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Abstract Global climate change has been intensifying the scale and frequency of rock-ice avalanches and
similar catastrophic mass movements in high-mountain regions. The difference in the physical characteristics of
rock and ice particles leads to mixing and segregation during flow. Although, both particle segregation and the
presence of ice fundamentally alter flow behavior, the joint influence and feedback of these two aspects are
overlooked in state-of-the-art rock-ice avalanche models. Using discrete element simulations, we show that by
controlling the distribution of inter-particle frictional interactions within the mixture, segregation patterns
resulting from the size, density, concentration, and surface friction differences of rock and ice phases can induce
sharp velocity gradients along the flowing thickness. Flowing layers where low friction contacts with ice are
abundant tend to flow faster and can induce slow creeping motion in an otherwise static basal layer dominated
by more frictional rocks. Based on these observations, we find that the effective friction of rock-ice flows for
various mixture concentrations and size ratios can be obtained as a sum of the single-phase rheologies of rocks
and ice weighted according to their microscopic contact probabilities. This effective friction for rock-ice
mixtures allows us to extend a recent non-local granular fluidity framework that captures the complex
segregation-flow feedback mechanism in rock-ice flows. The findings provide a deeper micromechanical
understanding of how particle interactions influence rock-ice avalanche mobility, which ultimately improves
flow models needed for hazard assessment and mitigation.

Plain Language Summary Rock-ice avalanches are hazardous mass flows in alpine regions. Being
granular in nature, the difference in the size, concentration, density, and surface roughness of rock and ice
particles can drive them to segregate. However, the segregation of rocks and ice and its impacts on the bulk flow
dynamics are overlooked in current rock-ice avalanche models. Using granular flow simulations, we show that
size and density segregation, coupled with the surface friction difference between the rocks and ice, can induce
sharp transitions in the avalanche flow velocity by controlling the probabilities in which rocks and ice contact
with each other. This study highlights the importance of microscopic frictional interactions in modeling the flow
resistance of rock-ice mixtures, and the enhanced understanding presented here may further improve rock-ice
avalanche modeling necessary for hazard management.

1. Introduction

Rising mean annual temperatures (Huggel et al., 2010; Noetzli et al., 2006) and extreme weather conditions (K&éb
etal., 2021) related to global climate change have increased the frequency of large slope failures in high-mountain
regions (Deline et al., 2021; Huggel et al., 2010), exposing alpine communities and infrastructure to the risk of
rock-ice avalanches. The historically devastating rock-ice avalanches in Nevado Huascaran, Peru (1962 and
1970) (Evans, Bishop, et al., 2009), in Kolka-Karmadon, Russian Caucasus (2002) (Evans, Tutubalina,
et al., 2009), among others (Schneider, Huggel, et al., 2011; Sosio et al., 2012) have resulted in an accumulated
death toll of more than 7,000 people (Evans, Bishop, et al., 2009) and the destruction of infrastructure located
several kilometers away from the source. Recent massive rock-ice avalanches, including the 2.7 X 10’ m® event in
Chamoli, Uttarakhand, India (2021) that killed ~200 people and severely damaged two hydropower installations
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Figure 1. (a) Granular rocks and ice observed at the surface of Kolka glacier, Russian Caucasus prior to its collapse in 2002
(Haeberli et al., 2015), and in the (b) 2015 Langtang avalanche deposits (Gnyawali et al., 2020). (c) Gravel and ice particles
used in rock-ice flow experiments; scale is in centimeters (Zhu et al., 2024) (d) Schematic diagram showing rock-ice
avalanches as granular flows. (e) Snapshot of periodic flow of rock (brown) and ice (blue) particles and the coordinate plane.
The magnified section highlights the three types of particle interactions within the mixture—rock-rock, rock-ice, and ice-ice
—along with their contact friction coefficients.

(Shugar et al., 2021), have sparked increased interest in the research of rock-ice avalanche dynamics and in the
development of effective numerical models for hazard mitigation (Favreau et al., 2010; Mergili et al., 2020;
Moretti et al., 2012).

A rock-ice avalanche is distinguished from other mass flows due to the complex interactions between rock and ice
particles, a major source of internal heterogeneity (Feng et al., 2023) and often unexpected mobility of the flow
(Moretti et al., 2012). At least two mechanisms of the flow heterogeneity of rock-ice avalanches remain poorly
explored, namely, granular segregation and its feedback effects on the flow rheology (Feng et al., 2023). In real
rock-ice avalanches and in small-scale physical models, rock and ice phases can exist as particulate matter
(Figures la—1c) (Gnyawali et al., 2020; Haeberli et al., 2015), where granular phenomena such as particle
segregation are significant (Gray & Ancey, 2015). Differences in the size, density, and surface friction of ice and
rock drive them to segregate and form stratified layers along the flow thickness (Zhu et al., 2024). Shearing during
flow partially melts the ice, creating a layer of meltwater that reduces its surface friction (Turnbull, 2011), leading
to decreased bulk flow resistance and improved flowability (Schneider, Kaitna, et al., 2011). The continuous
shearing of the ice phase also provides a constant supply of meltwater, which fluidizes the avalanche (Pudasaini &
Krautblatter, 2014; Schneider, Kaitna, et al., 2011). It is reasonable to expect that flowing layers rich in less
frictional ice particles will flow faster compared to layers dominated by or mixed with rocks. For example, depth-
averaged models for rock-ice avalanches require smaller effective friction coefficients to reproduce their dy-
namics and runout than when simulating rock avalanches (Moretti et al., 2012), although it may be difficult to
discern if the reduced effective friction is due to rock-ice frictional properties or basal slipping over a glacier
(Moretti et al., 2012, 2015). Particle segregation impacts granular flow mobility (Barker et al., 2021) and in rock-
ice avalanches, the stratified flow layers may result in more complex flow behaviors that are not currently
considered in state-of-the-art numerical models (Pudasaini & Krautblatter, 2014; Sansone et al., 2021).

