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Key Points:

e The potential for grain size distribution bimodality to contribute to the long runouts of
granular flows is evaluated.

e Bimodality reduces the friction coefficient in experiments due to scale-dependent
processes, not applicable to the scale of real events.

e Dynamic scaling of flow dynamics is important for the recreation of flow conditions in
analogue experiments.
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Abstract

The bidispersity observed in the grain-size distribution of rock avalanches and volcanic debris
avalanches (rock/debris avalanches) has been proposed as a property contributing to their long
runout. This has been supported by small-scale analogue experimental studies which propose
that a small proportions of fine particles, mixed with coarser, enhances granular avalanche
runout. However, the mechanisms enabling this phenomenon and their resemblance to
rock/debris avalanches have not been directly evaluated. Here, binary mixture granular
avalanche experiments are employed to evaluate the potential of bidispersity in enhancing
runout. Structure-from-motion photogrammetry is used to assess centre of mass mobility. The
findings suggest that the processes generating increased runout in small-scale avalanches are
scale-dependent and not representative of rock/debris avalanche dynamics. In small-scale
experiments, the granular mass is size-segregated with fine particles migrating to the base
through Kinetic sieving. At the base, they reduce frictional areas between coarse particles and the
substrate, and encourage rolling. The reduced frictional energy dissipation increases kinetic
energy conversion, and avalanche mobility. However, kinetic sieving does not occur in
rock/debris avalanches due to a dissimilar granular flow regime. The proposition of this
hypothesis overlooks that scale-dependent behaviours of natural events are omitted in small-
scale experiments. At the small scale, a collisional regime enables the necessary agitation for
kinetic sieving. However, rock/debris avalanches are unlikely to acquire a purely collisional
regime, and rather propagate under a frictional regime, lacking widespread agitation. Therefore,
bidispersity is unlikely to enhance the mobility of rock/debris avalanches by enabling more
efficient shearing at their base.

Plain Language Summary

Large landslides like rock avalanches and volcanic debris avalanches flow unexpectedly long
distances before stopping. The mechanisms generating this phenomenon remain unknown. The
fact that they contain large proportions of finer and coarser particles (with relatively smaller
quantities of the sizes between them) has been suggested by experiments to be a potential factor
for the long distances they cover. In this work, we have carried out experiments to examine the
processes enabling this event at the scale of lab experiments, in order to assess their potential in
real events. We found that the phenomenon is caused by fine particles percolating to the base of
the flow. There, they reduce the surface of the coarse particles which is in contact with the
substrate, and also encourage the rolling of the coarser particles. This reduces frictional energy
loss, and conserves more energy which contributes to the flow, leading to longer distances.
However, the conditions which allow these processes and the percolation of the fine particles to
the base are scale-dependent and are not applicable to large-scale events. When planning
granular flow experiments or interpreting their findings the scaling is important to ensure
similarity between the experimental conditions and the physical processes targeted.

1. INTRODUCTION

Rock avalanches are rapid mass movements that evolve from the detachment of a rock mass
which disaggregates into a granular flow during propagation (Hungr et al., 2014; Scott et al.,
2001). Volcanic debris avalanches are the equivalent mass flow in volcanic environments,
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mobilising volcanic material, after the collapse of unstable volcanic flanks (Roverato et al., 2021,
Ui, 1983). The two events (subsequently rock/debris avalanches collectively) share some
characteristics. Both achieve much greater horizontal runout distance compared to their fall
height (Davies, 1982; Hungr, 2002; Legros, 2002), far greater than predicted by simple frictional
models of a coherent sliding mass (Rait and Bowman, 2016). To explain the long runout, a
mechanism that accounts for the apparent decrease in the effective friction coefficient is
required. Many theories have been proposed to explain this mechanism, but none are consistent
with field observations (reviewed in Legros, 2002; Collins and Melosh, 2003; Friedmann et al.,
2006; Manzella and Labiouse, 2008, 2009; Davies and McSaveney, 2012). The issue remains
controversial and unresolved (Banton et al., 2009; Cabrera and Estrada, 2021; Davies and
McSaveney, 2012; Perinotto et al., 2015; Pollet and Schneider, 2004), demanding an evaluation
of theoretical models of granular avalanche propagation in comparison to real events.

Propagating rock/debris avalanches are believed to behave as dense granular flows where grain
interactions are the most important energy dissipation process (Campbell, 1990; Davies and
McSaveney, 1999; Makris et al., 2020; Reubi and Hernandez, 2000; Schneider and Fisher, 1998;
Voight et al., 1983). Recent work supports that rock/debris avalanches behave as ideal granular
avalanches where fluid effects are negligible (e.g. Legros, 2002; Makris et al., 2020). The flow is
characterised by a distributed shear motion where individual particles interact with each other
and the flow boundaries (Dufresne and Davies, 2009; Iverson, 1997; Pierson and Costa, 1987).
Flow dynamics are controlled by particle interactions, internal and basal friction coefficients, and
interactions with flow boundaries and path geometry (Denlinger and Iverson, 2001; Roche et al.,
2021). The energy exchange, referred to as the granular effect, is driven by particle interactions,
resulting in momentum transfer and dissipation (Hu et al., 2020). The magnitude of the energy
exchange is measured as the granular temperature (Campbell, 1990; Iverson, 1997; Sanvitale and
Bowman, 2016). The granular effect is a function of the particles’ shape, density, size, hardness
and roughness (Bartali et al., 2015) and the flow processes controlling their interactions.
Therefore, grain-size distribution properties can potentially affect propagation dynamics.

Natural granular flows including rock/debris avalanches contain a wide range of particle sizes
(Hungr et al., 2014; Phillips et al., 2006; Yang et al., 2015). Rock/debris avalanche deposits are
composed of angular/subangular clasts spanning a size range from fine particles smaller than 1
pum up to tens of metres (e.g. Voight, 1978; McSaveney and Davies, 2002; Roche et al., 2006;
Makris et al., 2023a). Even in cases where the source material is homogeneous in terms of
particle size, heterogeneity can arise from fragmentation and comminution during propagation
(Crosta et al., 2007; Davies and McSaveney, 2012; De Blasio and Crosta, 2014; Dufresne and
Dunning, 2017; Knapp and Krautblatter, 2020; McSaveney and Davies, 2002). Furthermore,
rock/debris avalanche deposits are characterised by bidisperse to polydisperse grain-size
distributions (e.g. Scott et al., 1995; Glicken, 1996; Vallance, 2000; Pollet and Schneider, 2004;
Vallance and Iverson, 2015; Bernard et al., 2017). Bidispersity implies the existence of two
dominant particle sizes or size ranges. Bidispersity is exhibited in volcanic debris avalanche
deposits, at least locally (Bernard and van Wyk de Vries, 2017; Glicken, 1996; Siebert, 2002;
Siebert et al., 1989; Ui and Glicken, 1986); while in the case of rock avalanches, bidispersity
develops especially in zones of concentrated shear stresses (Dufresne and Dunning, 2017). This
is supported by analogue experiments suggesting that bidisperse distributions are generated with
increased shear stresses or confining pressures (Caballero et al., 2014; Iverson et al., 1996).
Recent studies have supported that a bidisperse grain-size distribution is capable of providing a
more energy-efficient shear accommodation arrangement, reducing frictional losses at the base
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of rock/debris avalanches. Studies including Linares-Guerrero et al. (2007), Yang et al. (2015),
and more recently Bartali et al. (2020), Hu et al. (2021) and Duan et al. (2022) propose
bidispersity as a contributing factor to the long runouts.

Laboratory experiments can provide important information on the propagation processes of
granular avalanches despite idealised experimental conditions (Davies and McSaveney, 1999;
Dufresne, 2012; Longchamp et al., 2016; Manzella and Labiouse, 2013, 2009, 2008; Shea and
van Wyk de Vries, 2008). Column collapse and granular avalanche experiments (e.g. Phillips et
al., 2006; Goujon et al., 2007; Moro et al., 2010; Degaetano et al., 2013; Yang et al., 2015; Hu et
al., 2020; Li et al., 2021), as well as numerical models (e.g. Linares-Guerrero et al., 2007;
Cabrera and Estrada, 2021; Hu et al., 2021), have been employed to study the behaviour of
granular mixtures composed of more than one particle sizes. Analogue experiments such as those
of Goujon et al. (2007), Yang et al. (2015), Bartali et al. (2020), Hu et al. (2020) and Duan et al.
(2022) evaluate the behaviour of granular avalanches (i.e. not column collapse) composed of
combinations of two size species of particles (binary and bidisperse) at various proportions. Such
studies have observed that the addition of a small proportion of finer particles to a granular
mixture generates enhanced runouts under particular conditions (e.g. Roche et al., 2006; Moro et
al., 2010; Yang et al., 2015; Duan et al., 2022). Although empirical relationships between single
parameters under bidispersity have been established, limited attention has been given to the
particle interaction mechanisms affecting energy dissipation and mobility (Li et al., 2021). Even
less consideration has been taken regarding the applicability of the relevant granular effects to
natural, large-scale geophysical flows, which has not been directly addressed so far.

