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Abstract The bidispersity observed in the particle‐size distribution of rock avalanches and volcanic debris
avalanches (rock/debris avalanches) has been proposed as a factor contributing to their long runout. This has
been supported by small‐scale analog experimental studies, which observe that a small proportion of fine
particles mixed with coarser particles 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 constrain the processes and conditions under which
bidispersity enhances the runout of granular avalanches in experiments. Structure‐from‐motion
photogrammetry is used to measure center of mass displacement and assess energy dissipation. Subsequently,
this study evaluates the dynamic scaling and flow regimes in the lab and field to assess whether the runout‐
enhancing mechanism is applicable to rock/debris avalanches. In small‐scale experiments, the granular mass
propagates under a collisional regime, enabling kinetic sieving and size segregation. Fine particles migrate to
the base where they reduce frictional areas between coarse particles and the substrate and encourage rolling. The
reduced energy dissipation increases the kinetic energy conversion and avalanche mobility. However, rock/
debris avalanches are unlikely to acquire a purely collisional regime; instead, they propagate under a frictional
regime. The size segregation which is essential for the process observed at the lab‐scale is prohibited by the
frictional regime, as evident by the sedimentology of rock/debris avalanche deposits. The proposal of
bidispersity as a runout‐enhancing mechanism overlooks that scale‐dependent behaviors of natural events are
often omitted in small‐scale experiments.

Plain Language Summary Large landslides such as 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 this phenomenon is
caused by fine particles percolating to the base of the flow. There, they reduce the surface of the coarse particles,
which are 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, 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 partially
disaggregates into a granular flow during propagation (Hungr et al., 2014; Scott et al., 2001). Volcanic debris
avalanches are the equivalent mass flow of the volcanic environment, mobilizing volcanic material after the
collapse of unstable volcanic flanks (Roverato et al., 2021; Ui, 1983). Both mass flow types (subsequently rock/
debris avalanches collectively) 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
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sliding mass (Rait & Bowman, 2016). This study is focused on the processes that have been observed and reported
in large rock avalanches of >105–106 m3 (Dufresne et al., 2021; Legros, 2002; McSaveney & Davies, 1999) and
debris avalanches of >0.1 km3 (Bernard et al., 2021). This distinction is made to clarify the focus of this study on
large scale events, with a matrix facies component and undisaggregated block facies component, and exclude
small landslide and rockfall type events. This size distinction is often made in the literature (e.g., McSaveney &
Davies, 1999), when examining mass flows with the lowest apparent friction coefficients, and therefore, longer
runouts (e.g., Johnson et al., 2016; Legros, 2002). To explain the long runout, a mechanism that accounts for the
apparent decrease in the effective friction coefficient is required. Despite numerous proposed theories, none are
consistent with field observations, leaving the issue controversial and unresolved, necessitating an evaluation of
theoretical models against field data (Banton et al., 2009; Cabrera & Estrada, 2021; Davies & McSaveney, 2012;
Perinotto et al., 2015; Pollet & Schneider, 2004).

Propagating rock/debris avalanches are believed to behave as dense granular flows where particle interactions are
the most important energy dissipation process, and fluid effects are negligible (Campbell, 1990; Davies &
McSaveney, 1999; Legros, 2002; Makris et al., 2020; Reubi & Hernandez, 2000; Schneider & Fisher, 1998;
Voight et al., 1983). The flow is controlled by particle interactions, internal and basal friction coefficients, and
interactions with boundaries and path geometry (Denlinger & Iverson, 2001; Iverson, 1997; Roche et al., 2021).
Particle interactions generate momentum transfer and dissipation as well as energy dissipated in other forms such
as friction and acoustic energy generation in a process referred to as the granular effect (Hu et al., 2020). The
magnitude of the kinetic energy exchange is measured as the granular temperature (Campbell, 1990; Iver-
son, 1997; Sanvitale & Bowman, 2016). The granular effect is a function of the particle shape, density, size,
hardness and roughness (Bartali et al., 2015; Polanía et al., 2023) and the flow processes controlling their in-
teractions. Therefore, particle‐size distribution properties can potentially affect propagation dynamics. The
interaction of particles with different sizes has been proposed as a potential factor for the long runouts of rock/
debris avalanches.

Rock/debris avalanche deposits are composed of angular/subangular clasts spanning a size range from fine
particles smaller than 1 μm up to tens of meters (e.g., Makris, Roverato, Dávila‐harris, et al., 2023; McSaveney &
Davies, 2002; Roche et al., 2006; Voight, 1978). Heterogeneity can arise from the source material or fragmen-
tation and comminution during propagation (Crosta et al., 2007; Davies & McSaveney, 2012; De Blasio &
Crosta, 2014; Dufresne & Dunning, 2017; Knapp & Krautblatter, 2020; McSaveney & Davies, 2002). Further-
more, rock/debris avalanche deposits are characterized by bidisperse to polydisperse particle‐size distributions
(e.g., Bernard et al., 2017; Glicken, 1996; Pollet & Schneider, 2004; Scott et al., 1995; Vallance, 2000; Vallance
& Iverson, 2015). Recent studies have supported that a bidisperse particle‐size distribution is capable of providing
a more energy‐efficient shear accommodation arrangement and reducing frictional losses at the base 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 observed in the field. Nonetheless, other studies including the recent triaxial shear test experiments of
Polanía et al. (2023 and references therein) suggest that bidispersity or particle‐size distribution (Ahmed
et al., 2023) do not affect the shear strength or internal friction of granular mixtures. Therefore, the potential effect
of bidispersity and the conditions under which this property can affect the dynamics of granular flows remain
unclear. This study constrains the processes that have led to the observation of enhanced runouts and evaluates
them as potential factors contributing to the long runouts of rock/debris avalanches.

Column collapse and granular avalanche experiments (e.g., Degaetano et al., 2013; Goujon et al., 2007; Hu
et al., 2020; Li et al., 2021; Moro et al., 2010; Phillips et al., 2006; Yang et al., 2015) as well as numerical models
(e.g., Cabrera & Estrada, 2021; Hu et al., 2021; Linares‐Guerrero et al., 2007), have been employed to study the
behavior of granular mixtures composed of more than one particle size. Analog 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
behavior of granular avalanches (i.e., not column collapse) composed of combinations of two size species of
particles (binary and bidisperse). Such studies have observed that the addition of a small proportion of finer
particles to a granular mixture generates enhanced runouts (e.g., Duan et al., 2022; Moro et al., 2010; Roche
et al., 2006; Yang et al., 2015). 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 given to the applicability of the
relevant granular effects on large‐scale geophysical flows, which has not been directly addressed so far.
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Therefore, the objectives of this study are as follows: (a). Identify the mechanisms responsible for the long runouts
observed in the analog bidisperse experiments, (b). Evaluate whether these factors are likely to be factors for the
long runouts of large rock/debris avalanches, and (c). Examine the scaling requirements for the planning and
interpreting analog granular flow experiments that can explore the dynamics of rock/debris avalanches.