Here we reveal how the segregation of rock and ice particles along the vertical direction can result in highly
heterogeneous flow profiles in rock-ice avalanches. Due to the sparseness of real-world data of rock-ice
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avalanches (Deline et al., 2014; Schneider, Huggel, et al., 2011; Sosio, 2015), we use discrete element method
(DEM) simulations of spherical particles that are different in size, density, and surface friction to systematically
study the segregation and rheology of rock-ice mixtures in a gravity-driven granular flow configuration, a
common simplification of complex geophysical flows (Delannay et al., 2017). We find various inertial and
creeping flow regimes depending on the state of mixing and segregation, which, from a microscopic perspective,
are governed by the contact probabilities of the two particle species. The flow profiles in different flow regimes
can be modeled by extending a recently established non-local granular fluidity framework by incorporating in-
formation of microscopic frictional contact probabilities. Moreover, as we focus on the fundamental role of
particle interactions, we only consider situations where meltwater merely wets the surface of the ice particles
(Schneider, Kaitna, et al., 2011). Additional complexities such as fluidization from excess meltwater generation
(Mergili et al., 2020; Shugar et al., 2021) and flow over glaciers (Favreau et al., 2010; Moretti et al., 2012) will be
considered in future work.

2. Methodology
2.1. Discrete Element Method Modeling of Rock-Ice Avalanches

Rock-ice avalanches are simulated using DEM as a mixture of inelastic rock and ice particles flowing down a
rough incline at an angle 6 (Figure 1d). The Hertz contact model is used to simulate particle interactions. The
governing equations for the DEM are detailed in Appendix A. The 0.175 m long, 0.1 m wide, 0.15 m thick
computational domain is periodic along the streamwise (x-direction) and spanwise (y-direction) directions to
simulate a very long and wide flow (Figure le; see also Figures 3c—3f), consistent with the depth-averaged
assumption typically adopted in landslide or avalanche modeling. The base is roughened by installing a
randomly arranged layer of immobile particles.

Ice and rock particles have distinct material and contact properties. Rock particles are assigned a density of
2,500 kg/m>, Poisson's ratio of 0.3, and a restitution coefficient of 0.8 based on the properties of rocks observed in
natural rock-ice avalanches (Sosio et al., 2012) and experiments (Schneider, Huggel, et al., 2011; Schneider,
Kaitna, et al., 2011; Yang et al., 2019). To facilitate efficient simulations, a lower Young's Modulus of 50 MPa is
used (two orders of magnitude lower than that of real rocks), although this reduction has been shown to have
minimal effect on segregation (Jing et al., 2017) and on steady granular flows (Silbert et al., 2001). The ice
particles have a Poisson's ratio of 0.3 (Gold, 1977) and are assigned a density of 1,000 kg/m®, which is slightly
higher than that of real ice which is 917 kg/m?® although this difference does not influence the conclusions of this
work. Similar to the rocks, the Young's modulus of ice (Gammon et al., 1983; Gold, 1977) is scaled down by two
orders of magnitude, 10 MPa. The restitution coefficients of rock and ice are the same (Higa et al., 1996).

Since the material properties of ice change with its temperature (Higa et al., 1996), important simplifying as-
sumptions on its material and contact properties are adopted here based on the literature. (a) The flow internal
temperature is assumed to remain constantly low (<0°C) in which case material properties do not significantly
change. Thermal interactions are not included in the modeling. (b) Meltwater only reduces the interparticle
friction of ice. Cohesion due to meltwater is not modeled following experimental observations that ice mainly
improves the flow, indicating that meltwater lubrication dominates cohesive effects (Schneider, Kaitna,
et al., 2011; Sosio et al., 2012). (c) Real ice and rocks are angular or irregularly shaped (Schneider, Kaitna,
et al., 2011), however simulated particles are made spherical and unbreakable to highlight the impacts of size,
density, and surface friction differences on the segregation and mixture rheology. These conditions generally
apply to the ‘dry stage’ in the rotating drum experiments of Schneider, Kaitna, et al. (2011) and are the prevalent
conditions during the early stages of rock ice avalanches (Mergili et al., 2020). Ice in rock-ice avalanches do not
only exist as granules but can be wedged between the rock matrix binding them together (Pouragha et al., 2023).
Our simulations do not consider interstitial ice since they are not directly involved in the frictional-collisional
interactions during flow.

Since all particles are uniformly shaped, the friction that prevents contacting particles from sliding against each

other is only due to microscopic surface irregularities quantified by the interparticle friction coefficient. The

con con

coefficients of friction at rock-rock, ice-ice, and rock-ice contacts are denoted as py", 5", and pig"

oon, respectively.
Although more frictional interactions may exist in real rock-ice avalanches due to the wide range of particle types,

we focus only on three fundamental interactions due to the great distinction of the material properties of ice and
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rock. Based on previous DEM simulations of rock-type materials (Shen et al., 2020; T. Zhao & Liu, 2020), x5 is
set to be 0.6. We model the effect of surface meltwater wetting by using a very small contact friction for both ice-
ice and rock-ice contacts ui>" = pi>" = 0.01 (Jones et al., 1994; Ren et al., 2021; G. Wang & Calvetti, 2021).
Setting these friction coefficients equal is a simplification that allows easier evaluation of the role of frictional
interactions in rock-ice flows although general scenarios where they are dissimilar are also investigated here.

Basal particles are assigned similar contact properties to rocks.

Different mixtures are simulated by varying the diameter ratio of the rock over the ice patticles, R = d,/d; € [0.5,
2], and the volumetric ice concentration, C; € [0.2, 0.8]. The small particle diameter is held constant at a mean
value of 0.005 m and R is varied by increasing the large particle diameter. A slight polydispersity of 10% is
applied to both particle sizes to prevent geometric ordering. The number of simulated particles is sufficient to
ensure that the simulation results are roughly independent of it (see Figure S1 in Supporting Information S1).
Rock-ice avalanches are initiated from the collapse of glaciers or steep ice-laden mountain slopes (Haeberli
et al., 2015; Shugar et al., 2021) but may also occur at gentler inclinations (Ké&#b et al., 2021). Prior to collapse,
slabs of ice cover bed rock or moraines or are meshed in between the rock matrix. Since we are only interested in
the steady flow behavior, long after the initial collapse and the disintegration of the larger blocks of rock and ice,
we do not mimic real initiation scenarios and particles are initiated from rest by tilting the xy plane to a designated
0. To consistently study segregation dynamics in different mixture scenarios, all cases are initially well-mixed.
Steady, fully developed flows of pure ice particles (@ = 1) are obtained at 9° < 6 < 23°, while the more frictional
rock particles (Z’,- = 0) need a range of greater inclination angles (21° < 0 < 35°). Particles do not flow below the
minimum flow angles, while above the maximum flow angles particles are already accelerating. Rock-ice
mixtures are simulated over 12° < € < 23° involving slopes below the minimum 6 of rocks (21°) and below
the maximum € of ice (23°). Note that ice-laden mountain faces and glaciers can remain stable above the
simulated inclinations. The angles used here only reflect the range of steepness in which dense flows of spherical
particles with material properties similar to those of rock and ice are possible.