The current study evaluates the impact of bidisperse grain-size distributions on the propagation
processes and energy dissipation in small-scale analogue granular flow experiments by
combining different binary particle size mixtures. The combined effect with volume, inclination,
and size ratio between particles is also evaluated. Moreover, the impact of a slope-break between
the inclined plane and the horizontal emplacement surface is considered. The propagation of the
centre of mass and frontal velocity are examined in order to evaluate the mechanisms responsible
for the runout of granular avalanches. By examining the dynamics of the modelled avalanches
this study constrains the processes under which bidispersity enhances mobility. Subsequently,
the potential of these processes as a factor for the enhanced mobility of rock/debris avalanches
and other natural geophysical flows is evaluated.

2. BIDISPERSITY AND MOBILITY - BACKGROUND
Lab-scale analogue experiments suggest that granular avalanches containing more than one
particle size (i.e. bidisperse or polydisperse) diverge in their macroscale properties from
avalanches with monodisperse grain-size distributions (e.g. Reubi et al., 2005; Phillips et al.,
2006; Roche et al., 2006; Goujon et al., 2007; Yang et al., 2015). One of the main differences,
commonly observed, is that the addition of a small fraction of fine particles to a mass composed
of coarser results in increased velocity and runout of the centre of mass and the front of
avalanches (e.g. Phillips et al., 2006; Roche et al., 2006; Degaetano et al., 2013; Yang et al.,
2015). The proportion of fine particles to the total mass is denoted as y. Analogue experiments
suggest that maximum frontal runout is achieved at a critical y value (ycry) (€.g. Phillips et al.,
2006; Moro et al., 2010; Kokelaar et al., 2014; Bartali et al., 2020; Hu et al., 2020). The ycrs has
been suggested under the bidisperse experimental conditions of Phillips et al. (2006), Roche et
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al. (2006), and Hu et al. (2020) to be equal to 0.30. In the experiments of Moro et al. (2010), ycrf
was equal to 0.25; for Degaetano et al. (2013) 0.50, and Duan et al. (2022) 0.05. The ycrf Was
found to be variable according to the granular size composition and other experimental
conditions, such as slope inclination of the flow path by other studies (Goujon et al., 2007; Yang
et al., 2015). A comparison of the experimental conditions of these studies is presented in
Appendix I. It should be noted that the value of ycrr enabling maximum frontal runout is not
always equal to the y value which enables maximum displacement of the centre of mass

(Wcrcom).

The investigation of the mechanisms facilitating the increased runout effect by Phillips et al.
(2006) reveals that in small-scale avalanches fine particles migrate rapidly to the base. Once at
the base, fine particles reduce the frictional areas between the coarse particles and the substrate
by occupying the area between them and acting as ‘ball-bearings’ (Linares-Guerrero et al., 2007,
Roche et al., 2006). They simultaneously act as ‘rollers’ to encourage rolling as opposed to
frictional sliding (Hu et al., 2021; Phillips et al., 2006). Rolling reduces the friction coefficient at
the base of the flow as it is less expensive in terms of energy dissipation, and increases the
efficiency of kinetic energy transfer (Hu et al., 2021, 2020; Phillips et al., 2006). This process
finds support in numerical modelling of binary size distributions granular avalanches where
rotational motion is enhanced at their base (Hu et al., 2021; Linares-Guerrero et al., 2007). In
effect, a basal layer of fine particles reduces the friction coefficient between the granular body
and the propagation surface (Lai et al., 2017), inhibiting frictional energy losses.

However, this idealised behaviour has to be linked to the scale and processes of natural events.
One hypothesis connecting bidispersity and the mobility of rock/debris avalanches has been
supported by the studies of Linares-Guerrero et al. (2007), Yang et al. (2015), Lai et al. (2017),
Hu et al. (2021) and Duan et al. (2022) and suggests that fine particles migrate and lubricate the
base, in a process identical to the described lab experiments. Fine particles enable rolling instead
of sliding, locally accommodating shear stress with the rest of the mass carried, sliding on the
basal layer, without experiencing agitation or shear stress (Hu et al., 2021). An alternative
hypothesis involves the sedimentology of shear zones observed in the field. Bidispersity is
observed in rock/debris avalanches, especially in shear zones of magnified shear stresses
(Dufresne and Dunning, 2017; Glicken, 1996). The concentrated accommodation of shear,
principally in shear zones with the efficient bidisperse arrangement, can potentially be a
contributing mechanism for long runouts. Shear zones are found primarily in the basal domains,
but also within the body of rock/debris avalanches (Dufresne and Dunning, 2017; Hewitt, 2002;
Roverato et al., 2015; van Wyk De Vries et al., 2001; Weidinger et al., 2014). They are
suggested to focus shear and act as corridors of shear accommodation (Crosta et al., 2007;
Paguican et al., 2021; Roverato et al., 2015). Areas protected from shear maintain a quasistatic
behaviour with low energy dissipation. Li et al. (2021 - pp 1793) propose that the bidisperse
arrangement of shear zones potentially efficiently accommodates shear limiting frictional losses.
This shear concentration limits overall frictional losses in the system. However, further
evaluation of both suggested hypotheses is required to understand their potential and the
mechanisms by which bidispersity could enhance mobility in natural granular flows.
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3. METHODOLOGY
3.1 Experimental setup and measuring systems

The setup is comprised of a 1.5 m long inclined plane and a 2.0 m horizontal depositional surface
(fig. 1a). The material is laterally confined throughout the propagation by transparent plastic
walls, limiting its width to 0.3 m. The smoothness of the walls and the fact that the ratio between
the mean particle diameter (of even the largest size species) and the flow width is <1/20 ensure
that there is no boundary effects (Ahmadipur et al., 2019; Jiang and Zhao, 2015; Schiliro et al.,
2019; Valentino et al., 2008). Even though confined avalanches do not exhibit the flow and
depositional morphologies of unconfined, the purpose was the detailed examination of the effect
of individual processes and not the recreation of deposit geometry. The confinement did not
permit lateral spreading, however, it is assumed that there is no significant effect on the flow
dynamics in the flow direction (Thompson et al., 2009 - pp246). The inclination of the inclined

Variable
inclination
slope

Flow confinement

Horizontal
emplacement
surface

# Centre of mass @

H H R

RhCoM
Reom ____————=—miiaximum height
R L

f

Figure 1 a Experimental setup. b Measurements and descriptors of the deposit and propagation. H: fall height
from the highest point of the material in the box to the horizontal plane; Hcom: fall height of the centre of
mass (CoM). R: avalanche front runout from the release position; RcoM: centre of mass runout from the
release position. Rf: avalanche front runout on the horizontal plane; RhcoM: centre of mass runout on the
horizontal plane. The energy line links the position of the centre of mass before release and in the final deposit
(adapted from Manzella and Labiouse, 2009).
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plane was varied between 35°, 40°and 45°. The geometry of the slope-break between the incline
and horizontal surfaces is dictated by this inclination.

Prior to release, the material was held in a release box with a sluice gate removable by sliding
upwards. The rapid removal of the gate initiates the flow of material on the inclined plane. After
propagating down the incline, the material interacts with the slope-break and subsequently
propagates on the horizontal surface. The final deposit is formed when all material is
immobilised. Propagation is defined as the flow of the material after the release in the incline and
horizontal planes. The final deceleration and deposition of the material is defined as the
emplacement stage.

Measurements of the geometry of the material prior to release were made manually and
photographs were taken so that the location of the pre-release centre of mass could be calculated.
Manual measurements were taken for the frontal runout (Ry), the length of the deposit (L) and the
maximum height of the final deposit (fig. 1b). Rt is defined as the distance travelled by the most
distal position on the horizontal plane from the slope-break, where particles are still in contact
with the main deposit body. However, for confirmation and higher accuracy measurements, an
oblique photogrammetry survey was conducted, as in Li et al. (2021). Photographs of the final
deposit were processed in the commercially available software Agisoft Metashape generating a
3D model. A digital elevation model (Appendix I1) allowed calculating the average deposit
thickness, the location of the centre of mass of the deposit, the length of the deposit L, and Rt.

Two high-definition cameras recorded the avalanches, one frontal and one lateral (as illustrated
in Appendix I1). The lateral camera view (25 fps, HDV 1440 x 1080) was used to observe the
interaction of the avalanche with the slope-break. The frontal velocity (Vf) was obtained through
the analysis of 50 fps (FHD 1920 x 1088) footage. The location of the front of the flow at each
frame was manually located, and the displacement between frame intervals calculated. A moving
average is used in the presented time series, with a period of three frames to smooth out short-
term fluctuations and highlight longer-lasting trends. Only one of the runs is illustrated in figures
4 and 6, for clarity of illustration. The repeatability of the experiments was ensured by
confirming each of the minimum of three runs.