This work evaluates the impact of bidisperse particle‐size distributions on the propagation and energy dissipation
in small‐scale granular avalanche experiments using different binary particle size mixtures. It also examines the
combined effects of volume, inclination, and particle size ratio to better understand the influence of bimodality on
the granular effect. This study analyses the center of mass and frontal velocity to understand the mechanisms
driving granular avalanche runout. By examining these dynamics, 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 analog 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 particle‐
size distributions (e.g., Goujon et al., 2007; Phillips et al., 2006; Reubi et al., 2005; Roche et al., 2006; 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 particles results in increased velocity and runout of the center of mass and
the front of avalanches (e.g., Degaetano et al., 2013; Phillips et al., 2006; Roche et al., 2006; Yang et al., 2015).
The proportion of fine particles to the total mass is denoted as ψ. Analog experiments suggest that maximum
frontal runout is achieved at a critical ψ value (ψCRf) (e.g., Bartali et al., 2020; Hu et al., 2020; Kokelaar
et al., 2014; Moro et al., 2010; Phillips et al., 2006). The ψCRf has been suggested under the bidisperse experi-
mental conditions of Phillips et al. (2006), Roche et al. (2006), and Hu et al. (2020) to be equal to 0.30. In the
experiments of Moro et al. (2010), ψCRf was equal to 0.25; for Degaetano et al. (2013) 0.50, and Duan et al. (2022)
0.05. The ψCRf was found to be variable according to the particle 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 Table S1 in Supporting Information S2.

Investigation of the mechanisms facilitating the increased runout effect in these experiments has led to a number
of observations, resulting in a theoretical conceptual model based on their interpretation. The study of Phillips
et al. (2006) reveals that in small‐scale avalanches, fine particles migrate rapidly to the base. Once at the base, fine
particles have been suggested to reduce the frictional areas between the coarse particles and the substrate by
occupying the area between them and acting as “ball‐bearings” supporting the coarser particles over the substrate
(Linares‐Guerrero et al., 2007; Oda & Kazama, 1998; 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). This process interpretation
is based on numerical modeling of binary size distribution granular avalanches where rotational motion is
enhanced at their base (Hu et al., 2021; Linares‐Guerrero et al., 2007). In this case, rolling would reduce 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., 2020, 2021; Phillips et al., 2006). In effect, a basal layer of fine
particles is suggested to reduce the friction coefficient between the granular body and the propagation surface (Lai
et al., 2017), inhibiting frictional energy losses.

However, this idealized behavior has to be linked to the scale and processes of natural events. One hypothesis,
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), suggests that in rock/debris avalanches, fine particles migrate and lubricate the base, in a
process equivalent to the described lab experiments. It is suggested that 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, shear stress and energy losses (Hu et al., 2021). However, recent studies show that the
shear strength and residual friction angles of sufficiently large granular systems are independent of particle‐size
distributions (e.g., Ahmed et al., 2023; Cabrera & Estrada, 2021; Polanía et al., 2023). Therefore, further eval-
uation is required to understand the mechanisms by which bidispersity could contribute to the enhanced mobility
observed in lab experiments and natural granular flows.
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3. Methodology
3.1. Experimental Setup and Measuring Systems

The experimental setup is comprised of a 1.5 m long inclined plane and a
2.0 m horizontal depositional surface (Figure 1a). The substrate of the flows is
relatively smooth but does not result in sliding of the material and plug flow
(Roche et al., 2021). The material is laterally confined during 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 and the
flow width is <1/20 ensure that boundary effects are negligible in the majority
of the experiments (Ahmadipur et al., 2019; Jiang & Zhao, 2015; Schilirò
et al., 2019; Valentino et al., 2008). The ratio is >1/20 (1/15.62) for the
coarsest gravel species, which might introduce boundary effects in portions of
the flow composed entirely of coarse gravel. Confined avalanches do not
exhibit the flow and depositional morphologies of unconfined. Nonetheless,
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 plane was varied between 35°, 40° and 45°, altering
the geometry of the slope‐break between the inclined and horizontal surfaces.

Prior to release, the material was held in a release box with a sluice gate
removable by sliding upwards. Rapid removal of the gate initiates the flow of
material on the inclined plane. After propagating down the incline, the ma-
terial interacted with the slope‐break and subsequently propagated on the
horizontal surface. The final deposit was formed when all material became
immobile. Propagation is defined as the flow of the material on the inclined
and horizontal planes. The final deceleration and deposition are 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
center of mass of the material in the release box could be calculated.

Manual measurements were taken for the frontal runout (Rf), the length of the deposit (L) and the maximum
height of the final deposit (Figure 1b). Rf is defined as the distance traveled 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 using the commercially available software Agisoft
Metashape to generate a 3D model. A digital elevation model (Figure S1 in Supporting Information S2) allowed
calculating the average deposit thickness, the location of the center of mass, the length of the deposit L, and Rf.

Two high‐definition cameras recorded the avalanches, one frontal and one lateral (as illustrated in Figure S2 of the
Supporting Information S2). The lateral camera view (25 fps, HDV 1,440 × 1,080) 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 1,920 × 1,088) footage from the frontal camera. The location of the front of the flow at each frame
was manually located, and the displacement between frame intervals was 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 subsequent figures for clarity of illustration. The repeatability
of the experiments was ensured by confirming with a minimum of three repetitions.

