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This study examines, both experimentally and numerically, the collapse process of

a submerged granular column in loose packing, with an emphasis on the effects of

the grain size and the initial aspect ratio of the granular column. A two-phase flow

continuum model, developed based on the rheological characteristics of solid-water

mixtures, is used to perform the numerical simulations. Two particle sizes represent-

ing very fine particles and coarse particles are examined in this study. The two-phase

flow model is validated and verified by comparing with the measured characteristics

of the collapse process. Compared to the collapse of a granular column of coarse

particles, the runout distance of a granular column with very fine particles is longer

and the spread velocity is higher. Based on the two-phase flow simulation results

supported by the experimental results, critical initial aspect ratios are identified to

classify the types of the initial collapse process and the final deposit morphology, and

the empirical expressions are provided to describe the changes of the runout distance,

collapse duration, final deposition height, and spread velocity with the initial aspect

ratio. A phenomenon similar to the so-called Kelvin-Helmholtz instability can be

observed in both the experiment and the simulation at the later stage of the collapse,

which causes the formation of several vortexes in the two-phase flow during the col-

lapse process. The presence of these vortexes is responsible for the pressure drop on

the bed after the passage of the flow front and the wavy feature on the final deposit

morphology.
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I. INTRODUCTION

Submarine granular flows consist of a mixture of water and solid particles, where the inter-

facial forces such as drag play important roles in determining the flow behaviors. When the

volumetric concentration of the particles is high, the inter-particle collisional and frictional

force also affect the flow behaviors considerably1. In order to understand the rheological

characteristics of submerged granular flows, some studies in the literature focused on the

submerged granular flows on inclined planes2; these studies have found that the concentra-

tion and the effective friction depend on either the inertial number (the ratio of the particle

inertial force to the confining pressure) or the viscous number (the ratio of the viscous stress

to the confining pressure). Another class of problems studied in previous studies is the col-

lapse of submerged granular columns3–5, which have also been used as idealized models to

understand submarine landslides. In most of experimental studies concerning the collapses

of granular columns (dry or submerged), a two-dimensional (2D) geometry is usually em-

ployed where the granular columns are initially confined by two vertical walls3–7; after the

front wall is suddenly removed, the granular material collapses.

When the surrounding fluid has a much lower density than the solid grains (e.g. the solid

particles are glass beads and the fluid is air), the effects of the fluid on the collapse process

can be safely ignored. In such a situation, the kinematic features and deposit morphology

depend mainly on the aspect ratio of the two-dimensional granular column in consideration6:

the normalized runout distance is a power-law function of the aspect ratio A = Hi/Li, where

Hi is the initial height and Li is the initial length; the deposit morphology is triangular-

shaped when A ≥ 0.7 and trapezoid-shaped when A ≤ 0.7; and the duration of the collapse

process, td, is proportional to the square root of the initial height of the column6. Other

parameters such as particle diameter,d, have insignificant effects on the collapsing processes7

if the surrounding fluid has a much lower density than the solid particle.

When the surrounding fluid has a density comparable to that of the solid particles (e.g.,

the solid particles are glass beads and the fluid is water), the effects of the fluid on the

collapse process are significant. The spreading speed of the flow front for a granular column

submerged in water, uf , is slower than that for the same granular column in air4, and

increases with Archimedes number, Ar = g′d3/ν2
f , where νf is the kinematic viscosity of the

fluid and g′ = g(ρs−ρf )/ρf is the effective acceleration due to gravity with ρs (or ρf ) being
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the density of particle (or fluid). Physically, Archimedes number is the ratio of the external

force to the internal viscous force and it measures the momentum transfer by the drag

between the fluid and the solid particles. Based on their two-dimensional DEM (Discrete

Element Method) simulations, Topin et al. 8 found that the runout distance of a granular

column submerged in water could be either below or equal to that of the same granular

column in air. This is attributed to the compensation between the fluid viscous effect and

the lubrication effect: during the collapse of a submerged granular column, the viscous effect

reduces the kinetic energy of the solid particles but the lubrication effect enhances the flow

of the granular material. For granular columns submerged in a high viscous fluid, Rondon,

Pouliquen, and Aussillous 5 found experimentally that the initial concentration, ci, could

affects the collapsing process significantly: a granular column with an initially loose packing

has a faster collapse process and a longer runout distance compared to the same granular

column but with an initially dense packing . Wang et al. 9 used water in their experiment

and observed the same phenomenon.

