ated with basal slip. Over the 8cm distance downslope captured by the high-speed
camera, averaging over each flow’s depth and each 4 cm half-window, the mean downs-
lope velocities measured at the sidewall are uniform to within 10 %. Away from the
sidewalls, Tsang et al. (2019) suggests that a granular flow will adjust to a change
in basal boundary conditions over a lengthscale of order %2 /g, for mean flow velocity
u and gravitational acceleration g. This lengthscale varies in our experiments from
0.5mm to 0.1m, so that we would expect the effects of any basal slip to become
evident at the flow’s surface within the length of the instrumented plate. However,
having conducted particle image velocimetry with images captured by an overhead
camera, for a flow at a channel incline tan 6 = 0.46 (6 = 24.7°) and with release gate
height h; = 20mm, we were unable to distinguish whether the flow’s surface’s slight
acceleration across the plate was induced by the plate, or was simply a continuation
of the flow’s acceleration towards a uniform state. Similarly, we attempted to detect
changes in the velocity of basal particles, via Jop et al. (2005)’s method of examining
soot erosion from an inserted metal plate, but our attempts were frustrated by the
energetic particles’ rapid erosion of soot during the insertion and removal of the plate.

Consequently, the second explanation remains feasible, with good reasons why
the model of Bachelet (2018) and Bachelet et al. (2021), despite being derived to de-
scribe the contributions of impacts throughout the flow’s depth, might describe such
contributions less well than the ‘thin-flow’ model. Firstly, the model of Bachelet et
al. uses profiles u,, and T,, that are measured at the channel’s wall and may not
be representative of those in the flow’s interior. In fact, the mean particle velocity
measured at the channel wall u,, correlates poorly with the mean velocity u calcu-
lated with equation (11) (see Figure 7b), while the monotonically increasing profiles
T, (z) differ from the S-shaped profiles that previous authors propose for granular
temperature profiles in the flow’s interior (Hanes & Walton, 2000; Silbert et al., 2001;
Gollin et al., 2017). Secondly, Bachelet et al. may suggest an incorrect dependence of
the seismic signal on these profiles, with a particularly strong assumption being that
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of a frequency-independent attenuation constant v. We were unable to dramatically
improve the predictions of Bachelet et al.’s model by modifying its inputs, e.g. by
multiplying the profiles wu,,(z) and /T, (2) by @/, but, under a different model for
the contributions of impacts throughout the flow, such contributions could explain
the relationship observed between the mean velocity @ and the basal force’s power
spectrum Pp.

To test which explanation accounts for the success of the ‘thin-flow’ model, we
suggest that our experimental conditions be replicated with discrete element simu-
lations. In such simulations, a suitably roughened base could be fixed in position
to prevent any vibration-induced reduction of its effective friction coefficient and any
basal slip, as records of base-adjacent particles’ velocities could verify. If the ‘thin-flow’
model continued to be accurate, then the first, ‘basal slip’ explanation would be dis-
proven. Records of particle velocities throughout the flow would then permit variants
of Bachelet et al.’s model to be tested and their assumptions examined, using base-
normal profiles of velocity and granular temperature measured within the flow’s bulk
rather than at its edge, to explain and improve on the ‘thin-flow’ model’s accuracy.
If the ‘thin-flow’ model were no longer accurate, however, then our first explanation
would be proven and the model shown to apply only to flows with basal slip. The
recorded particle velocities would then permit development of a different model, by
which a small number of flow parameters could predict the seismic signal generated
by flows without basal slip, analogous to the use of @ in the ‘thin-flow’ model, or of
the inertial number to predict a dense granular flow’s kinematic properties.

4.2 The Inertial Number and the Seismic Signal

For given grains, the argument of e.g. da Cruz et al. (2005), that all local, non-
dimensional flow parameters should be functions of the local inertial number I, applies
as much to the fluctuating forces exerted by a flow as to the flow’s kinematic properties.
This ‘u(I)’ framework will not apply where a) the flow’s rheology is ‘non-local’, in the
sense that the internal stress depends on derivatives of the strain rate rather than
on only the strain rate’s local value (Clark & Dijksman, 2020), or b) particles are
sufficiently agitated that kinetic theory describes their motion better than a mean
shear rate (Goldhirsch, 2003), but we can use the framework to discuss our results in
the context of Hsu et al. (2014)’s and Taylor and Brodsky (2017)’s.