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 (R—see Figure 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) of the center of mass, as HCoM/RCoM

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 center of mass
(CoM). R: avalanche front runout from the release position; RCoM: center of
mass runout from the release position. Rf: avalanche front runout on the
horizontal plane; RhCoM: center of mass runout on the horizontal plane. The
energy line links the position of the center of mass before release and in the
final deposit (adapted from Manzella and Labiouse (2009)).
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(also referred to as the gradient of the energy line) (Legros, 2002). The displacement of the center of mass is a
better measure when considering energy dissipation as it excludes the effect of spreading of the mass on R
(Davies, 1982). Following studies such as Goujon et al. (2007), Yang et al. (2015), and Hu et al. (2020), the
proportion of material was assigned by weight (rather than volume). Therefore, also due to the differences in mass
configuration (i.e., pore spaces between the coarse particles are sometimes void and sometimes filled by the finer
particles), the volume of the material was not identical in all experiments, as illustrated in Figure 2. Normalized
runout (Rn) is used to illustrate and compare findings while accounting for the difference in volume by
normalizing with the cubic root of the volume. The Rn is represented by the equations Rn = Rf/h* and the
normalized propagation of the center of mass by RnCoM= RCoM/h*, where the Rf and the RCoM are normalized by
the cubic root of the volume of the material (h* = V1/3). Davies and McSaveney (1999) suggest that such
normalized quantities can be compared to real events. Total spreading (Sn) is measured as the normalized L of the
deposit, Sn = L/h* (Manzella & Labiouse, 2013). The normalized distance between Rf and the propagation of the
center of mass on the horizontal plane (RhCoM) is also used here (Sf = (Rf − RhCoM)/h*) as a measure of the
spreading at the front of the avalanche (Sf), which is not affected by material left behind or piled on the slope
during emplacement.

3.2. Scaling

Laboratory analog experiments have the potential to target and simulate mass flow processes. Nonetheless, they
are brief, idealized, lack the complexity of geophysical systems (e.g., Baker, 1996) and cannot simulate the
magnitude of their energy (Bowman et al., 2012; De Blasio & Crosta, 2014). Due to these limitations, careful
planning, scaling and interpretation are necessary for rock/debris avalanche processes to be reproduced by analog
experiments (Davies & McSaveney, 1999; Iverson & Denlinger, 2001; Iverson et al., 2004).

Scaling is critical in designing experiments and correlating the findings of small‐scale granular avalanches to
natural geophysical mass flows (Iverson, 2015; Iverson et al., 2004). Similarity between analog models and real
events is addressed by introducing geometric and dynamic dimensionless parameters to satisfy the dimensional
scaling of the components of the modeled system, the forces, and the continuum hypothesis (Iverson, 1997, 2015;
Manzella & Labiouse, 2013; Shea & vanWyk de Vries, 2008). Geometric parameters refer to the dimensions and
morphologies of the particles and the system. For the continuum hypothesis to be satisfied, enough particles
should be present in the system to make the examined variables statistically valid, while particles are small
enough to represent changes across them (Drake, 1991; Savage & Lun, 1988). Dynamic parameters refer to the
ratio between forces within the avalanche, which are later addressed. The presented experiments follow the
scaling considerations of the mentioned previous studies as outlined below. This was done to constrain the
processes that have led to the proposition of bidispersity as a runout‐enhancing factor. However, in the analysis of
the experiments, the granular flow conditions were evaluated in terms of the effectiveness of their scaling.

First, particle size is large enough to reduce the impact of electrostatic effects to negligible levels (Drake, 1991;
Iverson & Denlinger, 2001; Manzella & Labiouse, 2009). Additionally, it is assumed that there is a similarity to
large‐scale avalanches in terms of geometric shape, air and particle densities, and drag coefficient between
particles and air (Davies & McSaveney, 1999). Moreover, Drake (1991) suggests that the avalanche depth needs

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 (i.e. low ψ).
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to be at least 10 times larger than the mean particle diameter, which is also fulfilled. 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 particle sizes composed of subrounded gravels and
subangular corundum sand (Text S1 in Supporting Information S2). Angular‐subangular natural rock material is
used in an attempt to maintain a close approximation to the modeled phenomena (Cagnoli & Romano, 2010;
Davies &McSaveney, 1999; Li et al., 2021; Shea & vanWyk de Vries, 2008). Well‐graded materials were sieved
to produce size species with different particle sizes falling within a single sieve range. The coarse material in each
experiment was composed of gravel of either 9.500–16.000 mm or 16.000–22.400 mm. In turn, the fine
component is composed of sand of either 0.355–0.500 mm or 0.500–1.000 mm (Table 1). Different size species
were then combined to create binary granular mixtures. The properties of the material used are reported in Text S1
of the Supporting Information S2. The material in rock/debris avalanches usually spans a wider size range and
includes material of more sizes, rather than only the two species included in the binary mixtures included in these
experiments. Additionally, the shape difference and frictional properties between the sand and the gravel are not
representative of rock/debris avalanche material. However, particle shape is not the subject of the current study,
and the material used allows reproducing the processes that caused enhanced mobility attributed to bimodality in
previous studies. Size species with different roundness and frictional properties have been used by previous
studies examining bidispersity, such as Phillips et al. (2006), to enhance and examine the same processes. The
shape and friction angles of the material have a negligible effect on the processes considered in this study.

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 ψ of fine material was varied between ψ = 0 (all
coarse) and ψ = 1 (all fine). Prior to release, coarse and finer particles were placed in the release box so that the
fine particles completely filled the pore spaces between the coarse particles from the bottom up (Figure 2). After
placing a single particle thickness layer of the coarse material at a time, the pore spaces were filled with fines
before repeating the process on the successive layer. In cases where low quantities of fine material were used, void
pore spaces remained at the top of the material (Figure 2). Conversely, when the volume of the fines was greater
than the pore space, excess fines were positioned above the coarse material.

For each ratio of fine material, other experimental parameters were changed to additionally investigate the po-
tential effect of bidispersity under different conditions, and allow a better understanding of the effects of
bidispersity. These parameters were volume, inclination and particle size. The experiments are divided into five
series according to the parameters under examination as illustrated in Table 1. Each experiment was repeated a
minimum of three times to generate data to be averaged and ensure repeatability.

4. Results
4.1. Morphology

Under all the conditions of bidisperse granular avalanches, the following common morphological features are
observed. At low ψ values (ψ < 0.5–0.15 depending on experimental conditions) the addition of fines causes the
final deposits to become longer initially (normalized length = L/h*) and lower in height (normalized average
height = average height/h*) compared to avalanches composed solely of coarse particles (e.g., Figure 3). They

Table 1
The Five Experimental Series Examining Different Parameters

Experiment series Gravel 9.5–16.0 mm Gravel 16.0–22.4 mm Sand 0.355–0.500 mm Sand 0.500–1.000 mm Mass (kg) Inclination (o)

A x – – x 20 40

B x – – x 30 40

C x – – x 20 35

D x – – x 20 45

E – x x – 20 40
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also achieved greater runouts (Figure 3: 0.00–0.15). At a critical value of
ψCRf, maximum Rf is achieved (Figure 3: 0.15). However, further increase of
ψ progressively results in a decreased Rf (Figure 3 > 0.15). With progres-
sively higher ψ (ψ > ∼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 ψ values, coarse particles travel with the fine particles
forming a continuous cover over the deposit surface (Figure 3: 0.00–0.30). At
higher ψ they are emplaced at the rear of the deposit near the slope‐break
(Figure 3: 0.50–0.70). An exception arises when coarse particles that sepa-
rate from the avalanche early and travel independently are deposited in front
of it.