It has been hypothesized that: for initially loose packing, the contractancy of the granular

column at the initial stage of collapse may squeeze fluid out of the column, which helps to

destabilize the granular column; for the initially dense packing, however, the dilatancy of the

granular column at the initial stage could absorb the fluid into the column, which helps to

stabilize the column5. Recently, Santomaso, Volpato, and Gabrieli 10 experimentally studied

the collapse of wet granular columns.

There are several numerical studies in the literature on the collapse of submarine granular

columns. Savage, Babaei, and Dabros 11 proposed a single-phase mixture model to study

the collapse of a submerged granular column, where the Coulomb friction was adopted to

compute the inter-particle friction force. However, single-phase mixture models are not able

to consider the fluid-particle interaction satisfactorily. Meruane, Tamburrino, and Roche 4

first developed a two-phase model to simulate the collapse of a submerged granular column.

A similar two-phase model was recently developed by Si, Shi, and Yu 12 . Meruane, Tambur-

rino, and Roche 13 extended their model4 to deal with granular flows of binary mixtures of

solid particles ; their two-phase model considered the fluid-particle interaction by including

terms accounting for the drag force between the two phases in the momentum balance equa-

tions. However, Meruane, Tamburrino, and Roche 4 used a combination of Coulomb friction

and the kinetic theory to develop their constitutive model for the solid-phase stress, which
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may not be suitable for high concentration flows with fine particles. When solid particles are

immersed in a fluid, the particle size also affects the interaction between the fluid and the

solid particles, and thus the rheological characteristics2. Lee, Low, and Chiew 14 developed

a two-phase model for sediment transport, which adopted the rheological characteristics for

both coarse and fine particles. The model of Lee, Low, and Chiew 14 was later extended to

study the collapse of a granular columns submerged in a fluid under initial loose packing or

dense packing15.

Different from a previous study of Lee and Huang 15 , in which the emphasis was on the

effects of initial packing conditions, this study emphasizes on the effects of particle size and

aspect ratio. We use glass beads of the same density as the solids particles and the water as

the fluid. To examine possible effects of particle size, we consider two particle diameters: d =

0.12 mm (very fine particles in the Wentworth scale) and 0.56 mm (coarse particles). We use

the two-phase model developed by Lee and Huang 15 to perform the numerical simulations.

After the validation of the two-phase model by comparing the numerical simulated and

observed collapse processes, we present the computed flow and pressure fields and use them

to explain some phenomena observed in the experiment and understand some important

physics involved in the collapse process.

II. EXPERIMENTAL SETUP

Fig. 1 shows a sketch of the experimental set up. The experiment was performed in a

glass water tank, which was 120-cm long, 20-cm wide and 30-cm high. A false bottom made

of a Perspex plate was placed on the bottom of the tank, and the height of the false bottom

was 9 cm. The reason to have a false bottom is to avoid the field of view being blocked

by the lower frame of the tank. A layer of glass beads with diameter d = 0.506 mm was

glued onto the surface of the false bottom. Two vertical Perspex walls were positioned on

the left end of the tank to create a reservoir for the granular material (glass beads). The

left wall of the reservoir had an L-shape and was fixed firmly onto the false bottom using an

F-clip, and the right wall of the reservoir was designed as a mobile gate which can be lifted

up at a high speed. To achieve this, the gate was connected to a sliding rail system. To

avoid vibration when the gate was moving, two perspex plates with the same thickness of 5

mm were fixed to the side walls with a gap in between so that the gate can slide in the gap
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smoothly. Glass beads (Potters Cooperation) were used as the solid particles, and the liquid

was the tap water with ρf = 1000 kg/m3 and νf = 10−6 m2/s at the room temperature. The

properties of the glass beads are listed in Table I: according to the Wentworth scale, Particle

AE belongs to very fine particles and Particle B belongs to coarse particles. A high-speed

camera (Fastec-IL5) was used to record the collapse processes at a frame rate of 400 frames

per second and with a resolution of 2560 x 1000 pixels.