H/R (often H/L in the literature) is the ratio between the fall height from the highest point of the
material in the box to the horizontal plane (H) and the horizontal runout of the front of the
avalanche from the front of the material pre-release (R — see fig. 1). This ratio is used as a
measure of avalanche mobility in landslide literature (initially by Heim, 1932). Although it is
often calculated as the distance between the furthest location of the scarp and the toe of the
deposit, in this study it is also calculated for the height fallen (Hcom) and horizontal displacement
(Rcom) by the centre of mass, as Hcom/Rcom (also referred to as the gradient of the energy line)
(Legros, 2002). Hcom/Rcom is not usually used in field studies because it is difficult to determine
in natural deposits (Bowman et al., 2012). However, the displacement of the centre of mass is a
better measure when considering energy dissipation, as it excludes the effect of spreading of the
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252 mass on R (Davies, 1982). Following studies such as Goujon et al. (2007), Yang et al. (2015)
253  and Hu et al. (2020) the proportion of material was assigned by weight (rather than volume).

254  Therefore, also due to the differences in mass configuration (i.e., pore spaces between the coarse
255  particles are sometimes void and sometimes filled by the finer particles), the volume of the

256 material was not identical in all experiments, as illustrated in fig. 2. Normalised runout (R») is
257  used to illustrate and compare findings. The Rn is represented by the equations Rn=R¢/h* and the

Y =0.15 P =0.35 Y =0.50

10cm

Figure 2 Schematic representation of the pre-release arrangement of material in the release box. Note the difference in
volume at different size combinations (although weight is equal), as well as the pore spaces between coarse particles at low
fractions of fine particles ().

258  normalised propagation of the centre of mass by Rncom=RCom/h*, where the R¢ and the Rcom are
259 normalised by the cubic root of the volume of the material (h* = V3). Davies and McSaveney
260  (1999) suggest that such normalised quantities can be compared to real events. Total spreading
261  (Sn) is measured as the normalised L of the final deposit, S,=L/h* (Manzella and Labiouse,

262 2013). The normalised distance between R and the propagation of the centre of mass on the

263 horizontal plane (Rncom) Was also used here (S+=(R¢Rncom)/ h*) as a measure of the spreading at
264  the front of the deposit (Sf) which is not affected by material left behind or piled on the slope
265  during the emplacement stage.

266

267 3.2 Scaling

268  Scaling is critical in designing experiments and correlating the findings of small-scale granular
269  avalanches to natural geophysical mass flows (lverson, 2015; Iverson et al., 2004). The similarity
270  between analogue models and real events must be addressed by introducing geometric and

271 dynamic dimensionless parameters to satisfy the continuum hypothesis (lverson, 2015, 1997;

272 Manzella and Labiouse, 2013; Shea and van Wyk de Vries, 2008). Geometric parameters refer to
273 the size and morphology of the particles and the avalanche system. Dynamic parameters refer to
274 the ratio between forces within the avalanche, which are later discussed. The presented

275  experiments follow the scaling considerations of the mentioned previous studies.

276 Firstly, particle size is large enough to reduce the impact of electrostatic effects to negligible
277 levels (Davies and McSaveney, 1999; Drake, 1991; Iverson and Denlinger, 2001; Manzella and
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Labiouse, 2009). Additionally, it is assumed there is a similarity to large-scale avalanches
regarding the geometric shape, air and grain densities and drag coefficient between grains and air
(Davies and McSaveney, 1999). Moreover, Drake (1991) suggests that the avalanche depth
needs to be at least ten times larger than the mean particle diameter, which is also fulfilled. If
these conditions are met, it is believed that the findings can contribute to the understanding of
natural geophysical granular avalanches (Manzella and Labiouse, 2013). These are the scaling
guidelines most consistently followed by granular avalanche experiments and the present study.
Geometric and dynamic scaling effects are further addressed in the discussion.

3.3 Material and experimental conditions

The material used in this study consists of four different granular sizes composed of subrounded
gravels and subangular corundum sand (Appendix V). Angular-subangular natural rock material
has been used in an attempt to maintain a close approximation to the modelled phenomena
(Cagnoli and Romano, 2010; Davies and McSaveney, 1999; Li et al., 2021; Shea and van Wyk
de Vries, 2008). The properties of the material used are reported in the supplementary Appendix
V.

For the bidisperse experiments, a proportion (by mass) of finer granular material was added to
the mass composed of coarser particles. For each set of experiments, this proportion y of fine
material mass was varied between y=0 (all coarse) and y=1 (all fine). Prior to the initiation of
the avalanche, coarse and finer particles were placed in the release box so that the fine particles
filled the pore spaces between the largest particles from the bottom up (fig. 2). In cases where
low quantities of fine material were used, void pore spaces remained at the top of the material
(fig. 2). Conversely, when the volume of the fines was greater than the pore space between the
coarse, excess fines were positioned above the coarse material.

For each ratio of fine material, other factors were changed in order to additionally examine the
effect of bidispersity combined with different parameters. These were volume, inclination and
different grain sizes. The experiments are divided into five series according to the parameters
under examination. All the experimental conditions are illustrated in table 1. Each experiment
was repeated a minimum of three times to generate data to be averaged and to ensure their
reproducibility.

Experiment GRAVEL GRAVEL SAND SAND Mass Inclination
series 9.5-16mm 16-22.4mm 0.355-0.50mm 0.5-1mm (kg) (°)
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Table 1 The five experimental series examining different parameters.
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4. RESULTS
4.1 Morphology

Under all the conditions of bidisperse granular avalanches, the following common morphological
features are observed. At low y values (y<0.5-0.15 depending on experimental conditions) the
addition of fines causes the final deposits to initially become longer (normalised length=L/h*)
and lower in height (normalised average height=average height/h*) compared to avalanches
composed solely of coarse particles (e.g. fig. 3). They also achieve greater runouts (fig. 3: 0.00 —
0.15). At a critical value of ycrr, maximum Ry is achieved (fig. 3: 0.15). However, further
increase of y, progressively results in a decreased Ry (fig. 3> 0.15). With progressively higher y
(y>~0.8) a stage is reached where L is smaller and deposit thickness is higher than the
monodisperse flow composed entirely of coarse particles. At low y values, coarse particles travel

Fine particle mass fraction (y)
0.30 0.50 0.70 »

0.00

Figure 3 TOP: Orthophotos of the deposits of
experimental avalanches in series A illustrating
their runout and morphology. The flow direction is
downwards. BOTTOM: Normalised length and
height of the experimental avalanches of series A.
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with the fine forming a continuous cover over the deposit surface (fig. 3: 0.00 — 0.30). At higher
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v they are emplaced at the rear of the deposit near the slope-break (fig. 3: 0.50-0.70). An
exception arises when coarse particles that separate from the avalanche early and travel
independently, deposited in front of it.

4.2 Frontal velocities

According to Rait and Bowman (2016), in rock avalanches, the main phases are: the acceleration
under gravity phase, and the phase of deceleration of the avalanche after its impact with the near-
horizontal valley floor. For the purposes of the analysis of propagation dynamics and energy
dissipation, these phases are here considered separately, and the second phase is further
subdivided to address the effect of the slope-break. The Vf is therefore divided temporally into
three parts from the release of the material through propagation and up to their emplacement.
These phases are exhibited, with variation according to the experimental conditions, in all the
experiments (fig. 4):

—
E PHASE 1 I?HASE 2 1 PHASE 3
L phase [
*'325 :‘ deceleration! v
> ' e
= ' \ %ts'/e
S 225¢ Y %t 1
3 Vv /\/
> 1.25 : phase 2 : 1
© 1 acceleration | pulses of acceleration
E 1 due to momentum transfer "
1 1
20251 , - ‘ \
[T

-50 0 50 100 150
Displacement on the horizontal plane (cm)

Figure 4 The frontal velocity of the fine particle content of )=0.15 avalanche of experimental series B with the
velocity phases annotated. Vo: frontal velocity at the slope-break; Viun: lowest frontal velocity of phase 2; Viax:
velocity the front accelerates to at the end of phase 2.
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PHASE 1 - ACCELERATION ON THE INCLINED SLOPE: This is the stage of
acceleration following the release of the material. This phase ends when the material at the front
of the avalanche interacts with the slope-break to begin their transition to the horizontal plane.

PHASE 2 — INTERACTION WITH THE SLOPE-BREAK: This phase begins when the
avalanche front first interacts with the geometric irregularity of the slope-break and suffers a
deceleration. This deceleration is followed by a rapid acceleration as the material behind the
front (greater in mass) transfers momentum to the front. This can be observed the video frames of
the avalanches illustrated in fig. 5. Once the acceleration reaches peak velocity (Vmax) in phase
2, and starts decelerating again, phase 2 ends. This is when the material at the front stops
receiving energy directly from the momentum of material interacting with the slope-break. The
peak velocity Vimax in phase 2 is not reached again by the flow.
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348  Phase 2 deceleration is calculated here as the rate of velocity change between the interaction of the
349  front with the slope-break (Vo) and the recording of the minimum velocity of phase 2 (Vwmin), as
350 in the equation:

VO - VMIN

351 Phase 2 percentage deceleration =
MIN

352 (Eq. 1)

353  where Vo is the frontal velocity at the slope-break, and Vmin is the lowest frontal velocity of
354  phase 2 (fig. 4). Phase 2 acceleration is calculated as the rate of velocity change between the
355  lowest velocity of phase 2 and the velocity the front accelerates to at the end of phase 2 (Vmax):
VMAX - VMIN

356 Phase 2 percentage acceleration =
Vmin

357 (Eq.2)

358  where Vmax is the velocity the front accelerates to at the end of phase 2 (fig. 4).