4.2. Frontal Velocities

For the purposes of the analysis of propagation dynamics and energy dissi-
pation, avalanche propagation has been divided into three phases these phases
considered separately. The Vf is divided into three parts. These phases are
exhibited, with variation according to the experimental conditions, in all the
experiments (Figure 4):

PHASE 1—ACCELERATION ON THE INCLINED SLOPE: This is the stage
of acceleration following the release of the material. This phase ends when the
front of the avalanche interacts with the slope‐break to begin its transition to
the horizontal plane.

PHASE 2—INTERACTION WITH THE SLOPE‐BREAK: This phase begins
when the front first interacts with the geometric irregularity of the slope‐break
and suffers a deceleration. This is followed by a rapid acceleration as the
material behind the front (greater in mass) transfers momentum to the front.
This can be observed in the video frames of the avalanches illustrated in
Figure 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 the material inter-
acting with the slope‐break. The peak velocity VMAX in phase 2 is not reached
again by the flow.

Phase 2 deceleration is calculated here as the rate of velocity change between
the interaction of the front with the slope‐break (V0) and the recording of the
minimum velocity of phase 2 (VMIN), as in the equation:

Phase 2 percentage deceleration =
V0 − VMIN

VMIN
(1)

where V0 is the frontal velocity at the slope‐break, and VMIN is the lowest frontal velocity of phase 2 (Figure 4).
Phase 2 acceleration is calculated as the rate of velocity change between the lowest velocity of phase 2 and the
velocity of the front at the end of phase 2 (VMAX):

Phase 2 percentage acceleration =
VMAX − VMIN

VMIN
(2)

where VMAX is the velocity the front accelerates to at the end of phase 2 (Figure 4).

PHASE 3—DECELERATION AND EMPLACEMENT: After the interaction with the slope‐break stops disturbing
the front of the flow, a deceleration phase eventually leads to emplacement. This phase is characterized by pulses
of deceleration of the frontal material and subsequent acceleration (Figure 4). The Vf is lower for each subsequent
pulse. Phase 3 ends when the material comes to a halt after losing momentum and energy and each particle settles

Figure 3. TOP: Orthophotos of the deposits of experimental avalanches in
series A illustrating their runout and morphology. The flow direction is
downward (The dice visible in the orthophotos are used as spatial reference,
and as objects of known dimensions for the calibration of 3D models).
BOTTOM: Normalized length (=length/volume1/3) and height (=average
height/volume1/3) of the experimental avalanches of series A.
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in its position in the final deposit. Phase 3 deceleration is calculated here as
the average rate of velocity change between the initiation of phase 3 and the
final deposition (Figure 4):

Phase 3 average deceleration =
VMAX

time duration of phase 3
(3)

4.3. Fine Particle Content (ψ)

Experiment series A (Table 1) has the primary aim of examining the impact of
ψ on the runout and the mobility of the center of mass. It is also the reference
case for the rest of the experiments. Figure 6a illustrates that changes in ψ
result in variation of both the Rn and RnCoM propagation metrics. The initial
addition of fines for ψ = 0.10 leads to an increase in Rn and RnCoM. The
maximum Rn exhibited at ψCRf = 0.15 represents an increase of 87% from the
all‐coarse avalanche. In the case of the center of mass, at ψCRcom = 0.10 the
equivalent increase is ∼100%. Therefore, there is a difference in ψ value for
the maximum Rn in comparison to the maximum RnCoM. Further increases in

ψ, past ψCRf and ψCRcom, result in reduced Rn and RnCoM (Figure 6a). The greatest Rn and RnCoM variability is
observed at ψ between 0.10 and 0.35. However, Rn and RnCoM remain above the all‐coarse avalanche up to
ψ= 0.80. The sensitivity of Rn and RnCoM to ψ decreases after all the pore spaces between the coarse particles are
filled by fines at ψ = 0.35 (Figure 6a). These observations are confirmed by Figure 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 center of mass. Figure 6c illustrates that spreading Sn and Sf are greatest
at ψ= 0.15. Once the pore spaces are filled with fine particles (ψ > 0.35), ψ variation has less impact on spreading
(Figure 6c). Particularly, the Sf remains almost constant after pore spaces are filled.

Vf observations suggest that ψ affects phase 2 (interaction with the slope‐break) and phase 3 (deceleration and
emplacement). There is no systematic impact on phase 1 (acceleration on inclined slope, Figure 6d). In phase 2,
the deceleration after the slope‐break is consistently increased with increasing ψ (Figure 6e). Phase 2 acceleration
increases with ψ between 0.10 and 0.35. In this range, increases in ψ result in lower acceleration (Figure 6e). The
average deceleration of the material in phase 3 (Figure 6f) is not systematically reduced at low ψ between 0.10 and
0.35 (pore spaces not fully filled). At higher ψ, the average deceleration increases throughout the range of ψ
values.

4.4. Volume

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 center of mass

Figure 4. The frontal velocity of the avalanche with a fine particle content of
ψ = 0.15 of experimental series B with the velocity phases annotated. V0:
frontal velocity at the slope‐break; VMIN: lowest frontal velocity of phase 2;
VMAX: velocity the front accelerates to at the end of phase 2. Velocity
uncertainty related to the measuring system: ±0.25 ms− 1.

Figure 5. Frames from the interaction of the front of the avalanche (ψ = 0.15, series B) with the slope‐break. The frames
illustrate the phases of granular avalanche propagation.
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displacement) at low ψ and progressively diminishing (Figure 7a). However, Figure 7a illustrates that with higher
volume, Rn values are greater. Nonetheless, RnCoM is not increased. This trend is confirmed by Figure 7b,
illustrating H/R and HCoM/RCoM. Figure 7c suggests that spreading is greater for the higher volume avalanches.

Volume does not systematically affect Vf in phase 1 in comparison to series A. In phase 2, 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 (Figure 8).

In phase 3, pulses of acceleration and deceleration show a higher Vf amplitude in the higher volume avalanches.
The VMAX achieved in these pulses is greater at greater volumes. They are then decelerated and accelerated again
to high velocities throughout phase 3 compared to the less voluminous series A (Figure 8).