Granular 
Column

Gate (Right)

Collapsing 
Granular Column

False Bottom

L shaped Wall (Left)

FIG. 1: Schematic diagram of experimental set up.

In the experiment, the length of the granular column (the dimension along the longitu-

dinal direction of the tank) was fixed at 3.0, 6.0 or 9.0 cm, and the height of the granular

column varied from 1.5 cm to 11.0 cm for each column length. The width of the column

was the same as the width of the tank, which was 20 cm. The aspect ratio ranged from

0.2 to 4.0. The experimental procedure is outlined as follows: (i) the tank was filled with

the water to a designed depth; (ii) the glass beads were poured into the reservoir; (iii) the

water depth above the false bottom was adjusted to 15 cm by adding or removing water;

(iv) a whisk driven by a drill motor (both are off-the-shelf products) was used to suspend

the particles in the reservoir; (v) after all the particles had settled down in the reservoir, the

gate was removed rapidly by hand to initiate the collapse of the granular column.

Based on the measurement procedure description in Appendix A, the granular column

in the experiment had an initial volume concentration ci ≈ 0.55 with a 0.7% error for both

particle sizes. The initial solid friction of 0.55 was also used by Rondon, Pouliquen, and

Aussillous 5 .

If the particles do not go through the suspension-deposition process, ci ≈ 0.6. According

to Rondon, Pouliquen, and Aussillous 5 , ci ≈ 0.55 corresponds to a loose packing and ci ≈

0.6 corresponds to a dense packing. Previous studies have found that the initial packing has

significant influence on the collapse process5. This study concerns only loose packing.
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TABLE I: Properties of the glass beads used in

the experiment.

Particle type d (mm) ρs (kg/m3) Size classification

AE 0.12 2530 Very fine particles

B 0.56 2530 Coarse particles

III. NUMERICAL MODEL

The experimental study of the collapse of submerged granular columns can provide results

such as collapse process, collapse duration, runout distance and deposit morphology. Pore

water motion and the relative motion between the liquid and the solid particles are difficult to

measure in the experiment. Solid-liquid two-phase flow simulations, after model verification

and validation, can provide information that is difficult to obtain from physical tests and

help understand important physics involved in the collapse of submerged granular columns.

The equations governing the conversations of mass and momentum for the solid and

liquid phases are summarized here. For a detailed description of the solid-liquid two-phase

flow model used in this study, the reader is referred to Lee and Huang 15 .

For the liquid phase, the equation governing the conservation of mass is

∂ρf (1− c)

∂t
+∇ · [ρf (1− c)uf ] = 0, (1)

and the equation governing the conservation of momentum is

∂ρf (1− c)uf

∂t
+∇ · [ρf (1− c)ufuf ] =

ρf (1− c)g − (1− c)∇pf +∇ · [(1− c)Tf ]

−
{
cρs

uf − us

τp
− ρs

τp

(1− c)νft
σc

∇c

}
.

(2)

For the solid phase, the equation governing the conservation of mass is

∂ρsc

∂t
+∇ · (ρscus) = 0, (3)
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and the equation governing the conservation of momentum is

∂ρscu
s

∂t
+∇ · (ρscusus)

= ρscg − c∇pf −∇(cps) +∇ · (cTs)

+

{
cρs

(uf − us)

τp
− ρs

τp

(1− c)νft
σc

∇c

}
.