Momentum
transfer,
propulsion

disorganisation
deceleration

I Phase
Acceleration ‘

Gradual
~ deceleration

Figure 5 Frames from the interaction of the front of the avalanche ({=0.15, series B) with the slope-break.

359 PHASE 3 -DECELERATION AND EMPLACEMENT: After the interaction with the slope-
360  break stops disturbing the front of the flow, a deceleration phase eventually leads to the

361  emplacement of the material. This phase is characterised by pulses of deceleration of the frontal
362  material and subsequent acceleration (fig. 4). The Vf is lower for each subsequent pulse. The

363  amplitude of these waves appears to be a function of the volume of the granular mass, as later
364  discussed. Phase 3 ends when the material comes to a halt after losing momentum and energy
365 and each particle settles in its position in the final deposit. Phase 3 deceleration is calculated here
366  asthe average rate of velocity change between the initiation of phase 3 and the final deposition
367  (fig. 4):
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Viax
time duration of phase 3

368 Phase 3 average deceleration =

369 (Eq.3)

370
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4.3 Fine particle content ()

Experiment series A (table 1) has the primary aim of examining the impact of y on the runout
and the mobility of the centre of mass. It is also the reference case for the rest of the experiments.
Fig. 6a illustrates that changes in v result in variation of both the Ry and Rncom propagation
metrics. The initial addition of fines for y=0.10 leads to an increase of Ry and Rncom. The
maximum Rn exhibited at ycr=0.15 represents an increase of 87% from the all-coarse

avalanche. In the case of the centre of mass, at ycreom=0.10 the equivalent increase is ~100%.
There is, therefore, a divergence in y value for the maximum Rp in comparison to the maximum
Rncom. Further increases in v, past ycrf and ycreom, result in reduced Ry and Ricom (fig. 6a).
Greatest Rn and Rncom variability is observed at y between 0.10 and 0.35. However, R, and
Rncom remain above the all-coarse avalanche up to y=0.80. The sensitivity of Rn and Racomto
decreases after all the pore spaces between the coarse particles are filled by fines at y=0.35 (fig.
6a). These observations are confirmed by fig. 6b. The H/R and Hcom/Rcom measure propagation
including the location of the mass before their release and confirm that the relationships are not
an effect of the initial position of the centre of mass. Fig. 6c¢ illustrates that spreading Sn and St
are greater at y=0.15. The value of y appears to greatly affect the degree of spreading when there
are pore spaces between the coarse particles (y<0.35). Once the pore spaces are completely filled
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up with fine particles, y variation has less impact on spreading (fig. 6¢). Particularly the St
remains almost constant after pore spaces are filled.

Vf observations suggest that y affects phase 2 (interaction with the slope-break) and phase 3
(deceleration and emplacement). There does not appear to be a systematic impact on phase 1
(acceleration on inclined slope, fig. 6d). In phase 2, the deceleration after the slope-break is

consistently increased with increasing vy (fig. 6e). Phase 2 acceleration increases with y between

0.10 and 0.35. In this range increases in y result in lower acceleration (fig. 6¢). The average
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Figure 6 (a-c) Results from experimental series A. a Frontal runout (R,) and propagation of the centre of mass (R;)
at different proportions of fines (). b H/R and Hconm/Rcom at different proportions of fines . ¢ Total spreading (S»)
and frontal spreading (Sy) at different proportions of fines . (d-f) Velocity results from experimental series A. d
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location of the slope-break. e Velocity change during the acceleration and deceleration of phase 2. f Phase 3
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deceleration of the material in phase 3 (fig. 6f) is not systematically reduced at low y between
0.10 and 0.35 (pore spaces not fully filled). At higher vy, the average deceleration increases
throughout the range of y values.

4.4 \/olume

Experiment series B (table 1) examines the combined effect of bidispersity and volume.
Bidispersity has the impact observed in series A also at the higher volume, increasing mobility
(runout and centre of mass displacement) at low y and progressively diminishing (fig. 7a).
However, fig. 7a illustrates that with higher volume, Ry values are greater. Nonetheless, Rncom IS
not increased. This trend is confirmed by fig. 7b, illustrating H/R and Hcom/Rcom. Fig. 7¢
suggests that spreading is greater for the higher volume avalanches.
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Figure 7 (a-c) Results from experimental series B. a Frontal runout (R,) and propagation of the centre of
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Volume does not systematically affect VVf in phase 1 in comparison to series A. In phase 2, at the
slope-break series B avalanches (lower volume) experienced similar deceleration on impact with
the slope-break series A. However, the acceleration of phase 2 achieves higher velocities and
lasts longer in higher volume avalanches (fig. 8).
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In phase 3, pulses of acceleration and deceleration show a higher VVf amplitude in the higher
volume avalanches. The Vmax achieved in these pulses are greater at greater volumes. They are
then decelerated and accelerated again to high velocities throughout phase 3 compared to the less
voluminous series A (fig. 8).

30kg ¥=0.00 -~ 20kg $=0.00
—30kg $=0.15 ---20kg 1=0.15
[—30kg =040 --20kg =040

w
T
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-50 0 50 100 150
Displacement on the horizontal plane (cm)

Figure 8 Frontal velocity comparison between the avalanches of series A (20kg) and B (30kg).

4.5 Inclination

For experiment series C and D (table 1) the slope inclination was 35° and 45° respectively, also
altering the angle of the slope-break. The impact of the slope-break (fig. 1) is examined here,
representing the transition between slopes and horizontal depositional surfaces of natural
granular flows. By changing the inclination of the inclined slope the H, horizontal runout
distance on the slope and height of the centre of mass prior to release are altered. For this reason,
we use their H/R and Hcom/Rcom for comparison for series C and D (instead of R, and Rcom). Fig.
7d presents findings that suggest that between 35° and 45°, increased slope inclination generates
less mobile avalanches, both in terms of their centre of mass as well as frontal runout. Although
the maximum mobility of the centre of mass is achieved for all inclinations at ycreom=0.10, in the
case of the maximum R a divergence is observed. The maximum is at ycri=0.15 for 40° and 45°,
whereas it is at ycrf=0.10 for 35°. Spreading also diverges as illustrated in fig. 7e. The effect of
bidispersity on the degree of spreading is more intense at low , before all pore spaces are filled.
The 35° experiments achieve the lowest spreading, which is progressively increased at higher
inclinations.
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4.6 Size-ratio between particle species (A)

In experimental series E (table 1) the granular mixtures were composed of finer fine particles and
coarser coarse particles, thus increasing the size ratio (A) between the two species (A= coarse
particles mean diameter/fine particles mean diameter). Previous experimental series have a size
ratio A=~17, whereas series E had a size ratio A=~45. Fig. 9a illustrates that increased A results
in greater Ry and Rncom at low . Fig. 9b, which also considers the difference in the centre of
mass prior to release due to the difference in their sizes, confirms that at low y=0.05 and y=0.10
the granular mixture with greater A is more mobile in terms of Ry and Rncom. At y values greater
than y>0.10, series E avalanches with greater A are less mobile. The peak in Rn and Rncom for
experiment series E comes at ycr—= Ycreom=0.05, compared to ycreom =0.10 and ycre=0.15 for
series A. In series E, spreading is greater for all y values when only the front of the deposit is
considered (S¢) (fig. 9c). When the whole length of the deposit is considered (Sn), the spreading
of flows from series A and E is very similar after the pore spaces between the coarse particles are
filled by fines.
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different proportions of fines (). b H/R and Hcom/Rcom at different proportions of fines . ¢ Total spreading (S:)
and frontal spreading (S;) at different proportions of fines .
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5. DISCUSSION
5.1 Deposit morphology observations

Rock/debris avalanches on flat valley floors generate horizontal runouts greater than the initial
fall height (Hungr, 2002; Legros, 2002; McSaveney et al., 2000). This feature was recreated in
the presented experiments with H/R values as low as 0.35. Although long-runout avalanches are
difficult to recreate at the lab scale (Friedmann et al., 2006; Manzella and Labiouse, 2013), R
values >6.5 have been achieved with bidisperse mixtures, compared to R,=3.2-3.3 that is the
maximum achieved by most monodisperse end-member avalanches. These values are in line
with values exhibited by some natural rock/debris avalanches like the EIm (Switzerland)
(Rn=5.1) and Frank (Canada) (Rn=5.6) rock avalanches. However, the appropriateness of such
comparisons is discussed in the final section of the discussion.