If the ‘u(I)’ framework applies within a two-dimensional, steady, fully developed
shear flow above a plate with incline tan #, a macroscopic force balance implies that
is constant and can be estimated from bulk measurements of the flow’s mean velocity
4, volume fraction ¢, and depth h (Jop et al., 2005), as

S5ud
2h+/dghcosB

Even if our experimental flows were fully developed, without basal slip, the local
inertial numbers within them will have differed significantly from I. Non-locality will
have been particularly significant within slow, thin flows; particles will have been
particularly agitated within transitional-regime flows; and friction at the channel’s
walls will have altered the force balance (Fernandez-Nieto et al., 2018). We nevertheless
calculated I as a descriptor for each flow, with ¢ = o/ph for flow mass per unit area
o and particle density p and with other quantities defined in sections 2.1 and 2.2. We
see in Figure 8a that the ‘u(I)’ framework applies for the dense experimental flows,
insofar as the local, non-dimensional parameter tan 6 is closely related to I.

I=

To examine the relevance to each flow’s seismic signal of this inertial number
estimate I, we define a non-dimensional parameter 67?2 expressing the mean squared
magnitude of high-frequency basal force fluctuations on the instrumented plate, nor-
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malised by the mean basal force. From the low-frequency amplitude PP and corner
frequency f. of the basal force’s power spectrum, and from gravitational acceleration
g, inclination angle 6, plate length X and width Y, and measured mass overburden o,
we calculate for each flow

2Pp fe
(XY gocosf)?

To understand this definition, we recall from equation (8) that XY go cos @ is the mean
normal force applied by the flow to the instrumented plate, over the time interval At,
of steady flow recorded by the camera. Meanwhile, as Figure 4 indicates, 2P2f.
approximates the integral of the symmetric power spectral density Pr(f) over all f
with |f] > 1kHz, this being the lowest frequency accessible to our measurements.
Recalling that F(f) is the Fourier transform over At. of the normal force applied
to the plate, Pr(f) = |F(f)|2/Atc. Combining these links and then applying the
Plancherel theorem (Plancherel & Mittag-Leffler, 1910) to move to the time domain,

SF% =

1 . 1
2P0fcz:—/ F(HPPdf = / SF(t))? dt,
i3 Al mkazl (Nl Al Atcl ()]

where 0 F is the fluctuating normal force on the plate, high-pass-filtered above 1kHz.
Assuming that pressure fluctuations are spatially uncorrelated on the lengthscale of
the plate, as discussed in S2, 2P f. will be proportional to the plate’s area XY and
§F? to 1/XY, but §F? can be thought of as a rescaling by d?/XY of a local flow
parameter, for mean particle diameter d. Systematic errors in f. will lead to error in
dF2, but this error will be systematic and of negligible magnitude compared to §.F?’s
range of variation.

Plotting 6 F2 against I for each flow, in Figure 8b, we see that this measure of the
high-frequency seismic signal is strongly correlated with the estimated inertial number.
This relationship between non-dimensional, local flow parameters is in accord with the
‘u(I) framework, with more energetic flows producing more energetic seismic signals,
even for flows to which the ‘u(I)’ framework is otherwise inapplicable.

Comparing the relation of §F2 and I to the relations proposed by previous au-
thors, our results agree more closely with Hsu et al. (2014) than with Taylor and Brod-
sky (2017). Hsu et al. (2014)’s measurements aren’t equivalent to ours, but suggest the
empirical scaling 6F2 ~ I2-0, which is a reasonable first approximation to our results
and closer than the 6F2 ~ [ relationship suggested by Taylor and Brodsky (2017)’s
observation of direct proportionality between mean squared seismic accelerations and
the inertial number. However, it is impossible to make a direct comparison without
knowing the frequency dependence of the Green’s function relating the accelerations
discussed by Taylor and Brodsky (2017) to the forces imposed by that article’s shear
flow, while any inconsistency may be due to Taylor and Brodsky (2017)’s different
procedure for estimating the inertial number. Differently estimated inertial numbers
are likely to be even more inconsistent in geophysical contexts, so any 6.F? (f ) relation
will be harder to apply to geophysical flows than our results in section 3.