(4)

In these equations, ρf and ρs are the mass densities of the fluid and solid phases, respectively;

c is the solid volume fraction (i.e., volumetric concentration); uf and us are the mean

velocities of the fluid and solid phases, respectively; g is the gravitational acceleration; pf is

the total pressure of the liquid phase (or pore pressure in this study); ps is the pressure of

the solid phase; Tf and Ts are the stress tensors of the liquid and solid phases, respectively;

τp is the particle response time used to parameterize the inter-phase drag force; νft is the

eddy viscosity of the liquid phase; and σc is the Schmidt number. The two terms in {·} in

Eqs. (2) and (4) are related to the inter-phase momentum transfer.

The existing solid-liquid two-phase models based on Eqs. (1)-(4) differ from each other

in their closure models for Tf , νft, T
s, ps, and τp. The model of Lee and Huang 15 uses a

k− ϵ model with a low-Reynolds-number correction to compute Tf and νft
14, and considers

the effects of the turbulent motion of the solid particles in low concentration regions, the

elastic effects in high concentration regions, the visco-plastic rheological characteristics and

the dilatancy behavior in computing Ts and ps. For dense solid-liquid flows, the visco-plastic

rheological characteristics and the concentration highly depend on a combined dimensionless

parameter, I = Iv + aI2i , where Iv is the viscous number, Ii is the inertial number, and a

is a model parameter16. The viscous number describes the ratio of the viscous stress to the

quasi-static shear stress associated with the weight (resulting from the enduring contact),

and is defined by Iv = 2ρfνfD
s/cps, where νf = the kinematic viscosity of the fluid, Ds =

the second invariant of the strain rate, and d = the particle diameter. The inertial number,

defined by Ii = 2dDs/
√

cps/ρs, describes the ratio of the inertial stress to the quasi-static

stress. Some formulas have been proposed in the literature to describe c − I and η − I

relationships, where η = T s/ps with T s being the second invariant of Ts. This study adopts

the following two formulas for η − I and c− I relationships14:

η = η1 +
η2 − η1

1 + Io/I1/2
, (5)
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where η2 and Io are two model parameters and η1 = tan θs with θs = the angle of repose16,

and

c =
cc

1 + bI1/2
, (6)

where cc is a critical concentration representing the maximum packing fraction of an ho-

mogeneously sheared assembly of frictional spheres17 and b is a model parameter. A brief

description of the models for Ts and ps can be found in Appendix B. The particle response

time, related to the hindered velocity w and volume concentration c, is computed by the

following formula15

τp =
ρs

ρs − ρf

w

(1− c)2g
, (7)

where the hindered velocity w is proportional to the particle fall velocity ws through a

concentration correction proposed by Richardson and Zaki 18 , and the fall velocity ws is

computed using the drag formula suggested by White 19 .

The key model parameters used in this study are the same as those in Lee and Huang 15 ,

and summarized in Table II for completeness. Parameters a, b, η1, η2, and cc are associated

with rheological characteristics, and thus affect the behaviors of the simulated two-phase

flows. The value of a was suggested by Lee, Low, and Chiew 14 based on the experimental

results of Bagnold 20 . The values of b and cc were chosen based on the experimental results

of Boyer, Pouliquen, and Guazzelli 17 . The values of η1 and η2 were suggested experimentally

by Cassar, Nicolas, and Pouliquen 2 for small glass beads (d = 0.112 mm and 0.21 mm).

These parameters are fixed in this study.

TABLE II: Key model parameters used in this study.

a b Io η1 η2 cc σc

0.11 1 0.1 0.43 0.82 0.585 1

The two-phase flow model was developed using OpenFOAM (foam-extend-3.2), which is a

free, open-source computational fluid dynamics (CFD) toolbox21. The PIMPLE scheme pro-

vided by OpenFOAM for the fluid phase is combined with the perditioncorrection scheme22

for the sediment phase14. This prediction-correction scheme discretizes the mass-balance

equation for the sediment phase into an advection-diffusion equation rather than an advec-

tion equation. The numerical diffusion behavior can help improve the numerical stability.
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Lube et al. 23 experimentally studied in a tank the sub-aerial landslide on a horizontal

bed. They measured the spatial distribution of the surface velocity of the spreading granular