Segregation of the size species is observed in the deposit in the vertical and longitudinal
direction of the deposits (fig. 3a). This observation confirms that the effective composition of the
flow is variable in time at different flow locations, while grading of the material and migration of
fines to the base take place. When vy increases, coarse particles are unable to travel
independently, in agreement with what is observed by Phillips et al. (2006), as they are trapped
in the mass of fine particles generating a sand-trap absorbing their kinetic energy (Bartali et al.,
2020). Thus, coarse particles are observed deposited on top of the fine particles close to the
slope-break (fig. 3a).

5.2 Frontal velocities during propagation
521 Phasel

Phase 1 represents the propagation of the material under gravity (fig. 5 — panel 1). Vf is greater at
greater slope inclinations because friction is reduced, and rolling is encouraged. Changes in v,
volume and A do not have a systematic impact on V{ in this phase.

5.2.2 Phase 2

Velocity measurement and video observations support that the interaction of the avalanche with
the slope-break causes loss of momentum (also observed by Crosta et al. 2017) and
disorganisation in the particle position in the mass (fig. 5) (also observed by Manzella and
Labiouse, 2009). The deceleration on initial contact with the horizontal plane is the result of
increased friction due to the higher overburden stress at the change of direction of movement
(Manzella and Labiouse, 2009; Yang et al., 2011). The deceleration is followed by acceleration
as momentum is transferred by the rear of the flowing avalanche to the front (fig. 5 — panels 3-4).
As the material at the front decelerates and transitions to a compressive regime, material still on
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the slope interacts with them before they decelerate, pushing them forward, transferring energy
and momentum (Hu et al., 2020; Longchamp et al., 2016).

5.2.3 Phase 3

Pulses of acceleration and deceleration of the front observed during propagation on the
horizontal depositional surface (e.g. fig. 4, 6d, 8) have also been described by Van Gassen and
Cruden (1989) and Bartali et al. (2015). Bartali et al. (2015) describe them as density waves
travelling through the propagating mass generating stick-slip motion. Van Gassen and Cruden
(1989) suggest that as the leading material decelerates due to friction, the approaching material
from further back has not yet experienced equal retardation. It is therefore approaching at higher
velocities than the material ahead. This leads to an interaction of momentum transfer between the
particles at the avalanche front and the following material (Hu et al., 2021). The leading particles
are propelled forward while the following material is decelerated to lower velocities or
deposition. This process is referred to as energy transmission through impact by Van Gassen and
Cruden (1989) and has also been reported through close videos examination of the experiments
of Manzella and Labiouse (2009 - monodisperse) and Yang et al. (2011 —
bidisperse/polydisperse). This can be observed by careful examination of the videos of the
experiments of the current study. The cyclic recurrence of this process continues throughout the
propagation and is evident through Vf oscillation pulses (fig. 8). Each subsequent pulse achieves
lower velocities as the energy in the system decreases until the momentum and energy are
depleted and the material is emplaced (Van Gassen and Cruden, 1989). By using energy
equations to describe the momentum transfer occurring in these processes, Van Gassen and
Cruden (1989) produced a model that suggests that a granular mass interacting in this manner
results in significantly longer runouts (>1.5 times longer) than predicted by simple sliding block
models with no momentum transfer. The transfer of momentum from the rear to the front causes
the mass to spread and the front of the flow to travel farther (Legros, 2002; Manzella and
Labiouse, 2009). The importance of spreading is addressed throughout the following discussion.

5.3 Fine particle content (y)

The findings are in agreement with previous studies reporting increased runout in granular
avalanches composed of bidisperse mixtures compared to monodisperse (e.g. Phillips et al.,
2006; Roche et al., 2006; Moro et al., 2010; Degaetano et al., 2013; Yang et al., 2015; Bartali et
al., 2020). Maximum runouts are recorded at different proportions of y in different experiments
as a function of parameters such as A and slope inclination. In experiment series A, Rn increases
between y values of 0.0 and 0.15, and Rncom increases until y=0.10. In agreement to previous
studies, it is observed that at low y fine particles segregate and position themselves at the bottom
of the avalanche through kinetic sieving even if not initially positioned there, as also observed by



517
518
519
520
521
522
523
524
525
526
527
528
529
530

531
532
533
534
535
536
537
538
539
540

manuscript submitted to JGR: Earth Surface

Frictional contacts Contacts that encourage rolling and reduce frictional sliding

Figure 10 Types of contacts between the fine (yellow) and the coarse (grey) particles at different mixture
proportions.

Phillips et al. (2006). Observations confirm the propositions of Goujon et al. (2007) that
segregation is a very fast process in bidisperse mixtures at the scale of these experiments. Once
at the base, the fine particles reduce frictional contact areas, acting as ball-bearers (e.g. Roche et
al., 2006; Linares-Guerrero et al., 2007), and encourage rolling as opposed to frictional sliding
(Phillips et al., 2006). This process reduces the friction coefficient at the base of the flow and
inhibits frictional energy losses (Hu et al., 2021, 2020; Phillips et al., 2006). Consequently, the
Rn and Rncom are increased. In series A, this process is most efficient at y=0.10 where maximum
Rncom occurs (fig. 6a). At lower y values (<0.10), there are not enough fine particles to optimally
lubricate all frictional contact surfaces at the base of the flow as not all coarse particles are
supported by fines (fig. 10a) (Moro et al., 2010). The numerical modelling of Linares-Guerrero
et al. (2007) suggests that the most efficient arrangement is one with a single grain size thickness
layer continuous sheet of fines at the base of an avalanche. In such a case, the basal contacts are
lubricated; but no particles are present within the avalanche body as illustrated in fig. 10b (Moro
etal., 2010).

As v increases (>0.10), fines cover the base and start filling pore spaces between the coarse
particles within the avalanche. Interparticle frictional contact surfaces increase as the pore spaces
between the coarse particles are filled (fig. 10c). This progressively inhibits R, and Racom further
with subsequent y increases as illustrated by fig. 6a, supporting the trend reported in other
studies (Bartali et al., 2020; Hu et al., 2021, 2020; Moro et al., 2010; Phillips et al., 2006; Yang
etal., 2011). The increased frictional losses in the interparticle contacts begin to offset the energy
conserved at the base (Hu et al., 2020; Moro et al., 2010). However, it is important to note that
even after all the pore spaces between coarse particles are filled (0.35>y<0.80 for series A),
bidispersity enables mobilities greater than the monodisperse avalanches with all-coarse or all-
fine particles (fig. 6a). This non-monotonic relationship between Ry and Rncom and v is reported
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in similar bidisperse experiments (e.g. Phillips et al., 2006; Goujon et al., 2007; Moro et al.,
2010; Yang et al., 2015).

The ycrr has been suggested by various experimental studies to be between 0.05 and 0.50
(Appendix I11) (Degaetano et al., 2013; Hu et al., 2020; Moro et al., 2010; Roche et al., 2006;
Yang et al., 2015). In the current experiments, it is ycre=0.15 in the majority of cases; however,
it changes to ycr=0.10 for the 35° slope inclination (exp. series C) and ycri=0.05 for the
experiments with greater A (exp. series E). Therefore, the findings suggest that ycrr is a function
of the geometry of the flow path and A, according to the parameters here examined.

The v affects the propagation of the centre of mass by basal lubrication. However, the spreading
of the mass is affected in a process that appears to be independent as they do not follow the same
trend (fig. 6, 7, 9). Greater runout does not necessarily imply greater propagation of the centre of
mass. Therefore, ycrs does not always coincide with ycreom. INVestigating Rcom reflects the
energy dissipation of the flow and is therefore more appropriate for investigating the energetics
of granular flows (Legros, 2002). In fact, H/R is mechanically irrelevant as a measure of
mobility, since spreading can produce higher runouts irrespective of the centre of mass, and
therefore kinetic energy dissipation (Davies, 1982; Dufresne et al., 2021; Legros, 2002). Thus, as
initially suggested by Hsii (1975), the interpretation of the H/R (or Fahrbdschung) as the friction
angle is incorrect when considering energetics, and should instead be measured as the inclination
of the line connecting the centre of gravity of the material pre-release and post-deposition
(Hcom/Rcom or energy line gradient) (fig. 1b). In turn, Hcom/Rcom is not capable of considering
the contribution of spreading to the runout (Davies, 1982; Davies and McSaveney, 1999).
Therefore, a comparison of the two metrics, along with quantification of spreading, is needed to
assess the impact and variability of spreading. Assessment of the spreading is a factor
contributing to the runout.

VT observations suggest that y affects the interaction of the avalanche with the slope-break
(phase 2) and the subsequent propagation on the horizontal plane (phase 3). This is in agreement
with the findings of the granular flow experiments of Fan et al. (2016) suggesting that material
with different grain-size distributions produce different VVf during propagation. The findings of
the current study suggest that small y values drastically lower phase 2 deceleration and the
average deceleration rate of phase 3 compared to monodisperse endmembers (fig. 6 e, f). Fan et
al. (2016) observed more pronounced decelerations in phase 2 in lower grain sizes. In
accordance, the deceleration of the fine particles in phase 2 of the current experiments leads to
accumulation of material at the toe of the slope. This is the result of the greater size ratio
between particles and the slope-break discontinuity (Manzella and Labiouse, 2013).
Furthermore, momentum transfer from the rear was not efficient at high y values as the
accumulated fines acted as a sand-trap (Bartali et al., 2020; Fan et al., 2016). Nonetheless, the
lower deceleration rate observed in phase 3 at y <0.7 (fig. 6f) supports that the addition of fine
particles imposes a more efficient flow arrangement. The reduced frictional energy dissipation
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they enable at the base makes more energy available as kinetic and reduces the deceleration of
the material, generating longer runouts.