4.3 The Application of Our Results to Geophysical Flows

Our results concern the fluctuating forces exerted by laboratory granular flows
upon the base on which they travel, so their application to landquake signals necessi-
tates consideration of two things: the Green’s function that determines a flow’s seismic
signal from the forces it exerts, and the differences between geophysical flows’ forces
and those that we’'ve studied. We limit ourselves to describing the importance of an
accurate Green’s function, rather than defining one, and to discussing the adjustments
involved in moving from laboratory to geophysical flows, rather than validating them,
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Figure 8. Relations between the inertial number I estimated from bulk flow parameters and
a) the channel incline tan @, b) the normalised mean squared fluctuating force on the plate 6F>.
Colours indicate each experiment’s mass flux ¢ per unit channel width, and unfilled symbols

represent experiments for which the flow was in the transitional regime.

but we nevertheless propose tentative links between our results and the empirical re-
lationships observed by previous authors.

4.3.1 The Importance of an Accurate Green’s Function

The forces exerted by a geophysical flow determine a measurable seismic signal
only via a Green’s function, so an accurate Green’s function is necessary to interpret
any landquake signal. Even the rate of seismic energy emission, which previous authors
have used to describe geophysical flows directly, depends on the response of a flow’s
base to the forces exerted upon it and hence on the Green’s function as well as the
flow. This particularly complicates comparisons such as those of Farin et al. (2018),
Farin, Mangeney, et al. (2019), and Bachelet et al. (2021), between the seismic energy
emitted by geophysical flows and by experimental flows.

Even when different landquake signals are associated with the same Green’s
function, the signals’ relative amplitudes depend on the frequency-dependence of that
Green’s function, rather than on just the relative magnitudes of the forces exerted
by the corresponding flows. Consequently, Green’s functions should be considered
when assessing landslides’ relative magnitudes from their signals’ relative amplitudes,
as in e.g. Norris (1994). We illustrate the Green’s function’s effect on seismic energy
emission and signals’ relative magnitudes, using our experimental data, in S10.

Calculation of Green’s functions will be significantly more difficult for geophysical
flows than for our laboratory-scale flows, especially since such functions will vary over
time, as a flow propagates downslope, and over a flow’s spatial extent at any given
time, as the forces exerted by different regions of the flow contribute differently to the
signal at a given receiver. However, Allstadt et al. (2020) demonstrates that empirical
Green’s functions can be used to successfully infer the forces exerted by flows from
the seismic signals they generate, and shows that a debris flow’s unsaturated, coarse-
grained front exerts rapidly fluctuating forces of much greater amplitude than those
exerted by its fine-grained, saturated tail. This agrees with previous predictions (Lai et
al., 2018; Farin, Tsai, et al., 2019) and suggests that, in the far field, the coarse-grained
front’s contribution will dominate the seismic signal.
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4.3.2 Adjustments to Forces for Geophysical Flows

That debris flows’ coarse-grained fronts are so significant in landquake generation
indicates the applicability of our results to such flows, as well as to entirely dry rock-
slides and avalanches, whenever a granular flow’s conditions match those of our dense
and partially dense experimental flows. The circumstances under which this is true
require investigation, but we believe broad applicability to be feasible. This is true
whether or not our flows exhibit the vibration-induced basal slip discussed in section
4.1, since geophysical flows will experience basal slip whenever the friction coefficient of
their base falls below its incline, and vibration-induced frictional weakening has been
proposed as an explanation for geophysical flows’ long runouts (Davies, 1982; Lucas
et al., 2014). However, the application of our results to geophysical flows involves
significant adjustments, firstly to the sizes of the flow and its constituent particles and
secondly to the flow’s evolution.