2.2. Comparing Simulations With Natural and Experimental Rock-Ice Avalanches

We compare the depth-averaged results of our simulations with previous experiments (Dong & Su, 2024;

Schneider, Kaitna, et al., 2011; C. Wang et al., 2022) and field data of 34 natural rock-ice avalanches derived from
—2.

the literature. Dynamic similarity is assessed using the Bagnold number Ng,, = (l‘if’%, which quantifies the

relative significance of inter-granular collisional stresses over viscous stresses, and the Savage number

=2,
Ngay = (/_}P‘;ﬁ which is the ratio of collisional over frictional stresses. ¢ is the solid volume fraction, p is the
~—PF

solid density, 1 and p are the pore fluid viscosity and density, and g is the gravity acceleration. Depending on
available data, the shear rate y for the field cases is calculated using either the maximum or mean flow velocities
and thicknesses H. The mean particle diameter d is rarely documented for the field cases, hence we use the small
particle diameter in the simulations (0.005 m) to calculate Ng,, and Ng,,. We discriminate the dry from saturated
(as indicated in the literature) experiments and field cases. Calculation details for experiments and field cases are
detailed in the Data Set S1.

Figure 2b shows that data points for our simulations and the dry experiments collapse along a single power-law
curve Npyg = aN/;av, where a and f are fitting coefficients, suggesting that they may be in a similar flow regime.
Field case data scale similarly with the simulations and experiments (similar # value), but are shifted upwards
despite using a small particle diameter. This is possibly related to the much greater flowing thicknesses (and
volumes) of the natural flows (Schneider, Kaitna, et al., 2011). Meanwhile, saturated rock-ice flows shift
downward with increased influence of viscous stresses on flow dynamics. Using a larger mean grain size for the
dry and saturated field cases shifts the best-fit curves upward (see Figure S2 in Supporting Information S1). The
dynamic similarity of the simulations with the experimental avalanches, and their closeness to those of the dry
field cases, suggests that to some extent our idealized modeling captures the dynamics of real rock-ice flows.
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Figure 2. (a) Global distribution of selected rock-ice avalanches and experiments. (b) Comparing the mobility of simulated, experimental, and natural rock-ice
avalanches through the Savage Ng,, and Bagnold Ng,, numbers.

3. Results
3.1. Segregation Patterns Induce Transitions in Flow Profiles

In our simulations, segregation inevitably occurs due to the difference in the particle size and density of rock and
ice particles. Figure 3a shows the vertical trajectory of the ice and rock particles' centers of mass, COM; and
COM,, respectively, in dimensionless time ¢/ \ﬁ{7§ For the example case R = 1, C; = 0.5,6 = 20° the ice (rock)
phase moves up (down), eventually reaching a steady level. The time at which the rising particle specie reaches
90% of its steady height is labeled 7.
fieg ~ 250. Real rock-ice avalanches have greater flow thicknesses and segregation may still be incomplete upon
termination. For example, using the mean 7, segregation in the 2005 Mt. Steller avalanche (Moretti et al., 2012;
Sosio et al., 2012), having mean flow thicknesses of 10—-15 m, would be completed in 252-309 s which is much
longer than its flowing time of 130 s. This is probably the reason why segregation in rock-ice avalanches is very
seldom observed in deposits, coupled with the fact that most of the ice melts during the course of the flow due to

The inset plot shows that segregation is typically completed after

continuous shear. Nevertheless, as will be shown below, studying idealized segregation scenarios allows us to
reveal a general dependence of the flow rheology on the rock and ice concentration.

The thickness of the segregated layers depends on the cooperation and competition of size and density segregation
mechanisms (Duan et al., 2021). Density segregation is a buoyancy-driven process where heavier particles “sink”
downward while lighter particles rise to the free surface. Size segregation, drives larger particles to the top
through persistent frictional interactions with neighboring particles, while smaller particles percolate downwards
under gravity through shear-generated voids (Gray, 2018). We quantify the degree of steady-state segregation as
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Figure 3. Segregation in rock-ice avalanches. (a) Trajectory of ice (blue) and rock (black) particles during segregation for a R = 1, C; = 0.5, = 20° mixture. Red line

indicates 7.

Inset plot shows the probability distribution of ¢,

seg for all simulations. (b) Degrees of segregation in the R — C; parameter space at § = 20°. Red dashed line

represents minimum R and C; necessary for segregation. (c—f) Snapshots of selected simulations after reaching steady state segregation, with the associated velocity profile
plotted in the axes. (g) The segregation of rock-ice mixtures compared to size and density bidisperse mixtures having only rough and smooth contacts for different R

and C; = 0.5, 0 = 22°.

ACOM/ACOMg;,, where ACOM = (COM; — COM,) and ACOMy, is the ACOM for a hypothetical perfect-
segregation scenario where all ice particles segregate to the top (Jing et al., 2017). By this definition, ACOM/
ACOMg;,, = 1 when all ice particles segregate upward, 0 when they are evenly mixed with the rocks, and —1 when
they segregate downward. Plotting ACOM/ACOMy,, in the R — C; space for @ = 20° in Figure 3d, reveals three
main segregation scenarios. The missing data point for R = 0.5, C; = 0.2 is because the mixture does not flow
under these simulation conditions. Snapshots of cases representing these scenarios are shown in Figures 3c—3f.

In the R > 1 scenario, size and density segregation compete and result in ACOM/ACOMg;,, < 1. The upward size-
driven segregation of large but heavy rock particles is counterbalanced by their tendency to sink (Duan
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etal., 2021; Jing et al., 2020). Segregation is sensitive to C; in this scenario and the red dashed curve in Figure 3b
marks the minimum segregation limit which separates negative (yellowish zones) and positive (blueish zones)
ACOM/ACOMg,,,. When there is a greater concentration of large rock particles (e.g., R = 2, C; = 0.2; Figure 3c),
ice particles constantly fall between interstices leading to negative ACOM/ACOMy;, values. Increasing C; allows
a layer of ice to form at the free-surface (e.g., R = 2, C; = 0.5; Figure 3d), as more voids become occupied. In the
second segregation scenario, R = 1, only density segregation drives the separation of the rock and ice (Figure 3e).
Finally, when R < 1, size and density-driven segregation mechanisms cooperate, resulting in the efficient sep-
aration of large, light ice and small, heavy rock particles (Figure 3f), that is, ACOM/ACOMg, =~ 1.