assembly throughout the sub-aerial landslide process. The measured surface velocity shows

that the flow is nearly uniform in the lateral direction during the spreading and commence-

ment phases, except for a very narrow region close to each side wall. At the end of the

avalanching phase, the flow almost stops and the granular flow can be regarded as more

or less uniform in a narrow region close to the center line of the tank. Therefore, a two-

dimensional simulation can capture the main features of the collapse process in regions away

from the two side walls. Two-dimensional simulations have also been adopted in previous

numerical studies of the collapse of granular columns12,15. In this study, the two-dimensional

computational domain is 0.7 m × 0.15 m. The grid size used in the simulations (∆x1 = ∆x2

= 1 mm ) was determined based on a grid-dependence test, where two grid sizes were used:

∆x1 = ∆x2 = 1 mm and ∆x1 = ∆x2 = 0.5 mm. Two cases were examined using these

two grids. The specifications of these two cases are: d=0.56 mm, Hi=10 cm, and Li=2 cm

for case 1 and Li=5 cm for case 2. For both cases, the two grid sizes gave nearly identical

results: the difference in the computed runout distance was less than 1mm. Therefore, the

grid size of ∆x1 = ∆x2 = 1 mm should be fine enough to yield acceptable results.

The value of Courant number must satisfy the following two requirements14: (1) the value

of Courant number in the whole domain must be less than 0.1, and (2) the value of Courant

number in high concentration regions (c > 0.55) must be smaller than 0.005.

IV. RESULTS AND DISCUSSIONS

A. Observed and simulated collapse process

Five snapshots of the observed and simulated collapse process for the case of coarse

particles (Particle B) with Li = 6 cm and Hi = 8.9 cm are shown in Fig. 2, where the

instant of time when the gate is fully open is defined as t = 0 s. The reason why we define

the origin of time this way is because the release of the gate in the numerical simulation is

achieved by instantaneously removing the force that keeps the granular materials in place.

The observation is shown in Figs. 2 (a)-(e), and the simulation is shown in Figs.2 (f)-(j). In

simulations, the initial concentration affects the deposit topography15. To obtain a better
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agreement with the observation in the simulation, we determined the initial concentration

after try-and-error with value between ci = 0.55 and ci = 0.55 × (1 + 0.7%) = 0.554. The

try-and-error found that ci = 0.554 could give a better agreement with the experiment,

which value is fixed in all the simulations. We remark that the initial concentration in

the experiment is not vertically uniform in the granular column, with a slightly smaller

value near the top and a slightly larger value near the bottom due to the granular weight.

The initial collapse process should be controlled mainly by the initial concentration near

the failure surface, which difficult to measure in the experiment. The best fitting value of

ci = 0.554 in the simulation is believed to reflect the initial concentration near the failure

surface to certain extent.

The red solid lines in Figs. 2 (a)-(e) represent the simulated contours corresponding to c

=0.5. Because it is difficult to determine the contour lines for the suspended particles in the

experiment, the simulated contours corresponding to c = 10−4, 0.01, and 0.5 are included in

Figs. 2 (f)-(j) for a qualitatively comparison between the simulation and the observation.

It can be seen in Figs. 2 (a)-(e) that in the early stage of the collapse (t < 0.1 s), the top of

the column descends with the lower portion of the front face moves forward. From t = 0.1

s to t = 0.8 s the collapse process continues with the granular mass moving forward along

the bottom. At t = 1.2 s, the motion of the granular flow virtually stops, but some solid

particles are still in suspension at this instant.

Even though the simulated and observed collapse processes agree reasonably well in

general, some minor differences can still be observed in the early stages of the collapse

process. The minor difference found at t = 0 s to t = 0.4 s are due largely to the difference

in the release mechanisms used in the experiment and the simulation: the vertical motion

of the gate in the experiment generates an initial vertical current15, which affects the initial

stages of the collapse process. The effect of this initial vertical current in the experiment

becomes insignificant in the later stages of the collapse process, say t ≥ 0.8 s.