Clearly, geophysical flows of interest will be more extensive than our experi-
mental flows and will involve larger particles, but these changes will not alter the
underlying physics and simply necessitate adjustment of the values of flow area A and
particle diameter d in the models of section 2.3. According to these models, a flow
identical to those in our experiments, except with particles of radius 1m, should pro-
duce a seismic force signal with power spectral density per unit flow area pp( H/A,
of order (10? to 105) N?m~2s below a corner frequency f. of order 100 Hz. A more
difficult adjustment is required to account for the wide particle polydispersity typical
of geophysical flows (Takahashi, 1981; Nishiguchi et al., 2012), which makes d hard
to define and necessitates consideration of the segregation of particles by size that is
well-documented within granular flows (e.g. Garve, 1925; Gray, 2018). Farin, Tsai, et
al. (2019) proposes a promising approach for each given model, of dividing the flow
into a coarse-grained front and a fine-grained tail and calculating for each a percentile
of the particle size distribution that will be representative, but this proposal requires
validation.

Other necessary changes relate to the flow evolution, stemming from differences
in particles’ coefficient of restitution and in the mechanism of their release. The glass
beads in our experiments underwent collisions more elastic than are typical in geo-
physical flows (Kim et al., 2015), resulting in our observations of sustained saltation
at relatively low channel inclinations. This implies that the intense precursory saltation
of flow stage I, discussed in section 3.1, is unlikely to be significant for most geophysical
flows, though it may be analogous to rock falls at high slope inclinations. Similarly,
the energetic, saltating particles observed in the steady stage III of transitional-regime
flows are likely to be rare in geophysical flows, though the coexistence of a dense core
and a saltating layer is documented in snow avalanches (Pudasaini & Hutter, 2006).

In fact, the entirety of the experimental flows’ stage III is atypical of geophysical
flows, since particles were released from the experimental reservoir over a long period at
a constant flux, whilst the release of geophysical flows is rarely so steady or protracted.
Therefore, our results should only apply to individual stages and regions of an unsteady
and spatially varying geophysical flow, over each of which mean flow properties will
be representative and related to the local forces exerted on the flow’s base. The very
front of a flow will resemble stage II of our experimental flows more than the stage IT1
that we’ve studied in detail, and determination of quantities that are representative of
an entire flow requires further work.

4.3.3 Comparisons with Empirical Results

Nevertheless, we can tentatively link our measurements of experimental flows’
forces to the landquake signals of geophysical flows, by assuming the validity both of
certain adjustments to those forces and of certain restrictions to the Green’s function
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linking geophysical forces to landquake signals. Firstly, we assume that any precursory
saltation of a geophysical flow contributes so insignificantly to the signal as to be
negligible and that our results apply to a flow area A whose contribution dominates
the high-frequency signal. Secondly, we suppose that the release mechanism and size
distribution of geophysical particles significantly affect the signal only by determining
the flow’s duration and a representative diameter of its particles. Thirdly, we assume
that the signal’s Green’s function is constant over time and corresponds to transmission
along a single wave path, without significant dispersion in time. Finally, we consider
the signals only at frequencies lower than any force’s power spectrum’s corner frequency
fe, but high enough for the stochastic impact framework and hence our results to apply.

Under these assumptions, the landquake signal v, between times ¢, and t, + At
will only depend significantly on the forces exerted by the landslide between times ¢4
and t,+ At, for some source-receiver delay t,. —ts. Neglecting non-normal components,
these forces will have a power spectral density within the relevant frequency band that
is equivalent to those that we have studied and is well-described by the constant pre-
diction Pf% of Farin, Tsai, et al. (2019)’s ‘thin-flow’ model, for flow properties averaged
between t, and t;+At. Writing G (f) for the relevant frequency-space Green’s function
and fo and f; for the minimum and maximum frequencies under consideration, the
mean squared amplitude of the signal will be

1 R i
OB =5y [ e A= 2R [TiG7 ar

fo

Given this link, we can compare our results to the empirical relations discussed in
section 1.1. Qualitatively, the landquake signal’s envelope will have the same shape as
the envelope of the time-retarded geophysical force, as Figure 3 shows to be the case for
our experimental forces and acceleration signals. Adjusting these envelopes by exclud-
ing the precursory saltation and shortening the artificially prolonged stage of steady
flow, our results therefore predict the distinctive ‘spindle-shaped’ signal envelopes as-
sociated with geophysical granular flows (Surifiach et al., 2005). Quantitatively, our
results suggest that a flow’s duration will equal its signal’s, as in the empirical obser-
vations of e.g. Deparis et al. (2008), though our experiments are unlike those of Farin
et al. (2018) in that our release mechanism prevents comparison with the observed
empirical relationship between potential energy loss and signal duration. Similarly,
we cannot follow Farin, Mangeney, et al. (2019) in comparing our results to the ob-
servations of e.g. Norris (1994), that the flow volume is correlated with the signal
amplitude.