Figure 6. (a–c) Results from experimental series A. (a) Frontal runout (Rn) and propagation of the center of mass (RnCoM) at different proportions of fines (ψ). (b) H/R
and HCoM/RCoM at different ψ. (c) Total spreading (Sn) and frontal spreading (Sf) at different ψ. (d–f) Velocity results from experimental series A. (d) Velocity
normalized by the maximum velocity achieved for 4 avalanches (Velocity uncertainty related to the measuring system: ±0.25 ms− 1). Dashed horizontal line represents
the location of the slope‐break. The velocities of the rest of the experiments of series A are illustrated in Figure S3 of the Supporting Information S2. (e) Velocity change
during the acceleration and deceleration of phase 2. (f) Phase 3 average deceleration.
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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. By changing the inclined slope angle, the H—horizontal runout distance on the slope and
the height of the center 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 Rn and RCoM) instead of the runout. Figure 7d presents findings that
suggest that between 35° and 45°, increased slope inclination generates less mobile avalanches, both in terms of
their center of mass as well as frontal runout. Although the maximum mobility of the center of mass is achieved
for all inclinations at ψCRcom = 0.10, in the case of the maximum R a deviation is observed. The maximum is at
ψCRf= 0.15 for 40° and 45°, whereas it is at ψCRf= 0.10 for 35°. Spreading also differs, as illustrated in Figure 7e.
The effect of bidispersity on the degree of spreading is more intense at low ψ, before all pore spaces are filled.
Spreading is lowest for the 35° experiments, and increases progressively at higher inclinations.

Figure 7. (a–c) Results from experimental series B. (a) Frontal runout (Rn) and propagation of the center of mass (Rn) at different proportions of fines (ψ). (b) H/R and
HCoM/RCoM at different ψ. (c) Total spreading (Sn) and frontal spreading (Sf) at different ψ. (d and e) Results from experimental series C and D. (d) H/R and HCoM/RCoM
at different ψ. (e) Total spreading (Sn) and frontal spreading (Sf) at different ψ.
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4.6. Size‐Ratio Between Particle Species (Δ)

In experimental series E (Table 1), the granular mixtures were composed of finer fine particles and coarser coarse
particles, thus increasing the size ratio (Δ) between the species (Δ= coarse particles mean diameter/fine particles
mean diameter). Previous experimental series had a size ratio Δ=∼17, whereas series E had a size ratio Δ=∼45.
Figure 9a illustrates that increased Δ results in greater Rn and RnCoM at low ψ. Figure 9b, which also considers the
difference in the center of mass prior to release due to the difference in their sizes, confirms that at low ψ = 0.05

Figure 8. Frontal velocity comparison between the avalanches of series A (20 kg) and B (30 kg). Uncertainty related to the
measuring system: ±0.25 ms− 1.

Figure 9. Results from experimental series E. (a) Frontal runout (Rn) and propagation of the center of mass (Rn) at different proportions of fines (ψ). (b) H/R and HCoM/
RCoM at different ψ. (c) Total spreading (Sn) and frontal spreading (Sf) at different ψ.
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and ψ = 0.10 the granular mixture with greater Δ is more mobile in terms of Rn and RnCoM. At ψ values greater
than ψ > 0.10, series E avalanches with greater Δ are less mobile. The peak in Rn and RnCoM for experiment series
E comes at ψCRf = ψCRcom = 0.05, compared to ψCRcom = 0.10 and ψCRf = 0.15 for series A. In series E,
spreading is greater for all ψ values when only the front of the deposit is considered (Sf) (Figure 9c). When the
entire 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.

A more detailed discussion of the observation of the granular avalanches with different volumes, slope in-
clinations and Δ is expanded in Text S2 of the Supporting Information S2. The document includes an analysis of
the granular processes under the stated conditions and a comparison with experimental series A.

5. Discussion
5.1. Bidispersity and Mobility in Small‐Scale Granular Avalanches

The findings are in agreement with previous studies reporting increased runout in granular avalanches composed
of bidisperse mixtures compared with monodisperse (e.g., Bartali et al., 2020; Degaetano et al., 2013; Moro
et al., 2010; Phillips et al., 2006; Roche et al., 2006; Yang et al., 2015). Maximum runouts are recorded at different
proportions of ψ in different experiments as a function of parameters such as Δ and slope inclination. In
agreement with previous studies (e.g., Phillips et al., 2006), it is observed that at low ψ fine particles position
themselves at the bottom of the avalanche through kinetic sieving. 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.
At high values of ψ, observations and footage support that coarse particles are unable to travel independently as
they are trapped in the mass of fine particles, generating a sand‐trap absorbing their kinetic energy (Figure 3)
(Bartali et al., 2020; Phillips et al., 2006). Thus, coarse particles are deposited on top of the fine particles close to
the slope‐break (Figure 3a).

The observed increased runout at low ψ values, and subsequent increase at increased ψ, combined with the
observed segregation and behavior of the size species are in agreement with the reduction of basal friction hy-
pothesis proposed by previous studies. Based on the interpretation of analog and numerical experiments, these
studies suggest that fine particles located at the base reduce frictional contact areas between the coarse particles
and the substrate, acting as ball‐bearers (e.g., Linares‐Guerrero et al., 2007; Oda & Kazama, 1998; Roche
et al., 2006), and encourage rolling as opposed to frictional sliding (Phillips et al., 2006). This process reduces the
effective friction coefficient at the base of the flow and inhibits frictional energy losses (Hu et al., 2020, 2021;
Phillips et al., 2006). These processes would result in the increased Rn and RnCoM observed in this study. In series
A, this process is most efficient at ψ= 0.10 where maximum RnCoM occurs (Figure 6a). At lower ψ values (<0.10
in series A), 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 (Figure 10a) (Moro et al., 2010). The numerical
modeling of Linares‐Guerrero et al. (2007) suggests that the most efficient arrangement is one with a single
particle size thickness layer continuous sheet of fines at the base of an avalanche. In such a case, the basal contacts

Figure 10. Types of contacts between the fine (yellow) and the coarse (gray) particles at different mixture proportions
between them.
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are lubricated, but no particles are present within the avalanche body, as illustrated in Figure 10b (Moro
et al., 2010). This is confirmed by the observation of a layer of fine particles in the more mobile experiments of the
current study (Figure 3: ψ = 0.15).