We investigate the influence of interparticle friction on segregation in Figure 3g, by comparing the ACOM/
ACOMg;, of rock-ice mixtures (red triangles) with size- and density-bidisperse mixtures with only smooth
(1™ = 0.01, blue circles) and rough (4" = 0.6, black squares) contacts across different R while C; = 0.5 and
6 =22°. In this comparison, ACOMy,, is the hypothetical scenario where all the light particles rise upward. When
R < 1, segregation is insensitive to the interparticle friction since both size and density segregation mechanisms
cooperate resulting in ACOM/ACOMg;,, ~ 1. When the segregation mechanisms compete (R > 1), interparticle
friction becomes relevant. Since the upward segregation of large particles depends on enduring frictional contacts
with their surroundings (Jing et al., 2017), their tendency to rise is weakened when all particles are smooth.
Density segregation, on the other hand, is less affected and drives the small light particles upward. This mech-
anism also holds true for the rock-ice mixtures since at these size ratios, large rocks are mostly in contact with the
less frictional ice particles (Figures 3e and 3f). In high x°" flow size segregation can compete with density
segregation, driving more of the large, dense particles upward. This shows that the difference in interparticle
friction changes the relative magnitude of size and density-driven segregation mechanisms, thereby shifting the
minimum segregation conditions (ACOM/ACOMy,,, = 0, dashed line).

The super-imposed velocity profiles in Figures 3c—3f demonstrate a potential dependence of the rock-ice flow
mobility on the segregation patterns. When rock and ice particles remain well-mixed (Figure 3e), a typical
Bagnold-like velocity profile is observed. When segregation is significant (Figures 3d-3f), the mixture is split
into an ice-rich region near the free-surface and a mixing region with lower ice concentration C;. This sharp
concentration gradient results in an abrupt change in the velocity profile, u(z), where the ice-rich region flows
faster than the lower mixing regions. Interestingly, since the flow is below the minimum @ for the simulated rock
particles (Pouliquen, 1999), rock-rich flow layers become nearly stationary (Figure 3f) and are driven only to slow
creeping motion by the more mobile ice-rich layer above.

3.2. Granular Rheology of Rock-Ice Mixtures Depends on the Contact Probabilities of Rock and Ice

Models for rock-ice flows need to incorporate the phase concentration dependence into an appropriate rheological
law. Granular rheology for bidisperse gravity-driven flows can be evaluated from the relationship of 4 = 7/P and
the inertial number / = ;73\/5713 (Jop et al., 2006), where 7 is shear stress and P is pressure. To account for
different species diameters and densities, we define the mixture diameter as d = C;d; + (1 — C;)d, and density as
p = Cip; + (1 — C))p, (Tripathi & Khakhar, 2011). Layer-wise rheological data are obtained along the flow depth
from each simulation (calculation methods in Appendix A). To illustrate the basic rheological characteristics of
ice and rock flows, we first plot u versus I curves for pure ice (blue crosses) and rock particles (black crosses) in
Figure 4a, both of which can be modeled using the well-known p™(/) law for dense granular flows (Jop
et al., 2006):

Kaitr) — Hiir)

1
L+ 1, i0/1

pity (D) = py i) +

The superscript in indicates “inertial flow,” y, ;,, and p, ;,, are the lower and upper limiting friction coefficients,
respectively, 1, ;. is a fitting constant. Subscripts i and r denote that the coefficients are for the pure ice and rock
flows, respectively. Values of these single-phase coefficients are summarized in Table 1. Figure 4a shows that
u"(I) is higher than (1), which is mainly due to the difference in the particle contact-scale friction parameter
(Man et al., 2023). Differences in material density and Young's modulus do not result in a great shift in the y,(1)
curves (Tripathi & Khakhar, 2011). Mixture flow data points fall on and in-between the two single-phase flow
curves, and span horizontally for each angle of inclination, that is, 4 = tan, as expected for steady, fully

ZHOU ET AL.

7 of 17

85UB217 SUoWIWOD aAIIa.D a|aedl|dde auy Aq peusenocb afe saoite YO ‘8sn JO SN Joj Areiq 1T auljuQ 481\ UO (SUONIPUCO-pUB-SWLIBYWOY A 1M Aleld 1 puljuo//sdiy) SUoiIpuoD pue s | Yl 8es *[SZ0z/90/ST] uo AriqiauljuQ A|IM 911D Siled d1sleAlun Ag TE8200407202/620T OT/10p/wiod A8 [im A reuq tjeuljuo'sgndnbe//:sdny wouy pepeojumoq ‘6 ‘20z ‘TT0669TZ



Aru | .
M\\I Journal of Geophysical Research: Earth Surface 10.1029/2024JF00783 1

ADVANCING EARTH
AND SPACE SCIENCES

a R
0.6 1
—
s 1.5
1
0.5 - 0.7
mmm (0.5
041 Rock -
3 Q
SOt s o)
. ﬁ@jm i
' St
<
<
0.2 1
=
Ice Q
0.1 T T T T T
107° 107 1073 1072 107! 10°
/

Figure 4. Granular rheology of rock-ice mixtures. (a) Data points for each flow layer projected in the u-I space. Solid lines are the best-fits for Equation 1 for pure ice
(blue) and rock (black) flows. (b) The change of the calculated (symbols) and theoretical (solid lines) p,,, p;, p,; with C,. Symbols and colors are similar to those in (a).

developed inclined flows due to momentum balance (Midi, 2004). The range of y values obtained from the
simulations are also in good agreement with those fitted on seismic data for rock-ice avalanches (¢ = 0.19)
(Moretti et al., 2012).