The case of very fine particle (Particle AE) has a collapse process similar to that of coarse

particle, except that more particles are in suspension for the case of very fine particles, as

shown in Fig. 3. For the very fine particles, only the results obtained after the collapse

process has stopped are presented and discussed in this study; this is mainly because the

large amount of suspended fine particles in the experiment makes it difficult to determine

the interface before the moving granular material and the water above.
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FIG. 2: Comparison of observed [plots (a)-(e)] and simulated [plots(f)-(j)] collapse

processes for the coarse particles (Particle B) with Li = 6 cm and Hi = 8.9 cm.

B. The simulated velocity and pressure fields of the two phases

The velocity and pressure fields of the two phases are difficult to measure in a physical test,

but can be easily provided by a two-phase flow simulation. For the convenience of showing
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FIG. 3: Comparison of observed (a) and simulated (b) collapse process at t = 1.2 s for the

very fine particles (Particle AE) with Li = 6 cm and Hi = 8.5 cm.

the pressure variation, only the hydrodynamic part of the fluid pressure, pd = pf−ρfg(h−x2),

is presented for the fluid phase in the rest of this paper.

Coarse particles

The simulated velocity fields and pressure distributions of the two phases are shown in

Fig. 4 for the case of coarse particles (Particle B).

At t = 0.1 s, the right-upper portion of the granular column above the failure surface

slides forward down, generating a large vortex in the vicinity of the upper-right corner of

the column. The failure angle (θf ) from the numerical simulation is approximately 52o,

which is slightly smaller than θf predicted by Mohr-Coulomb failure criterion for dry sand

(θf = 45o+θs/2 = 56.2o, where θs is the angle of repose
24). A zone of positive hydrodynamic

pressure exists in the fluid phase in the vicinity of the toe of the column, with the maximum

hydrodynamic pressure of a magnitude of 75.1 Pa being found at x1= 6.8 cm and x2=0.1cm;

a zone of negative hydrodynamic pressure accompanies the vortex, which is centered at the

upper-right corner of the column. The previous study of Rondon, Pouliquen, and Aussil-

lous 5 hypothesized that the contractancy occurring at the early stage of the collapse process

of a loose-packing column might have contributed to the generation of the positive hydro-

dynamic pressure inside the column; this hypothesis was later confirmed by the two-phase

flow simulation of Lee and Huang 15 . In the present case, the maximum concentration inside

the column changes from 0.550 at t = 0 s to 0.556 at t = 0.1 s, an indication of contractancy

at the early stage of the collapse process; however, our numerical simulations show that

there is no correlation between the location of the maximum hydrodynamic pressure and
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FIG. 4: The simulated flow fields and pressure distributions for the coarse particles

(Particle B) with Li = 6 cm and Hi = 8.9 cm: the solid phase (a-d) and the fluid phase

(e-h). The green solid lines represent contours for the volume concentration c =0.5 and the

green dash lines for c =0.0001.

the location of the maximum concentration. As for the solid pressure, it increases toward

interior of the granular mass in general. We remark that the fluid in the studies of Rondon,

Pouliquen, and Aussillous 5 and Lee and Huang 15 is more viscous than the tap water used

in the present study.

At t = 0.4 s, the large vortex formed in the vicinity of the upper-right corner has evolved

into at least two vortexes, smaller in size, as the collapse process continues: the one close

to the flow front is relatively smaller in size. Each vortex accompanies a zone of negative
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hydrodynamic pressure, which penetrates locally into the granular mass. These vortexes

cause the solid particles to mix with the fluid, resulting in a near-periodic flow pattern

similar to that caused by Kelvin-Helmholtz instability19. The mixing process and the Kelvin-

Helmholtz instability type of flow pattern can also be identified in the snapshots of the

observed collapse process shown in Fig. 2 (a)-(e) and in the propagation of other gravity

currents25. However, the snapshots of the collapse process of glass beads with d = 3 mm,

reported in Meruane, Tamburrino, and Roche 4 , do not show a clear mixing process, possibly

because larger particles are difficult to be suspended.