As ψ 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 (Figures 2 and 10c). This progressively inhibits Rn and RnCoM further with subsequent ψ increases as
illustrated by Figure 6a, supporting the trend reported in other studies (Bartali et al., 2020; Hu et al., 2020, 2021;
Moro et al., 2010; Phillips et al., 2006; Yang et al., 2011). The findings support that 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 > ψ < 0.80 for series A), bidispersity enables mobilities greater than the monodisperse avalanches with all‐
coarse or all‐fine particles (Figure 6a). The ψCRf has been suggested by various experimental studies to be be-
tween 0.05 and 0.50 (e.g., 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 ψCRf = 0.15 in the majority of cases; however, it changes to
ψCRf = 0.10 for the 35° slope inclination (exp. series C) and ψCRf = 0.05 for the experiments with greater Δ (exp.
series E). Therefore, ψCRf is a function of the geometry of the flow path and Δ, according to the parameters
examined here.

The ψ affects the propagation of the center 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 (Figures 6, 7, and 9) and
ψCRf does not always coincide with ψCRcom. Greater runout does not necessarily imply greater propagation of the
center of mass. Investigating RCoM reflects energy dissipation 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 center of mass, and therefore kinetic energy
dissipation (Davies, 1982; Dufresne et al., 2021; Legros, 2002). Furthermore, in agreement with the monodisperse
granular experiments of Manzella and Labiouse (2009), in series B with increased volume, the increased Rf does
is not matched by the RCoM. Examination of the avalanche spreading at different volumes in Figure 7c suggests
that the greater Rn at higher volumes results from greater spreading generating longer deposits even though the
RCoM is similar, as also reported by Li et al. (2021) and Yang et al. (2011). Thus, as initially suggested by
Hsü (1975), the interpretation of the H/R (or Fahrböschung) as the friction angle is inappropriate when
considering energetics, and should instead be measured as the inclination of the line connecting the center of
gravity of the material pre‐release and post‐deposition (HCoM/RCoM or energy line gradient) (Figure 1b).

Vf observations suggest that ψ affects the interaction of the avalanche with the slope‐break (phase 2) and the
subsequent propagation on the horizontal plane (phase 3), as also supported by the experimental study of Fan
et al. (2016). Small ψ values drastically lower phase 2 deceleration and the average deceleration rate of phase 3
compared to monodisperse endmembers (Figures 6e and 6f). Velocity measurements and video observations
support the idea that the interaction of the avalanche with the slope‐break causes loss of momentum (also
observed by Crosta et al. (2017)) and disorganization in the particle position in the mass (Figure 5) (also observed
by Manzella and Labiouse (2009)). 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).
The slope‐break causes an increase in shear and loss of momentum (Crosta et al., 2017) with energy lost outside
the avalanche system. Increased slope angles generate a greater path irregularity, collisions and energy dissipation
as illustrated by the results of experimental series C and D (and further expanded in Text S2 of the Supporting
Information S2). Fan et al. (2016) observed more pronounced decelerations in phase 2 at lower particle 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 & Labiouse, 2013). Furthermore, momentum transfer from the rear was not efficient
at high ψ values as the accumulated fines acted as a sand‐trap (Bartali et al., 2020; Fan et al., 2016). However, at
greater ψ values (ψ > 0.25) the RnCoM is lower in the experiments with higher Δ. 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 particles and the slope‐break (Fan et al., 2016). Fine particles in sufficient quantities
(ψ > 0.25) can absorb the momentum of coarser particles, making the kinetic energy transfer in phase 2 less
efficient. Nonetheless, the lower deceleration rate observed in experimental series A phase 3 at ψ < 0.7
(Figure 6f), after the slope‐break plays a role, supports that the addition of fine particles imposes a more efficient
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flow arrangement. Pulses of acceleration and deceleration of the front observed in phase 3 (e.g., Figures 4, 6d, and
8) have also been described by Van Gassen and Cruden (1989) and Bartali et al. (2015). Van Gassen and Cru-
den (1989) suggest that as the leading material decelerates due to friction, the approaching material from further
back has not yet experienced equal retardation. The leading material deceleration leads to an interaction of
momentum transfer through impact (Hu et al., 2021; Van Gassen & Cruden, 1989). The leading particles are
propelled forward while the following material is decelerated to lower velocities. It can be observed by careful
examination of the experiment videos in the current study and has also been reported in the experiments of
Manzella and Labiouse (2009—monodisperse) and Yang et al. (2011—bidisperse/polydisperse). The cyclic
recurrence of this process is evident through Vf oscillation pulses (Figure 8). The collisions are strongly inelastic,
consuming kinetic energy (Hergarten, 2024), and therefore each subsequent pulse achieves lower velocities as the
energy in the system is depleted. 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. However, a collisional regime is required for this process. The transfer of momentum
from the rear to the front causes the mass to spread and the front of the flow to travel farther. The findings suggest
that the reduced frictional energy dissipation that fine particles enable at the base makes more energy available as
kinetic and reduces the deceleration of the material in phase 3, generating longer runouts.

5.2. Scaling, Granular Flow Regimes and Kinetic Sieving—Implications for Rock/Debris Avalanches

Rock/debris avalanches 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 & Labiouse, 2013), in the granular avalanches presented in this study Rn values >6.5 have been
achieved with bidisperse mixtures, compared to Rn = 3.2–3.3 that is the maximum achieved by most mono-
disperse end‐member avalanches. These values are in line with values exhibited by some natural rock/debris
avalanches such as the Elm (Switzerland) (Rn = 5.1) and Frank (Canada) (Rn = 5.6) rock avalanches (Hsü, 1978;
Manzella & Labiouse, 2013). However, the appropriateness of such comparisons is discussed in the final section
of the discussion.

5.2.1. Scaling of Experiments

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 pro-
cesses due to the low energies in the system (Bowman et al., 2012; De Blasio & Crosta, 2014) or the seismicity of
the events (Davies & McSaveney, 1999). Even so, if fluid effects are negligible, major features of rock/debris
avalanches can still be reproduced by analog 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 & McSaveney, 1999; Dufresne, 2012; Iverson & Denlinger, 2001; Iverson et al., 2004; Yang
et al., 2011). However, skepticism regarding the effectiveness of small‐scale experiments centers around their
being too brief, idealized and restricted by initial conditions and artificial boundaries to represent the vast
complexities of natural geophysical processes (e.g., Baker, 1996). Iverson (2015) caution that the geomorpho-
logical relevance of small‐scale granular flow experiments carried out in the past decades (e.g., Iverson
et al., 2004; Mangeney et al., 2010; Pudasaini & Hutter, 2007) should be critically evaluated, in terms of scaling
and interpretation in comparison to natural processes, before being extended to direct comparison with natural
phenomena. The same caution has to be dedicated to the scaling of bidisperse granular flows.