The rock-ice mixture flows obviously depend on the frictional interactions among particle species. Flow layers
dominated by smooth contacts between similar ice particles flow like pure ice with data falling along xi"(7). Since
ut = pu", flow layers rich in rock-ice contacts should also be close to ui.“(l). High-friction contacts between
rock particles increase p, and data for flow layers dominated by rock particles approach /Br“(l). From this un-
derstanding, we hypothesize that the rheology of rock-ice mixtures depend on the distribution of frictional in-
teractions within the granular flow. We propose that mixture rheology can be modeled as a sum of the single-
phase 4#"(I) curves weighted according to the probability that the frictional interactions characterizing the
single-phase flows occur within the mixture:

Hy = DPiihri + Pyt Pribby i

Table 1 _
Best-Fit Frictional Coefficients for the u™(I ) Rheology of Single-Phase /_12 = Pt ¥ Pretoy  Prifa,ri @
Flows With Different Contact Frictions for Both Gravity-Driven and Plane 1, = pily; + prloy + Prido,i
Shear Simulations
Flow-type 4" iy o I The contact probabilities of ice on ice p;;, rock on rock p,,, and rock on ice p,;
T - 0.01 0.144 0.44 0.147 are calculated as (Jiang et al., 2023; Man et al., 2022):
0.05% 0.21 0.548 0.289 2
0.1° 0.245 0.60 03 Pi= (1)
=(p) 3)
0.6 0.38 0.74 0.412 = (/)
Planar-shear flows 0.01 0.16 0.478 0.127 Pri =1=pi=py
0.05 0.21 0.548 0.289
0.1 0.261 0.672 0.412 where p; and p,. are the probabilities of finding rock and ice particles around a
0.6 038 074 0427 particle surface, respectively. Figure 4b shows that the relationship of the

#Used in Section 3.3.

calculated p;;, p,,, and p,; (the fraction of specific particle contacts over the
total number of contacts at a flow height) with C; varies with R but not with
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Figure 5. (a) The single-phase rheology of particles with z“°" = 0.01 (black), z“*" = 0.1 (red), and p“°" = 0.6 (blue). The inset
plot shows the schematic diagram of the simulated flow. (b) Planar shear flow simulations of mixtures where p" = 0.1,

ri

HEOM = 0.01, pe = 0.6 for different C;. Dashed lines are predictions made using equation (2-5), solid lines are best-fits for

rr

u°" = 0.01 (blue), and " = 0.6 (black).

(hence 7) nor C;. The dependence of the contact probability on the particle type and size can be expressed as (Jiang
et al., 2023):

Pus) = M)A/ (ndy, + ngds) )

Subscripts L and S denote large and small particle sizes where » = L and i = S when R > 1, while the opposite is
true when R < 1. n; and ng are the number of large and small particles, respectively, and are related as (Jiang
et al., 2023):

ny CLCS
T P 5
ns  (dy/dsy’ ®

The model requires the layer-wise size species concentration C; s, as input, which can be predicted from existing
size and density segregation equations (Duan et al., 2021; Gray & Ancey, 2015; Tunuguntla et al., 2014), although
these models need to be modified to incorporate the influence of interparticle friction differences. Figure 4b shows
that the contact probabilities predicted using Equations 3—5 show good correspondence with the DEM data.

Testing Equations 2—5 on our inclined flow simulations is not straightforward since the data spans horizontally,
and does not clearly reflect the dependence on the mixture concentration. To better demonstrate the dependence of
mixture rheology on the frictional contact probability, we conduct planar shear flow simulations where particles,
having the same mean diameters (0.005 m) and densities (2,500 kg/m3), are sheared in a streamwise (x) and
spanwise (y) periodic domain. In these simulations, we inhibit size and density segregation to better illustrate the
effects of interparticle friction difference. The 0.15 m long, 0.05 m wide, and 0.15 m thick granular bed is
confined by a lid that constantly pushes down at a constant pressure while at the same time translates along the
streamwise direction at a constant velocity. The shear rate is varied between y = [0.1,..,50] 5! and the ice
concentration is varied between C; = [0.1,...,0.9]. A constant 7 is maintained along the flow thickness by
applying a small stabilizing force proportional to yz — u(z) to each particle at a height z with a streamwise velocity
u at each timestep (Fry et al., 2018). In the gravity-driven flow simulations, p, ,; = pty ;» 4 ,; = o and 1, ,; =1, ;,

con con

because we set uS" = u™". In the planar shear flow simulations, we adopt a general mixture scenario

(,uC?’“ =0.1, 5" = 0.01, p" = 0.6) where pS" # uS®", hence the resulting mixture rheology should be a com-

ri ii r ri i

bination of three single-phase rheologies. Figure 5a shows the rheology and best-fits of single-phase flows having
u°" = 0.6 (black), u°" = 0.1 (red), and " = 0.01 (blue); best-fit coefficients are summarized in Table 1.

ZHOU ET AL.

9of 17

85U8017 SUOWWOD A0 8|qed!jdde aus Aq pausenob ae sapiie YO ‘8sn Jo sa|n. 10} Areiq1T 8UIUO 48] 1M UO (SUORIPUOD-pUe-SIBY/LID"AB | 1M AeIq Ul |UO//SdNY) SUORIPUOD pue Wi 1 8y} 885 *[6202/90/ET] Uo AriqTaulluo A8l ‘9110 Sied 91BN AQ TE8L004202/620T OT/I0pW00 A8 | Areid i jpuluo'sgndnfe;/sdny woij pepeojumoq ‘6 ‘+20Z ‘TT0669TC



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface

10.1029/2024JF007831

R=07;C=0.5;0=16°

1.0 -
a 00
G)__._..o»"""
0.8 o
o
-
0.6 ¢ - s —|
T 9 0.4 - H=H
N b Inertial
0.41 032,
3
0.2
0.2 1 Non-local
0.0 OTS 1.0
0.0 Ci .
0.0 0.1 0.2 0.3

uf\ gH

1.0

0.8

0.6 q

0.4 4

0.2

0.0

- simulation
—— theory

1.0

0.8

- simulation
—— theory

uf\ gH

R=0.5;C'=0.5

z/H

e 21°

0.5 1.0 1.5 20

Model u/v gH

RMLSE=0.20
T=0.08

10 10

Simulated u/v gH

Figure 6.

-1

ZHOU ET AL.