At t = 0.8 s, the two vortexes are in the process of moving away from the granular mass

and the zones of negative hydrodynamic pressure accompanying these vortexes completely

have moved outside of the granular mass. There is a clear correlation between the pattern

of the suspended granular material and the vortex flow pattern. The surface of the granular

mass exhibits a wavy shape as a result of the existence of these vortexes.

At t = 1.2 s, the collapse process almost stops because the flow front and the main

body of the granular material have stopped moving. However, it takes time for the residual

flow associated with these vortexes to disappear and a small amount of suspended particles

moving with the residual flow to settle down.

Very fine particles

Fig. 5 shows four snapshots of the simulated flow field and distribution of hydrodynamic

pressure for the case of very fine particles (Particle AE). At t = 0.1 s, there exist a zone of

negative hydrodynamic pressure and a zone of positive hydrodynamic pressure. Again, the

zone of negative hydrodynamic pressure accompanies a large vortex which is centered at the

upper-right corner of the column. The zone of positive hydrodynamic pressure occupies the

lower portion of the column and extends forward far into the water region in front, with the

maximum hydrodynamic pressure of a magnitude of 167.8 Pa being found at x1=0 cm and

x2=0.1 cm. At t=0.4 s, three vortexes can be clearly identified, and each is accompanied

by a zone of negative hydrodynamic pressure. At t = 0.8 s, the three vortexes are in the

process of moving away from the granular flow with the strength of these vortexes weakened.

At t = 1.2 s, the flow front has passed x1= 30 cm, and only one vortex is observable. Note

that the negative hydrodynamic pressure does not penetrate into the granular column from
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t =0.4 s onward. Again, the two-phase flow simulation does not show a correlation between

the location of the maximum concentration and the location of the maximum pressure.

FIG. 5: The computed flow fields and distributions of hydrodynamic pressure of the fluid

phase for the very fine particles (Particle AE) with Li = 6 cm and Hi = 8.9 cm. The green

solid lines represent contours for the volume concentration c =0.5 and the green dash lines

for c =0.0001.

Discussion on the collapse process and the hydrodynamic pressure

By comparing Figs. 4 and 5, it can be concluded that the positive hydrodynamic pressure

at the initial stage of the collapse process for the very fine particles (Particle AE) is much

higher than that for the coarse particles (Particle B) and that the collapse duration and the

runout distance are longer for the very fine particles under this aspect ratio. The positive

hydrodynamic pressure dissipates slower for the very fine particles than in coarse particles24

due mainly to its low permeability (the permeability of particles is function of grain size

squared). The high positive hydrodynamic pressure and its slow dissipation in the very fine

particles help increase its fluidity, which in turn increases the collapse duration and runout

distance.

Roche et al. 26 examined experimentally the time variation of the air pressure on the bed

in dry granular flows, and found a pressure drop (i.e., a negative hydrodynamic pressure)
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FIG. 6: Variation of computed hydrodynamic pressure at (x1, x2) =(12 cm, 0 cm). Li = 6

cm and Hi = 8.9 cm.

after the passage of the flow front. They hypothesized that this pressure drop might be

related to the concentration change (contractancy or dilatancy). The time series of the

simulated hydrodynamic pressure on the bed at x1 = 12 cm and x2 = 0 cm are presented in

Fig. 6. After the arrival of the flow front, the hydrodynamic pressure is negative first and

then positive for both cases, which is consistent with the finding of Roche et al. 26 , and the

hydrodynamic pressure on the bed gradually disappears as the collapse process approaches

its final stage. The simulated flow fields shown in Figs. 4 and 5 reveal that the strong

fluctuation of the pressure at a point on the bed is closely related to the negative pressure

zones accompanying with the vortexes. However, for the very fine particles (Particle AE),

a positive hydrodynamic pressure can be built up because of the low permeability and the

low pressure dissipation rate associated with it.