Assessment of experimental scaling is essential in designing and interpreting the findings of granular avalanche
experiments regarding their geomorphological and mechanical relevance to the dynamics of rock/debris ava-
lanches (Iverson, 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.
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 introduced (Heller, 2011) and have to be mitigated. The potential scale‐dependence of the
simulated conditions must be assessed and is thus discussed in the subsequent sections. At the scale of these
experiments, rolling motion at the base of the avalanche generates agitation and collisions between particles,
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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 behavior of propagating granular ava-
lanches. 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 behavior implies a coherent state,
lacking agitation and significant 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 (Drake, 1991;
Legros, 2002; Manzella & Labiouse, 2013). Different regimes and resultant granular behavior (i.e., particle
interaction frequency, duration, etc.) alter the energy dissipated by avalanches and their mobility (Cagnoli &
Piersanti, 2015).

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:

NSa ≈
u2δ2

gT3 (4)

where u is the maximum speed (ms− 1), δ is the typical particle diameter (m), g is the gravitational acceleration
(ms− 2) and T is the avalanche thickness (Iverson, 1997; Iverson et al., 2004). The typical particle diameter is
characterized as the volume averaged mean diameter D43 (Breard et al., 2020; Gu et al., 2016), calculated as

D43 = nqdq (5)

where nq is the mass fraction of a particle class q with diameter dq. The volume‐averaged mean diameter has been
found to be a suitable characterization for flows of binary mixtures (Rognon et al., 2007; Tripathi &
Khakhar, 2011).

NSa is a non‐dimensional characterization of the flow regime, differentiating between the frictional (NSa < 0.1)
and collisional regime (NSa > 0.1) 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; Iverson, 2015; Iverson & Val-
lance, 2001; Iverson et al., 2004; Savage, 1984; Savage & Hutter, 1989). Greater NSa values imply significant
collisional stresses, while when low, the regime is frictional and friction‐dominated (Iverson & Vallance, 2001;
Savage & Hutter, 1989).

Two important factors for the NSa are the typical particle diameter δ and avalanche thickness T (Equation 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 particle 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 ψ (Table 2) have variable δ 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 NSa is above 0.1 (Figure 11a), confirming that the material
propagated under a collisional regime which is not representative of rock/debris avalanches with NSa values
typically much lower than 0.1 (data collected and presented in Appendix Table 2 of Li et al. (2021)). Only ex-
periments with ψ > 0.80 result in NSa values in the frictional regime (Figure 11a).

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

system − to − particle volume ratio =
V

4
̅̅̅
2

√
( δ2)

3 (6)
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The system‐to‐particle volume ratio of the presented experiments is similar to the experiments previously
mentioned (Table S1 in Supporting Information S2). Li et al. (2021) proposed a negative correlation between the
system‐to‐particle volume ratio and the NSa, which is also supported by series A of the experiments of this study
(Figure 11b), supported by a high R2 value of 0.89. Li et al. (2021) find that increasing the volume and decreasing
δ have the same effect since they both affect the system‐to‐particle volume ratio. The findings of Cabrera and
Estrada (2021) support that with sufficiently large system‐to‐particle‐volume ratios (expected in natural ava-
lanches), the mobility and shear strength of granular column collapses are independent of particle‐size distri-
bution variations. As granular systems become larger, particle size effects weaken (Cabrera & Estrada, 2021).
Consequently, small system behavior can be biased by small system‐to‐particle volume ratios and flow height,
resulting in high NSa values and energy exchange dominated by collisions. Such conditions are unrepresentative

Table 2
Experimental Series A—Savage Number, System‐To‐Particle Volume Ratio and Information Required for Their Calculation

ψ δ (m) Volume (m3) T (m) System‐to‐particle volume ratio 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

Note. ψ: mass proportion of fines; δ: characteristic particle size diameter; T: avalanche thickness.

Figure 11. Scaling evaluation of experimental series A. (a) NSa as a function of ψ. (b) NSa as a function of the system‐to‐grain volume ratio. (c) Rn as a function of NSa.
(d) RnCoM as a function of NSa.
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of natural processes (Cabrera & 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 & Romano, 2010, 2012). Li et al. (2021) observed that a reduction of δ or increase in
volume led to localization 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 ava-
lanches (e.g., Silbert et al., 2001; Walton, 1993). The NSa of the plug is zero, resulting in extremely low overall
NSa values in such avalanches (Li et al., 2021).

Small system‐to‐particle volume ratios can lead to behaviors unrepresentative of large‐scale events due to the
small number of particles involved in the experimental systems (particle size effect) rather than the particle‐size
composition and distribution (Cabrera & Estrada, 2019, 2021; Li et al., 2021). The increase in the Rn and RCoM

observed in avalanches from this study exhibits a correlation with the NSa (Figures 11c and 11d). The low co-
efficient of determination values of 0.61 and 0.69 respectively suggest that ∼30%–40% of the variance in Rn and
RCoM cannot be attributed to the NSa. However, the covariance suggests that factors impacting the NSa and the
collisional regime dynamics of the flow might be responsible for the variability in propagation, instead of ψ being
the exclusive factor.

High NSa values and the observation of collisional behavior are 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 collisional behavior without further
examining or commenting on the implications of this behavior for comparison with natural events. However, 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 et al. (2021)). A uniform collisional regime does not occur in large rock/
debris avalanches and thus shear stresses are dissimilar to small‐scale avalanches (Iverson et al., 2004). Therefore,
the current experiments, as well as a large part of lab‐scale granular avalanche experiments, generate a collisional
regime, resulting in dynamics and shear stresses which are scale‐dependent and should not be extended to
comparison with rock/debris avalanches.

Therefore, caution and a rigorous approach are crucial in their design and the interpretation of analog 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 in
the analysis of this work (Iverson, 2015). Dynamic scaling analysis must become a standard procedure in
designing and interpreting analog granular avalanche experiments to ensure the effectiveness of the experiments
in examining the desired processes and dynamics. To achieve geomorphological and mechanical relevance,
experiments on rock/debris avalanches require large enough scales (number of particles/avalanche thickness) to
permit frictional regime behavior (Iverson & Denlinger, 2001). Analog experiments aimed at the study of rock/
debris avalanches should ensure that the material involved generates a system‐to‐particle volume ratio which is
small enough to permit an NSa smaller than 0.1, and therefore a frictional regime. This will depend on the
properties of the material used such as the coefficient of restitution (e.g., Schilirò et al., 2019). If these properties
are not well constrained, the flow regime may need to be evaluated after the experiments, as has been done for the
current experiments, to ensure a frictional regime. A pilot study, examining the dynamics of granular systems
could benefit experiments where the conditions are not well constrained. However, it is vital that the force balance
is consistent with the processes targeted as well as the geometrical scaling.