85U8017 SUOWWOD A0 8|qed!jdde aus Aq pausenob ae sapiie YO ‘8sn Jo sa|n. 10} Areiq1T 8UIUO 48] 1M UO (SUORIPUOD-pUe-SIBY/LID"AB | 1M AeIq Ul |UO//SdNY) SUORIPUOD pue Wi 1 8y} 885 *[6202/90/ET] Uo AriqTaulluo A8l ‘9110 Sied 91BN AQ TE8L004202/620T OT/I0pW00 A8 | Areid i jpuluo'sgndnfe;/sdny woij pepeojumoq ‘6 ‘+20Z ‘TT0669TC



A .
M\I Journal of Geophysical Research: Earth Surface 10.1029/2024JF007831

Figure 5b shows the rheology of contact friction-different mixtures wherein increasing (decreasing) C; clearly
shifts the data downward (upward). By inputting the best-fit /4%“(1) coefficients of single-phase flows into
Equation 2 we obtain good predictions of the mixture rheology (dashed lines).

3.3. Modeling Segregation-Induced Flow Transitions

Figure 6a shows that in flows exhibiting creep flow (C; = 0.5, R = 0.7, @ = 16°), u <, in some flow layers (see
inset). The theoretical 1, (C;) curve in the inset is obtained from Equation 2. Granular flows where y <y, are
considered non-local flows where the stresses are no longer directly related to the shear rate through the i™(/)
rheology but instead on cooperative effects from neighboring particle layers (Henann & Kamrin, 2013). The
height where u < fi; (red horizontal line) coincides with the transition toward creeping flow, showing that
creeping is a non-local phenomenon and that the transition to creeping is controlled by the yield stress of the rock
and ice mixture. To capture the coexistence of inertial and creeping flows in the rock-ice mixtures, we use the
Non-local Granular Fluidity (NGF) model (Henann & Kamrin, 2013), which bridges the two flow regimes
through a scalar order-parameter-like fluidity field:

G=y/p (6)

that is solved using the set of equations:

G=G"-&VG ™)

6" = Hiu - ) W(z,/ya)[(" - ”;3] ®

(72 =

&= 2d\[1/|u— | ©)

where G = 7" (4™, P)/u in which ™ is obtained from the inertial rheology in Equation 1. When u <, the
Heaviside function H(/l - /71) renders G™ = 0, leaving only the Laplacian term to diffuse the fluidity over a

characteristic length £ that depends on d. The scalar magnitude 1 is the only free parameter in the model.

Equation 7 is solved computationally using the Python solve_bvp routine (Virtanen et al., 2020) while setting
G = 0 at the base and 0G/dz = O at the free-surface. The pressure is modeled as P = p¢pHg cos 6 where the
volume fraction is assumed to be ¢ = 0.6 for all cases. Once G is obtained, u can be calculated from Equa-
tion 6. Large and small particle distributions are obtained directly from DEM data. Figures 6b and 6¢ show that
the calculated G and u/ \/g_H profiles of the sample case agree well with the simulation results. Log-scale
projections of the x-axis show that model and simulation deviate near the base since the NGF diffuses the
mobility from the free surface and cannot capture the slight increase in shearing between the flowing and basal
particle layers. We also obtain good agreement between modeled (lines) and simulated (symbols) u/ \/g_H
profiles for flows in different segregation regimes and flowing angles (Figures 6d—6f) and for mixtures with
w2 = 0.05 and p;?" = 0.1 (Figures 6g—6i). See Table 1 for best-fit coefficients of single-phase gravity-driven
flows having p°" = 0.05 and x“" = 0.1. Poor predictions for high angle cases are possibly due to the
oversimplification of ¢ (which also varies with /) and the discrepancies observed between the contact prob-
ability model and data (see Figure 4b). Finally, we compare in Figure 6j the measured and modeled u/ \/g—H
profiles for all gravity-driven flow simulations. Model accuracy is evaluated through the root-mean-square-
logarithmic error (RMSLE) and the Thiel's measure of association (7') (see Appendix B for calculation

Figure 6. (a) Profile of a sample case R = 0.7, C; = 0.5, § = 16° exhibiting heterogeneous flow. Inset shows that the x in the creeping regions are non-local flows.
Comparison between simulated (symbols) and theoretical (red lines) profiles of the (b) granular fluidity G and (c) u/ \/g—H of the same sample case. (d) Simulated and
modeled u/ \/g_H profiles of mixtures with (d) R =2, (¢) R = 1, and (f) R = 0.5 for a constant C; = 0.5 with different §. Modeled and measured velocity profiles when
(g) ui™ = 0.01, (g) u&™ = 0.05, (g) " = 0.1. (j) Comparison between modeled and measured dimensionless u for all test cases. The dashed line has a slope of 1.
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details), which estimates the proximity of the data to the 1:1 line on a 0 to 1 scale (Lammers & Bledsoe, 2018).
Both error metrics are low, showing good agreement of model and simulation despite spanning ~4 orders of
magnitude. We obtain the best simulation results using 4 = 0.4 for all test cases.

4. Discussion
4.1. Implications for Rock-Ice Avalanche Modeling

We attempt to deepen our understanding of the micro-mechanisms relevant to rock-ice flow mobility using
idealized DEM simulations. By discounting other complex factors such as fluidization by entrained fluids and
meltwater (Mergili et al., 2020), acoustic fluidization (Collins & Melosh, 2003), fragmentation (Breard
et al., 2023), flow over glaciers (De Blasio, 2014; Sosio et al., 2012) and cohesion (Ren et al., 2021) we
highlight the role of interparticle friction and particle segregation through which useful observations and
models are obtained. Rock-ice flows are simplified as isothermal, non-melting mixtures of rock and ice par-
ticles that segregate along the flow thickness due to differences in the particle size and density. Although
steady-state segregation may not always be achieved in real rock-ice avalanches, this idealized scenario reveals
that interparticle friction between rock and ice governs the mixture rheology. Segregation typically results in an
ice-rich layer at the free-surface and a bottom rock-ice mixture region, separated by a sharp concentration
gradient. Coupled with the large difference in the interparticle frictions of the rocks and ice, resulting from the
frictional melting and very low surface friction of ice, segregation-induced mixture concentration results in
strong feedbacks on the bulk flow dynamics. Flow layers largely composed of less frictional ice particles move
faster because low interparticle friction lowers flow resistance. Since we set p" = ™", rock-rock contacts are
the only highly frictional interactions in the system and are therefore the only type of contacts that can increase
the flow resistance. Below the stopping angle of rocks, where pure rock mixtures are expected to be immobile,
ice promotes flow by inducing low friction contacts. On the other hand, rock particles in ice-rich layers need to
form a network of connections with each other to be able to diminish their mobility.