However, we can compare our results with other empirical relationships for the
signal amplitude. Substituting equation (19) for ]52 into equation (25) and assuming
both constant particle properties and a constant Green’s function, our results suggest
that a flow of area A in which the particle volume fraction is ¢ and the mean flow
velocity is @ will generate a signal with mean squared amplitude proportional to ¢pAu3.
Rearranging equation (22) for flow depth h and noting that the mean flow momentum
per unit area g = pohu, for particle density p, we recover that

. 3/5
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for bulk inertial number / , representative particle diameter d, gravitational acceleration

g, and slope angle . Among flows with constant I and ¢, the resulting landquake
signals will therefore have root mean squared amplitude
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Whilst the assumption of constant I is very strong, this quantity is close to those
found empirically to be approximately proportional to landquake signal amplitude:
the work rate against friction used by e.g. Schneider et al. (2010), which will be equal
to wAgcos for basal friction coefficient p, and the total low momentum used by
e.g. Hibert et al. (2015), equal to Ag. Holding all else constant, the scalings Al/?
and A correspond to spatially separated impacts’ signals being perfectly uncorrelated
and perfectly correlated, respectively, so S2 suggests that A'/2 is likely to be a better
approximation, while the scalings ¢°/'° and ¢ are unlikely to be distinguishable in the
field.

5 Conclusion

In conclusion, our experimental apparatus and data analysis permitted us to
study the normal force exerted by a granular flow upon the base over which it travels,
by measuring its high-frequency power spectral density and testing a range of existing
models that predict this spectral density from the flow’s properties. Figure 5 shows
the ‘thin-flow’ model of Farin, Tsai, et al. (2019) to best predict the spectral density
at frequencies well below its corner frequency and demonstrates that our extension of
that model to higher frequencies, using Hertz theory, systematically underestimates
the corner frequency by 30%. We’ve proposed that the success of the ‘thin-flow’ model,
despite our experimental flows’ thickness compared to their consituent particles, can be
explained either by slip at each flow’s base or by the contributions to the seismic signal
of impacts throughout each flow’s depth, and we’ve discussed the adjustments required
to apply our results to the landquake signals generated by the forces of geophysical
granular flows. Making such adjustments, under certain restrictive assumptions, the
‘thin-flow” model’s predictions are consistent with the empirical observation that a
landquake signal’s amplitude is approximately proportional to the momentum per
unit area of the flow region that generated it.

Finally, our results are also relevant to two open questions on geophysical gran-
ular flows’ dynamics: 1) the relation between the mean and fluctuating forces exerted
by a flow; and 2) the low values of effective friction inferred for many geophysical flows.
On the first question, previous authors have suggested that the typical magnitude of
fluctuations is proportional to the magnitude of the mean force (McCoy et al., 2013;
Hsu et al., 2014), but we show in Figure 8b that the ratio between the two, 6.F, varies
over two orders of magnitude between our experimental flows, dependent on a bulk
inertial number. On the second, acoustic fluidisation is one of many possible expla-
nations suggested for the low effective friction necessary to explain many geophysical
flows’ long runouts (Davies, 1982; Lucas et al., 2014), but we are not aware of it
having been previously demonstrated without the application of external forcing. As
Figure 7a illustrates, our measurements of p show the effective friction taking values
on the plate lower than the channel incline tan @, which is implied to be its approxi-
mate off-plate value by both the downslope uniformity of the flow at the sidewalls and
the saturation of flow velocity observed at the surface. Since the base’s roughness is
identical in each location, we believe it possible that this reduced friction is associated
with the strong acoustic vibrations of the plate, induced by the flow itself.
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