5.2.2. Granular Avalanche Propagation Processes: Comparison at Different Scales and Implications for
Rock/Debris Avalanches

The bidispersity‐enhanced mobility hypothesis requires fine particles at the flow base, making segregation
essential for enhanced mobility. However, segregation is not generally observed in large rock/debris avalanche
deposits which achieve the longest runouts, and it is no longer believed that they are dominated by chaotic particle
collisions and high granular temperatures (e.g., Dufresne et al., 2016; Dunning, 2006; Makris, Roverato, Dávila‐
harris, et al., 2023; Makris, Roverato, Lomoschitz, et al., 2023; Makris et al., 2020; Paguican et al., 2021).
Although some studies do report grading at the deposit scale (e.g., Crosta et al., 2007; Hewitt, 1998), others
observe the lack of it (e.g., Makris, Roverato, Dávila‐harris, et al., 2023; McSaveney, 1978; Schilirò et al., 2019;
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Shreve, 1966). Grading has been more commonly observed in deposits which are orders of magnitude smaller
than the largest rock/debris avalanches (e.g., Marc et al., 2021: <10− 5–10− 3 km3). However, other work supports
that in larger events 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 & Dunning, 2017; Dunning, 2006; Dunning &
Armitage, 2011). In any case, not all long runout rock/debris avalanches exhibit widespread segregation and
grading and therefore a process that requires them cannot be the only factor for long runouts. 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 particles to percolate through to the
base due to gravity (Savage & Lun, 1988). Hu et al. (2021) propose that, similar 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 that rock/debris avalanches were envisaged as rapid granular flows with their dynamics
dominated by chaotic and energetic particle collisions (De Blasio, 2011) and a collisional regime. Accordingly,
some researchers have suggested that rock/debris avalanches are efficient at sorting particles by size (e.g., Savage
& Lun, 1988). This would lead to inverse grading observed across all deposits (Cruden & Hungr, 1986;
Dufresne, 2009; Hungr & Evans, 2004; Middleton, 1976), which is not commonly observed in large events. The
lack of grading in the majority of long runout rock/debris avalanches suggests that flow dynamics differ with the
analog avalanches. The hypothesis of a bidisperse basal low friction zone supporting of a plug above it is also
disputed by the observation of shear zones throughout the body of some rock/debris avalanche deposits at various
depths (e.g., Dufresne & Dunning, 2017; Dufresne et al., 2016; Hughes et al., 2020; Makris, Roverato, Dávila‐
harris, et al., 2023; Roverato et al., 2015; Wang et al., 2019) confirming that shear is not always exclusively
accommodated at their base. Therefore, the sedimentological evidence disputes the action of segregation placing
finer particles at the base and enabling them to enhance mobility.

Additionally, recent analog experiments by Polanía et al. (2023) support the previous numerical (e.g., Cabrera &
Estrada, 2021; Estrada, 2016; Zhu et al., 2020) and experimental (e.g., Li et al., 2015; Yang & Luo, 2018) studies
suggesting that in sufficiently large system‐to‐particle volume ratios the shear strength and residual friction angles
of non‐segregated granular mixtures is independent of their particle‐size distribution and size ratio Δ. Therefore,
in unsegregated large system‐to‐particle volume ratio systems bidispersity is unlikely to affect the apparent
friction coefficient. Schilirò et al. (2019) propose the existence of dimensional limits for kinetic sieving owing to
flow regime being scale dependent according to velocity and particle number/flow thickness. Agitation
throughout the material is essential for kinetic sieving to enable the inverse grading and runout enhancing process
with the fine particles at the base. At lab‐scale low system‐to‐particle volume ratios, a collisional regime is
attained; however, flows with an agitated basal layer and the areas above traveling as a plug (frictional regime)
develop at large system‐to‐particle volume ratios equivalent to large rock/debris avalanches. The lack of kinetic
sieving in a frictional regime prevents segregation. Based on the above line of evidence, size segregation may not
occur in most rock/debris avalanches to enable the processes observed in analog experiments; therefore, other
processes should be investigated to explain rock/debris avalanche long runouts.

6. Conclusions
Analog 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:

• 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 ψ values between ψ = 0.05 and
ψ= 0.15 (depending on experimental conditions) are most efficient at enhancing mobility. At higher ψ values,
up to ψ = 0.80, the mobility is still greater than ψ = 0.00.

• Runout is affected by both the displacement of the center of mass as well as the spreading of the mass.
• The effect of bidispersity is altered according to the slope inclination 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.

• The increase in mobility due to bidispersity requires fine particles to be segregated and located at the base.
However, size segregation is not observed in large rock/debris avalanches. An assessment of the dynamic
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scaling of the current lab‐scale experiments and previous studies suggests that size segregation, and therefore
the runout enhancing process, is scale‐dependent and does not occur at the scale of natural rock/debris av-
alanches. The collisional flow regime enabled in the lab is not representative of the frictional regime of rock/
debris avalanches. Therefore, bidispersity is unlikely to enhance the mobility of rock/debris avalanches by
providing a more efficient basal shearing arrangement.

• This study highlights the dynamic scaling analysis, which must become a standard procedure in designing and
interpreting analog granular avalanche experiments.

List of Abbreviations
R horizontal runout of the front of the avalanche from the front of the material pre‐release

RhCoM propagation of the center of mass on the horizontal plane

RCoM horizontal propagation distance of the center of mass

Rf frontal runout on the horizontal plane

Rn normalized frontal runout on the horizontal plane

RnCoM normalized propagation of the center of mass on the horizontal plane

ψ proportion of fines

ψCRf critical proportion of fines for maximum frontal runout

ψCRcom critical proportion of fines for maximum propagation of the center of mass

Vf frontal velocity

H maximum fall height

HCoM vertical difference between the location of the center of mass in the box and in the final deposit

V volume

h* = V1/3

Sn total spreading

Sf frontal spreading

L deposit length

Δ size ratio between coarse and fine particles

VMAX maximum velocity in phase 2

NSa Savage number

δ typical particle diameter (m)

g gravitational acceleration (ms− 2)

T avalanche thickness

Data Availability Statement
The processed data which support the described results, including video footage, digital element models of the
deposits and measurements of runout, propagation, deposit geometry and spreading, are available on Zenodo at
Makris et al. (2024). Photogrammetry was carried out using the commercially available software AgiSoft Pho-
toScan Professional (Agisoft Photoscan, 2019). The Savage number values for natural events mentioned and
discussed are from the catalog created by Li et al. (2021) and are presented in Appendix Table 2 of that
publication.
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