The rheology of dry rock-ice avalanches is intermediate to that of pure rock and ice flows (Schneider, Kaitna,
et al., 2011). In the mechanistic rock-ice avalanche model of Pudasaini and Krautblatter (2014), which has been
successfully used to model real rock-ice avalanches, the flow internal friction is calculated as a concentration-
weighted sum of the rock and ice angles of repose. In comparison, here we find that the mixture internal friction
is obtained from the weighted sum of single-phase rheologies, expressed through the 4#™™(7) granular rheology,
of flows with particle contact frictions similar to those of rocks on rocks, ice on ice, and rocks on ice. The
weights are the probabilities that these contacts occur within the mixture, while the species concentration
simply sets up these contact probabilities. In other words, the friction of rock-ice flows depends more on the
distribution of frictional interactions than simply on the concentration of the rock and ice. The good agreement
between the proposed mixture rheology and simulation data (Figure 6) shows that by accounting for the
frictional contact probabilities, it is possible to model the inertial and non-local flow of rock-ice avalanches.
The 4™(I) rtheology model is also well-accepted in simulating large-scale landslides (Moretti et al., 2012) and
debris flows (Xie et al., 2022) and is now extended for two-species mixtures.

Although the dependence of the rheology on the interparticle frictional interactions are derived from idealized

mixtures where ui?" = ", the contact probability-weighted mixture rheology is generally applicable to

con
rt

on three frictional coefficients—y,, u,, and /,—which are obtained through data-fitting (Midi, 2004). These
coefficients are not always readily known but can be calibrated from laboratory experiments of real rock and

mixtures where pi™" <pi" < pi" (see Figure 5b). The shear-rate dependent (1) granular rheology depends

ice flows with real particle shapes and sizes, and numerical simulations (Midi, 2004). By applying the contact
probabilities on these calibrated curves, it is possible to predict laboratory-scale and natural rock-ice
avalanches.

Results here can also be applied to extra-terrestrial mass flows where ice is relevant. For instance, in Mars, CO,
ice plays a crucial role in the formation of gullies (Roelofs et al., 2024). Ice sublimates due to the low Martian
atmospheric pressures, which in turn fluidizes the flows. It is also hypothesized that external disturbances, such as
marsquakes, rock falls, etc., trigger flows of sediment and CO, ice (Dundas et al., 2019). Heat loss due to this
process further enhances the sublimation of CO, ice, which promotes transport over long distances. Aside from
fluidization due to the sublimation of ice, it is also proposed that interactions with ice particles or frost-covered

ZHOU ET AL.

12 of 17

85UB217 SUoWIWOD aAIIa.D a|aedl|dde auy Aq peusenocb afe saoite YO ‘8sn JO SN Joj Areiq 1T auljuQ 481\ UO (SUONIPUCO-pUB-SWLIBYWOY A 1M Aleld 1 puljuo//sdiy) SUoiIpuoD pue s | Yl 8es *[SZ0z/90/ST] uo AriqiauljuQ A|IM 911D Siled d1sleAlun Ag TE8200407202/620T OT/10p/wiod A8 [im A reuq tjeuljuo'sgndnbe//:sdny wouy pepeojumoq ‘6 ‘20z ‘TT0669TZ



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2024JF00783 1

sediment (Hugenholtz, 2008) reduce friction at the contacts, contributing to the long run-out. Although particle
segregation is not documented in such flows, the mixture rheology presented in this work may be useful in the
modeling ice-laden mass flows in other planets.

4.2. Limitations

It is important to point out segregation scenarios that are not captured by our periodic flows but may be relevant
in real rock-ice avalanches. Although all particles are assumed to be unbreakable, ice and rock can break down
into smaller grains, especially in highly inertial flows, which means that segregation regimes may change as the
flow progresses. In addition, the fragmentation of ice may speed up its melting. The fragmentation of both rock
and ice will enhance the packing fraction of the flow, which in turn slows down the dissipation of excess pore
water pressures, effectively fluidizing the flow (Breard et al., 2023). As a simplification necessary to study the
segregation-mobility feedback in rock-ice avalanches, our simulations ignore saturation from excess meltwater
generation and cohesion by liquid bridges at particle contacts. Both fluid effects are known to further diminish
size segregation (Cui et al., 2021; Li & McCarthy, 2006) and may alter the segregation patterns observed in
Figure 3. They may also contribute to the poor particle sorting in rock-ice avalanche deposits. Particle cohesion
also fundamentally alters granular flow rheology (Vo et al., 2020) and the models used here may need to be re-
defined to account for cohesive effects.

In geophysical flows, vertical segregation is typically a transient process which drives a particle species to the
top before being preferentially transported to the front and sides (Baker et al., 2016; Kokelaar et al., 2014). The
simulations here suggest that ice particles are more likely to be transported to the front and outer edges of the
flow. This is consistent with experimental observations where ice tends to accumulate at the head of rapid rock-
ice flows (C. Wang et al., 2022; Yang et al., 2019; Zhu et al., 2024), showing that vertical segregation
inevitably occurs in rock-ice flows but is less obvious in real rock-ice avalanches, probably due to their much
greater flowing thickness, melting of the ice particles, and presence of viscous interstitial pore fluids (Cui
et al., 2021). On the other hand, the presence of pore fluids may further aid the segregation of ice particles due
to buoyant effects. This also means that the vertical segregation presented here may not persist long enough to
induce complex flow profiles that involve creeping. Nevertheless, the rheology presented here can still be
applied to model the flow at different stages and degrees of segregation since the proposed weighting strategy is
applicable for many mixture scenarios. Furthermore, the creeping flows that are observed here are idealized
manifestations of non-local phenomena which are also relevant to real geophysical flows. Accounting for non-
local effects improves flow modeling (S. Zhao et al., 2024) and the mixture composition dependent yield
friction presented in this work can therefore be used to enhance three-dimensional geophysical flow models for
rock-ice avalanches.