5.4 Volume

Examination of the H/R of natural events suggests that more voluminous rock/debris avalanches
produce longer runouts (Shea and van Wyk de Vries, 2008). In the current experiments increased
total volume (exp. series B) results in increased Ry (fig. 7a). However, in agreement with the
monodisperse granular experiments of Manzella and Labiouse (2009), the increased Rr does not
correspond to increased Rcom. Examination of the avalanche spreading at different volumes in
fig. 7c suggests that the greater Ry at higher volumes results from greater spreading. This results
in a more spread, longer deposit even though the propagation of the centre of mass is similar (fig.
7). Spreading contributes the additional Rn, as also reported by Li et al. (2021) and Yang et al.
(2011). Davies (1982) and Davies and McSaveney (1999) support that the long runouts of
rock/debris avalanches is the result of spreading, rather than the mobility of the centre of mass
exceeding what is predicted by simple frictional models. Field evidence rock/debris avalanche
spreading is observed in Makris et al. (2023b). However, it has to be highlighted that both the
mobility of the centre of mass and the spreading of the mass contribute to the overall runouts to a
different extent under different conditions in the current experiments. In fact, rock/debris
avalanche events have been suggested to have lower Hcom/Rcom, as well as H/R, to what is
predicted by simple frictional models (Legros, 2002). While spreading contributes, to mass flow
propagation, it is likely not the sole factor responsible for the high mobility.

The change in volume does not affect VVf during the propagation on the inclined plane and the
deceleration part of phase 2. The divergence in Vf occurs with the initiation of momentum
transfer from the rear to the front, in the acceleration stage of phase 2. At this stage, greater
volumes generate greater momentum transfer resulting in greater acceleration for a longer time,
as also reported by Manzella and Labiouse (2008). The greater Vf amplitude in phase 3 is due to
greater pulses of momentum transfer between the front and the material behind. This is the result
of the greater potential energy with higher volume, which is also more concentrated as a thicker
flow with a lower proportion of the material in contact with the substrate. With greater volumes,
and thus particle numbers, collisional opportunities also increase in constrained flows (Okura et
al., 2000; Yang et al., 2011). Numerical modelling by Okura et al. (2000) supports that increased
frequency of collisions could be a factor for longer runouts due to enhanced momentum transfer.
This is proposed as the reason for the higher amplitude of the acceleration-deceleration pulses
observed by Yang et al. (2011). These pulses propel the material at the front, enhancing
spreading and Rp.
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5.5 Slope inclinations

Within the range of inclinations in these experiments (35° — 45°), higher inclinations lead to
greater spreading (fig. 7e), but lower Hcom/Rcom and H/R (fig. 7d). This is due to the interaction
of the avalanches with the slope-break. The impact of path irregularities on granular avalanche
propagation has been previously highlighted by researchers such as Heim (1932), Pudasaini et al.
(2005) and Manzella et al. (2013).

At higher inclinations, the St is greater at low y (0.1 — 0.3) (fig. 7e). The energy conserved due to
the lubrication of the base by the fines is transferred as momentum to the front of the flow
resulting in increased spreading. However, there is also loss of momentum between the particles
and the propagation surface, with energy lost outside the avalanche system. The slope-break
causes an increase in shear and loss of momentum (Crosta et al., 2017). The effect of a geometric
irregularity in the path of an avalanche on its mobility is a function of the size ratio between the
irregularity itself and the size of particles in the granular mass (Friedmann et al., 2006; Heim,
1932; Manzella et al., 2013). Increased slope angles generate a greater path irregularity and
energy dissipation (Manzella et al., 2013). The collision causes disorganisation in the particle
arrangement and momentum transfer, shifting the avalanche towards a more collisional regime
(Manzella and Labiouse, 2013), as observed in close examination of the lateral videos of the
experiments here described (fig. 5). However, the transfer of momentum decelerates the material
at the back limiting the overall kinetic energy acting in the propagation direction. Therefore, the
mobility of the centre of mass is reduced at higher inclinations with a steeper slope-break. This
leads to higher H/R and Hcom/Rcom for greater inclinations (fig. 7d). The increase in spreading is
offset by the lower Rcom, and consequently runouts are lower. At lower inclinations, there is less
disorganisation of the mass, fewer collisions and less momentum is transferred between particles.
Consequently, spreading is less, and its contribution to the overall runout is less important,
compared to the lubricating effect of bidispersity.

5.6 Size ratio between particle species (A)

In experimental series E, where two granular materials with greater A are used, fines are more
effective at lubricating the avalanche at lower y. At ycrr avalanches with higher A achieve
greater Rn (fig.9a). However, at greater y values (y>0.25) the Rncom is lower in the experiments
with higher A. This is the result of the smaller fine particles losing more energy at the slope-
break, suffering greater deceleration in phase 2 due to the greater size ratio between the grains
and the slope-break (Fan et al., 2016). Fine particles in sufficient quantities (y>0.25) can absorb
the momentum of coarser particles making the kinetic energy transfer in phase 2 less efficient. It
is likely that finer particles in mixtures with greater A are more efficient at limiting energy
dissipation by reducing frictional surfaces at the base or more effectively encouraging rolling.
However, in higher quantities, they inhibit mobility by acting as a sand-trap. Previous studies
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have proposed that the mobility-enhancing effect of bidispersity is intensified with increased A
(Bartali et al., 2020; Hu et al., 2020; Roche et al., 2006). In the bidisperse experiments of Goujon
et al. (2007) avalanches with higher A resulted in more spread deposits with lower thickness
compared to equivalent single-size end-members. In the bidisperse experiments of Hu et al.
(2020) greatest R are exhibited by experiments with greater A. The value of ycris different in
avalanches with different A in the current experiments. Duan et al. (2022) propose the existence
of a correlation between the size of the particles and ycr. However, a more systematic study is
required to determine this relationship and the effect of A, as the results from the different studies
are not consistent.

5.7 Scaling, granular flow regimes and kinetic sieving

Assessment of experimental scaling is essential in designing and evaluating the findings of
granular avalanche experiments regarding their geomorphological and mechanical relevance to
the dynamics of rock/debris avalanches (lverson, 2015). Other than geometric scaling
parameters, dynamic scaling parameters refer to the ratio between forces within the body of a
granular avalanche and describe the evolving dynamics of the system (lverson, 2015). Dynamic
scaling parameters are crucial to ensure the similarity in conditions between experiments and real
events. However, this scaling aspect of experimental design is very frequently overlooked
(Iverson, 2015). Nonetheless, since the perfect correspondence between physical experiments
and real events is not possible, some distorted scale effects are inevitably introduced (Heller,
2011). The potential scale-dependence of the simulated conditions must be assessed and is thus
discussed in the subsequent sections.

5.7.1 Scaling of experiments

At the scale of these experiments, rolling motion at the base of the avalanche generates agitation
and collisions between particles, leading to a collisional regime, as also described by Hu et al.
(2021). The flow regime was initially qualitatively assessed in the current experiments through
real-time observation and the videos. The collisional and frictional regimes, introduced by Drake
(1990, 1991), describe a difference in the behaviour of propagating granular avalanches. In a
frictional regime, the majority of the propagation particles are engaged in persistent frictional
contacts, responsible for the majority of momentum transfer. In an avalanche under this regime
the majority of the material propagates as a coherent plug over a basal agitated zone. Plug
behaviour implies a coherent state, lacking agitation and propagating experiencing insignificant
shear stresses. In contrast, in the collisional regime, the majority of momentum transfer is due to
frequent particle collisions in an agitated mass with a high granular temperature. Different
regimes and resultant granular behaviour (i.e. particle interaction frequency, duration etc.) alter
the energy dissipated by avalanches and their mobility (Cagnoli and Piersanti, 2015).
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Table 2 Experimental series A — Savage number, system-to-grain size ratio and information required for
their calculation. (Y: mess proportion of fines; &: characteristic grain size diameter; T: avalanche
thickness)

System-to-grain size Savage number

0.00 | 0.0128 0.0168 0.06 1.1E+04 0.773
0.10 | 0.0116 0.0157 0.057 1.4E+04 0.740
0.15 | 0.0110 0.0152 0.054 1.6E+04 0.782
0.20 | 0.0104 0.0148 0.055 1.9E+04 0.662
0.25 | 0.0098 0.0145 0.051 2.2E+04 0.736
0.30 | 0.0092 0.01388 0.055 2.6E+04 0.517
0.35 | 0.0086 0.0128 0.051 2.9E+04 0.566
0.40 | 0.0080 0.0115 0.0483 3.2E+04 0.576
0.50 | 0.0068 0.0109 0.045 5.0E+04 0.514
0.60 | 0.0056 0.0123 0.051 1.0E+05 0.239
0.70 | 0.0044 0.0137 0.051 2.4E+05 0.147
0.80 | 0.0032 0.0141 0.063 6.4E+05 0.041
0.90 | 0.0020 0.0132 0.0645 2.5E+06 0.015
1.00 | 0.0008 0.0133 0.03 4.5E+07 0.021

The Savage number (Nsa) is the ratio between particle collision stress and the load on the bed
due to the weight of particles and can be approximated as (Iverson, 1997; Iverson et al., 2004):

u?s?