The complex flow profiles that result from segregation, involving both inertial and creeping flows, are modeled
using a generalized non-local granular fluidity framework. Here, the best modeling results are obtained using a
constant A = 0.4. The free parameter A depends on the particle surface friction (Kamrin & Koval, 2014) and
particle size (Henann & Kamrin, 2013). In rock-ice avalanches, these particle properties are mixed in varying
proportions in different flow layers depending on the mixture conditions. To further generalize non-local flow
models and improve the modeling results, it is important to better understand how the mixing of different
particle properties influences granular fluidity. Model accuracy can also be improved by defining a volume
fraction that accounts for the enhanced packing and dilatancy that results from mixing particles with different
sizes (Tripathi & Khakhar, 2011) and surface roughness (Man et al., 2023). Effective sizes and densities are
calculated through the concentration-weighted diameters and densities. Model accuracy is insensitive to
whether mean sizes and densities are obtained for each flow layer or for the bulk mixture (see Figure S3 in
Supporting Information S1). These mean quantities as well as the weighting model (Jiang et al., 2023) only
account for the size ratios of two differently sized spherical particles (Figure 4b). Size distributions of rocks and
ice in natural avalanches are wide and continuous and their shapes are angular and irregular. These two factors,
may impact the mixture rheology by altering the contact probabilities. To improve its applicability to real rock-
ice avalanches, the rheology model presented here should be extended to accommodate realistic particle shapes
and size distributions.
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5. Concluding Remarks

Using DEM simulations, we investigate the impacts of particle segregation, resulting from the size and density
difference of rocks and ice, on the mobility of rock-ice avalanches. Rocks are simulated as highly frictional
spherical particles, while ice is made less frictional to account for the lubrication by surface meltwater. Size and
density segregation typically result in the upward rise of the ice particles to the free-surface, leaving a rock-rich
mixture region near the base. Coupled with the large difference in the interparticle friction coefficients of the two
particle species, segregation induces strong feedbacks to the bulk flow dynamics. Ice-rich flow layers flow faster
as they experience lesser flow resistance resulting from low friction interactions, while flow layers that have more
rock particles tend to move slower due to the increase in highly frictional interactions. In idealized segregation
scenarios, rock-rich flow layers inclined below the stopping angle of rocks are nearly immobile driven to quasi-
static flow only by the steady flowing ice-rich region. By promoting homogeneous particle layers, segregation
induces complex flow velocity profiles involving both steady and creeping regimes.

The various segregation scenarios reveal that the mixture rheology of steady rock-ice flows is the weighted sum
of the single-phase rheologies representing the frictional interactions between rocks on rocks, rocks on ice, and
ice on ice. The weights are the probabilities of observing these frictional interactions within the mixture. The
weighted mixture model captures the decrease in internal friction due to the presence of ice and predicts the
transition in the yield conditions that separate inertial and creeping flows. The complex flow profiles are
captured using a non-local granular fluidity framework modified to encode the dependence on the frictional
contact probabilities. The results here provide fundamental insight into the role of frictional interactions, and
their distribution within the mixture resulting from segregation on the mobility of rock-ice avalanches. This
understanding is expected to enhance rock-ice avalanche models that are necessary for hazard mitigation and
risk reduction.

Appendix A: Governing Equation for the Discrete Element Method and Measurement
of Bulk Kinematic Quantities From DEM

DEM simulations are conducted using the open-source code LIGGGHTS (Goniva et al., 2012), where particle
interactions are solved using the Hertz contact model. In the DEM, the translational and rotational displace-
ments of particles are calculated according to Newton's second law of motion:

d*x, _
Mg =

N
Z (Elcorm + Ftcan)ab + m.g (Al)
b=1

N
1, _ S e, (A2)

for a single numerical time step. m,, and x,, are the mass and position of a particle a, N is the number of contacts.
E: and F;,

norm tan
I, is the moment of inertia of a sphere, w,, is the particles' rotational acceleration and My, is the moment exerted by

are the normal and tangential forces, calculated using the Hertz model, defined at a contact point c.

a particle b on a.

Kinematic and rheological properties were calculated for each sampling volume V,, = L X W X 2d. The
volume fraction ¢ and streamwise velocity u belonging to a single particle species k = i, r are calculated as

2 Va,k
Vu

= (A3)

Z ua,k Va,k

: z Va,k (A4)

U, =

ZHOU ET AL. 14 of 17

85UB217 SUoWIWOD aAIIa.D a|aedl|dde auy Aq peusenocb afe saoite YO ‘8sn JO SN Joj Areiq 1T auljuQ 481\ UO (SUONIPUCO-pUB-SWLIBYWOY A 1M Aleld 1 puljuo//sdiy) SUoiIpuoD pue s | Yl 8es *[SZ0z/90/ST] uo AriqiauljuQ A|IM 911D Siled d1sleAlun Ag TE8200407202/620T OT/10p/wiod A8 [im A reuq tjeuljuo'sgndnbe//:sdny wouy pepeojumoq ‘6 ‘20z ‘TT0669TZ



 Veld
M\I Journal of Geophysical Research: Earth Surface 10.1029/2024JF007831
AND SPACE SCIENCES
respectively. V, , is the portion of a sphere a that falls within the sampling volume. The shear rate is calculated as
7= |d”/dz| where u = Y u,. The total stress tensor is the sum of the kinetic and contact components. The partial
kinetic stress tensor of a particle species within V), is calculated as
- 1
O-l]zm = 72 ma,kAa,k ® Aa,k (AS)
M q
where A, is the fluctuating velocity defined as the difference between the instantaneous and time-averaged
velocities. The contact stress tensor is calculated as
con 1
o =y D Fpi ® R (A6)
M| a#b
where F,, = Fy, =+ Fg, is the contact force between particles a and b where a belongs to the species k. R, is the
distance between their centers. The total stress is computed as:
6 = 65" + 60" (A7)
The total mixture pressure is ¢ = Y ;03 from which the pressure P = o, and shear stress 7 = 6, are obtained.
Appendix B: Quantifying Prediction Accuracy
Overall prediction accuracy between model velocity predictions u,..q ; and DEM results u; per flowing layer j of
which there n, are quantified by the root-mean-square-logarithmic error (RMSLE):
J 2
RMSLE = 5,; (log u; — 10g tpreq,) (B1)
and the Thiel's measure of association:
j upredj)z
T= (B2)
n
% Z (Mpred.j )2
j=1
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Erratum
The originally published version of this article contained a typographical error in the Acknowledgments. The
grant number 2023YFC300830 of the funding agency the National Key R&D Program of China should be
2023YFC3008300. The error has been corrected, and this may be considered the authoritative version of record.
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