Eq. (4)

where u is the maximum speed (ms™), § is the typical grain diameter (m), g is the gravitational
acceleration (ms) and T is the avalanche thickness. The typical grain diameter is characterised
as the mean particle diameter D43 (Breard et al., 2020; Gu et al., 2016), calculated as the volume
average mean diameter:

D43 = ngd,
Eq(5)

where nq is the mass fraction of a particle class g with diameter dq. The Nsa is @ non-dimensional
characterisation of the flow regime, differentiating between the frictional and collisional regime
by quantifying the relative importance of inertial stresses over the total stresses in steady,
gravity-driven flows with free upper surfaces (Hsu et al., 2014; Savage, 1984). When the Nsa is
larger than 0.1, the regime is collisional with significant collisional stresses (Hsu et al., 2014;
Iverson, 2015; Iverson and Vallance, 2001). Greater Nsa values imply increasing particle
collisions. Conversely, when Nsa is smaller than 0.1, the regime is frictional and friction-
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dominated (lverson and Vallance, 2001; Savage and Hutter, 1989). The Nsa quantifies this ratio
independent of scale (lverson, 1997).

Two important factors for the Ns, are the typical grain diameter 6 and avalanche thickness T (Eq.
4). The flume tests of Cagnoli and Romano (2012) and Cagnoli and Piersanti (2015) suggest that
changes in the mobility of small-scale granular avalanches triggered by grain size and volume
changes are, in fact, due to the resultant variation of granular agitation and the Nsa. The agitation
and nature of particle interactions is a principal factor for energy dissipation and should be
considered when interpreting avalanches (Li et al., 2021). Indeed, avalanches in this study with
different y (table 2) have variable & and T, according to the proportion of each particle size
species. For experimental series A, the Nsa was calculated for their propagation on the horizontal
plane after the slope-break. For the majority of the experiments, the Nsais above 0.1 (fig. 11a),
confirming that the material propagated under a collisional regime which is not representative of
rock/debris avalanches (table 2). For experimental series A, only experiments with y>0.80 result
in Nsa values in the frictional regime (fig. 11a).
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Figure 11 Scaling evaluation of experimental series A. a Ns, as a function of . b Ns, as a function of
the system-to-grain size ratio. ¢ R, as a function of Nsa. d Rncom as a function of Nsq

The T component of the Nsa equation is directly correlated to the number of particles in an
avalanche (assuming equal 8). The system-to-grain size ratio proposed by Cabrera and Estrada
(2021) is essentially a proxy for the number of particles in a granular system. The ratio is here
defined as the ratio of the volume occupied in the mass by a single particle of mean diameter
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when assuming spherical particles arranged in simple cubic packing to the total volume of

material:
%4

w2(3)

system — to — grain size ratio =

Eq(6)

The system-to-grain size ratio of the presented experiments is similar to the experiments
previously mentioned (Appendix 1). Li et al. (2021) support that larger grain sizes/smaller
volumes (i.e., smaller system-to-grain size ratio) increase collisions, the granular temperature
and the Nsa. The findings of this study also support a negative correlation between the system-to-
grain size ratio and the Nsa in experimental series A (fig. 11b). Li et al. (2021) find that
increasing the volume and decreasing & have the same effect since they both affect the system-to-
grain size ratio. The findings of Cabrera and Estrada (2021) support that with sufficiently large
system-to-grain-size ratios (expected in natural avalanches) the mobility and shear strength of
granular column collapses is independent of grain-size distribution variations. As granular
systems become larger, grain size effects weaken (Cabrera and Estrada, 2021). Consequently,
small system behaviour can be biased by small system-to-grain size ratios and flow height,
resulting in high Nsa values and energy exchange dominated by collisions. Such conditions are
unrepresentative of natural processes (Cabrera and Estrada, 2021; Li et al., 2021). With small
numbers of particles, agitation is greater per unit of flow mass since agitation is able to propagate
up from the base and agitate a higher proportion of the avalanche (Cagnoli and Romano, 2012,
2010). Li et al. (2021) observe that a reduction of & or increase in volume leads to localisation
and magnification of shear stress at the base of the avalanche, leaving the overriding material to
travel as a plug with no agitation. This is also observed in numerical simulations of granular
avalanches (e.g. Walton, 1993; Silbert et al., 2001). The Nsa of the plug is zero, resulting in
extremely low overall Nsa; values for such avalanches (Li et al., 2021).

Small system-to-grain size ratios can lead to behaviours unrepresentative of large-scale events
due to the small number of particles involved in the experimental systems (grain size effect),
rather than the grain-size composition and distribution (Cabrera and Estrada, 2021, 2019; Li et
al., 2021). The increase in the Ry and Rcom Observed in avalanches from this study exhibit a
correlation with the Nsa (fig. 11c, d). The correlation suggests that the difference might be
correlated to the alteration of the Nsa and the collisional regime, instead of y being the exclusive
factor.

Therefore, to achieve geomorphological and mechanical relevance experiments of rock/debris
avalanches require scales which are large enough (number of particles/avalanche thickness) to
permit a frictional regime behaviour (Iverson, 2015). High Nsa values and the observation of
collisional behaviour is very frequent in the reporting of lab-scale granular avalanche
experiments. Li et al. (2021) calculate and report that Nsa values of their experiments reflect a
frictional regime for the majority of their experimental conditions. However, in the experiments
of Cagnoli and Romano (2012), Nsa is reported to have been larger than the threshold of 0.1. Lai
et al. (2017), Bartali et al. (2020) and Duan et al. (2022) report their qualitative observation of
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collisional behaviour without further examining or commenting on the implications of this
behaviour to the comparison with natural events.

The estimated Nsa values of natural rock/debris avalanches are typically much lower than 0.1
(data collected and presented in Appendix Table 2 of Li etal. 2021). A uniform collisional
regime does not occur in natural events and thus values of shear stresses are dissimilar to small-
scale avalanches (lverson et al, 2004). When Nsa is high, grain collision stresses have a higher
importance in the flow (Savage and Hutter, 1989). As highlighted by Duan et al. (2022), in a
collisional regime the energy-transferring collisions and the expansion of the mass are enhanced.
Therefore, the current experiments, as well as a large part of lab-scale granular avalanche
experiments, occur in the collisional regime. The flow regime, dynamics and shear stresses
observed are scale-dependent.

5.7.2 Granular avalanche propagation processes comparison at different scales

As observed in the current experiments, in small free-surface avalanches composed of binary
mixtures the finer particles percolate to the to generate size segregation. Increased mobility
requires fine particles at the base of the flow, between coarse particles and the substrate. The
segregation process is essential to permit bidispersity to enhance mobility. Dispersive pressure
has been proposed as a mechanism potentially enabling size segregation in natural granular
avalanches (Bagnold, 1954; Cruden and Hungr, 1986). However, this would require a density
difference between different sizes which is not consistent with natural material (Legros, 2002).
In the current experiments, the process that generates the segregation is Kinetic sieving. The
granular mass dilates during the agitated motion with voids opening between the coarse particles
for the finer ones to percolate through to the base due to gravity (Savage and Lun, 1988). Hu et
al. (2021) propose that this process takes place throughout the body of a granular avalanche,
leading to inverse grading. They argue that similarly to lab experiments, kinetic sieving allows
fine particles to migrate to the base and lubricate rock/debris avalanches. This is based on the
idea, prevalent in the past, where rock/debris avalanches were envisaged as rapid granular flows
with their dynamics dominated by chaotic and energetic particle collisions (De Blasio 2011).
Accordingly, some researchers have suggested that rock/debris avalanches are efficient at sorting
particles by size (e.g. Savage and Lun, 1988). This would lead to inverse grading observed
across deposits (Cruden and Hungr, 1986; Dufresne, 2009; Hungr and Evans, 2004; Middleton,
1976). Although some studies do report grading at the deposit scale (e.g. Hewitt, 1998; Crosta et
al., 2007), others observe the lack of it (e.g. Shreve, 1966; McSaveney, 1978; Schiliro et al.,
2019; Makris et al., 2023a). More recent work supports that grading is a bias introduced by the
presence of a coarse carapace at the top of rock avalanche deposits and does not persist lower in
their body (Dufresne and Dunning, 2017; Dunning, 2006; Dunning and Armitage, 2011).
Grading is not generally observed in deposits and it is no longer believed that flows are
dominated by chaotic particle collisions and high granular temperatures (e.g. Dunning, 2006;
Dufresne et al., 2016; Makris et al., 2020, 2023a, 2023b; Paguican et al., 2021).
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Schiliro et al. (2019) propose the existence of dimensional limits for kinetic sieving. They
propose a threshold in flow velocity and particle number/flow thickness over which a collisional
regime is not attainable. Above the critical thickness value and below a critical velocity a flow
develops an agitated basal layer with the areas above travelling as a plug (frictional regime).
Agitation throughout the material is essential for kinetic sieving, and in the lack of it, segregation
is not possible. The hypothesis of bidispersity increasing mobility by acting to increase rotation
and decreasing frictional areas at the base necessitates inverse grading. However, the low
threshold velocity and high particle numbers required to allow the agitation and segregation are
unrealistically far from the values for the velocities and the thickness of natural rock/debris
avalanches as explained by Schiliro et al. (2019). Sedimentological observations are in
agreement with the lack of grading observed and offer support for the existence of the
dimensional limit for kinetic sieving. Bidispersity is observed in the grain-size distribution of
rock/debris avalanches, however, kinetic sieving is not capable of imposing segregation, which
as the experiments suggest is vital for enhancing mobility. Additionally, an agitated basal layer
composed of the fine particles would not be capable of supporting a rocky slab plug at the scale
of rock/debris avalanches for realistic values of the coefficient of restitution and propagation
angles of real events according to the force balance calculations of De Blasio and Elverhgi
(2008). This bidispersity mechanism can therefore be excluded as a friction-reducing mechanism
at the scale of rock/debris avalanches.

5.7.3 Implications for rock/debris avalanches:

Small-scale experiments are not capable of reproducing some of the processes enabled at the
scale of natural geophysical flows (Iverson et al., 2004). Naturally, laboratory experiments
cannot simulate fragmentation processes due to the low energies in the system as an example
(Bowman et al., 2012; De Blasio and Crosta, 2014). Likewise, the seismicity of the event cannot
be simulated (Davies and McSaveney, 1999). Even so, if fluid effects are negligible, major
features of rock/debris avalanches can still be reproduced by analogue experiments with
appropriate scaling since their dynamics are principally controlled by the internal and basal
friction coefficients and the interaction of the avalanche with its path (Davies and McSaveney,
1999; Dufresne, 2012; Iverson et al., 2004; Iverson and Denlinger, 2001; Yang et al., 2011).
However, scepticism regarding the effectiveness of small-scale experiments centres around their
being too brief, idealised and restricted by initial conditions and artificial boundaries to represent
the vast complexities of natural geophysical processes (e.g. Baker, 1996). lverson (2015) caution
that the geomorphological relevance of small-scale granular flow experiments carried out in the
past decades (e.g. Iverson et al., 2004; Pudasaini and Hutter, 2007; Mangeney et al., 2010)
should be critically evaluated, in terms of scaling and interpretation in comparison to natural
processes, before being extended to direct comparison with natural phenomena.

To highlight the distorted scale effects, the ‘Scheidegger’ plot (H/R plotted against volume) of
all the experimental avalanches of this study is compared to a rock/debris avalanche inventory
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(fig. 12). The relationship between the H/R and volume can be reasonably described by a power
law (Scheidegger, 1973). Regression illustrates a relationship; albeit with wide dispersion
increasing the degree of uncertainty (0.36< R?<0.63, Shea and van Wyk de Vries 2008). Data
dispersion, partially mitigated by the log scale, constitutes the comparison of such trends
inherently problematic. Nonetheless, the findings from the current experiments plotted in the
same area in fig. 12 suggest that they do not follow the same relationship. They produce H/R
values equivalent to some events, but with considerably smaller volumes, suggesting that the
processes involved are scale-dependent and non-equivalent.

zos/ §
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+ Volcanic debris avalanches
0.2/« Rock avalanches

O Extraterrestrial rock avalanches|
» Experimental avalanches

i 107
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Figure 12 Apparent coefficient of friction (H/R) versus volume for volcanic debris avalanches, rock avalanches and
extraterrestrial rock avalanches (from Makris (2020) modified after van Wyk de Vries and Delcamp (2015) and
Hiirlimann and Ledesma (2003) in comparison to the experimental avalanches of the current study.
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Caution and a rigorous approach are crucial in their design and the interpretation of analogue
experiment results (Iverson, 2015). Geomorphological and mechanical relevance should not be
assumed on the basis of superficial or morphometric similarity, as it does not necessarily imply
similarity in processes as exemplified here (lverson, 2015). Dynamic scaling analysis must
become a standard procedure in designing and interpreting analogue granular avalanche
experiments to ensure the effectiveness of the experiments in examining the desired processes
and dynamics.

The hypothesis of a basal low friction zone, with a potentially bidisperse grain-size distribution
supporting the weight of a plug above it, is also disputed by the observation of shear zones
throughout the body of rock/debris avalanche deposits at various depths (e.g. Roverato et al.,
2015; Dufresne et al., 2016; Dufresne and Dunning, 2017; Wang et al., 2019; Hughes et al.,
2020; Makris et al., 2023). The shear zones confirm that shear is not exclusively accommodated
at the base (Dufresne and Dunning, 2017). Shear zones are also characterised by bidisperse
distributions according to the observations of Dufresne and Dunning (2017). Therefore, their
bidisperse grain-size distribution could potentially constitute a more efficient network for the
accommodation of shear stress. According to the multislide plug flow model (Paguican et al.,
2021; Roverato et al., 2015), shear zones can efficiently accommodate shear within the body of
the avalanche. Indeed, frictionites have been reported within shear zones in the body of the
Kofels rockslide supporting that they represent areas of shear concentration (Dufresne and
Dunning, 2017). Therefore, it is plausible that in large volumes, the multi-slide plug flow could
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potentially accommodate multiple levels of plugs supported above shear zones. In this case,
agitation and a segregation mechanism are not required as bidispersity can be generated in situ.
These shear zones are similar to the distributed stress fluidisation model proposed by Makris et
al. (2023a), however they are potentially more stable and continuously active during the
propagation. Experimental findings suggest that bidisperse distributions are generated with
increased shear or confining pressures (Caballero et al., 2014; lverson et al., 1996) either by fine
particles generated through shearing or the preservation of larger survivor clasts through the
preferential comminution of smaller particles around them (Dufresne and Dunning, 2017; Makris
et al., 2020). Shear zones potentially focus shear stresses and act as corridors that localise shear
accommodation around more coherent domains that are less exposed to shear and thus lacking
agitation dissipate less energy (Crosta et al., 2007; Li et al., 2021; Paguican et al., 2021,
Roverato et al., 2015). Therefore, only a small proportion of the propagating mass is engaged in
high energy dissipation motion (Li et al., 2021). The analogue experiments of Li et al. (2021) and
numerical simulations of Lai et al. (2017) support the assumption that the material above such
areas of shear localisation can be transported as a plug. If the bidisperse grain-size distribution
can inhibit frictional energy losses, more energy would be available for kinetic energy and the
propagation of the mass, effectively reducing the apparent friction angle. Most importantly, this
theory is consistent with the geomorphic and sedimentological features of deposits. However, the
multiple plug flow hypothesis aided by bidisperse grain-size distribution requires a more detailed
and systematic evaluation.

6. CONCLUSIONS
Analogue granular flow experiments were carried out in a scaled setup to investigate the effects
of bidispersity on granular avalanche propagation processes and dynamics. Analysis of the
findings leads to the following conclusions:

e Bidispersity has the potential to affect energy dissipation in granular avalanches and
increase their runout, at the scale of the considered experimental conditions. It was found
that low y values between y=0.05 and y=0.15 (depending on experimental conditions)
are most efficient at enhancing mobility. At higher y values, up to y=0.80, the mobility is
still greater than y=0.00.

e The effect of bidispersity is altered according to the inclination of the slope before the
horizontal depositional surface. However, it is not affected by the volume of the material.
Spreading is also affected by the inclination of the slope before the horizontal
depositional surface and the angle of the slope-break. Increases in runout with increased
volumes are the result of enhanced spreading. Runout is affected by both the
displacement of the centre of mass as well as the spreading of the mass.

e Asslope-break generates disorganisation of the mass, loss of momentum, and increase of
collisions that transfer momentum from the back of the avalanche to the front.

e Atlow vy, increased A is more effective at increasing mobility, resulting in longer
runouts. However, the finer particles lose more energy at the slope-break due to the
greater size ratio between them and the path irregularity. When present at higher
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quantities their earlier deposition acts as a sand-trap for the coarser particles and reduces
runout.

The increase in mobility due to bidispersity is the effect of fines at the base of the flow,
between coarse particles and the propagation surface, limiting frictional surfaces and
encouraging rolling. This study suggests that this process requires size segregation by
kinetic sieving. The occurrence of this process in small-scale experiments is scale-
dependent and does not occur at the scale of natural rock/debris avalanches. Therefore,
bidispersity is unlikely to enhance the mobility of rock/debris avalanches by providing a
more efficient shearing arrangement at their base.

This study highlights that dynamic scaling analysis must become a standard procedure in
designing and interpreting analogue granular avalanche experiments.
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