C. Relative motion between the two phases

The drag force acting on the solid phase by the liquid phase is cρs(u
f − us)/τp with τp

being the particle response time. Therefore, the relative velocity uf − us can be used to

represent the magnitude and direction of the drag force acting on the solid phase by the

liquid phase. Fig. 7 shows four snapshots of the simulated relative velocity for the coarse

particles (Particle B) with Li = 6 cm and Hi = 8.9 cm (see Fig. 2 for the corresponding

velocity fields). At t = 0.1 s, the passive motion of the fluid phase is caused by the motion

17



of the solid phase along the failure surface, which is driven by the gravitational force. At

t=0.4 s, the gravitational force has less effect on the forward motion of the solid phase

near the flow front; as a result, the forward motion of the solid phase near the flow front

is driven mainly by the drag force imposed by the fluid phase on the solid phase through

the vortexes accompanying the granular flow (see Fig. 2 (f)); therefore, a greater influence

of the vortexes on the granular flow is expected in the later stages of the collapse process.

At the final stage of the collapse process, the drag force gradually diminishes and the the

motion of the granular mass eventually stops.

(a) (b)

(c) (d)

FIG. 7: Snapshots of the relative velocity uf − us for the coarse particles (Particle B).

D. Effects of initial aspect ratio and particle size

Similar to dry granular columns6,27, the initial aspect ratio of a granular column is a key

parameter affecting the collapse process and deposit morphology of the submerged granular

column5. Because particle size can affect the rheology of a submerged granular flow16, it

may also affect the collapse process of the submerged granular column, which, however, is

less understood. This section examines, through the two-phase flow simulations supported

by the laboratory results, possible effects of the aspect ratio and particle size on the collapse

process, deposit morphology, spread velocity, collapse duration, final height and runout

distance.

18



Modes of collapse process and types of deposit morphology

The initial collapse of a granular column submerged in water is driven by the gravitational

force, which causes the granular material above the failure surface to move. Our numerical

results show that the initial collapse of the granular column is related to the so-called toe

failure, which is characterized by the failure surface passing through the toe and extending

backward up. Toe failure is typical for steep slopes of homogeneous granular material. Our

numerical simulations also show two modes of the initial collapse process and three types of

final deposit morphology, depending on the initial aspect ratio A = Hi/Li: (i) if the initial

aspect ratio is large (say A > AL) so that the initial failure surface is deeply buried down

in the column, then the entire upper portion of the column descends at the initial stage

of the collapse process, causing the granular material in the lower portion of the column

to slide forward down along a smaller failure surface (referred to as ”descending collapse

mode” in this study); (ii) if the initial aspect ratio is small (say A < AL) so that the failure

surface is not buried deep enough in the column, then a significant portion of the top layer

slides forward down along the larger failure surface at the initial stage of the collapse process

(referred to as ”sliding collapse mode” in this study). Our numerical results show that this

critical value of A, denoted by AL, is about 3 for both coarse and very fine particles. Four

examples are shown in Fig. (8), where Fig. 8 (a) and (b) are for A > AL, and Fig. 8 (c)

and (d) are for A < AL.

For A > AL, the final deposit morphology can have either a ”Mexican hat” shape (an

almost flat outer region with a depressed, steep central region)27,28 or a triangular shape,

depending on another critical value of A, denoted by AM . If A > AM (i.e., the length of

the column is critically small compared to its height), the failure surface is so small that

there is not enough shear force from the failure surface to resist the motion of the granular

material; as a result, the entire column descends like a free fall and when the top layer

of the granular mass hits the bottom it pushes out the granular material at the base of

the column (similar to a high-speed water jet impacting a surface), creating a final deposit

morphology like a ”Mexican hat” (see Fig. 8 (a)). However, if A < AM , the shear force from

the failure surface can provide some resistance to the descending of the granular material

so that the descending velocity of the column is smaller than that for A > AM ; therefore,

the downward momentum is not large enough to make the top layer to have a direct impact
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FIG. 8: Collapses of submerged granular columns for the coarse particles (Particle B) with

(a) A = 10 (Li = 1 cm and Hi = 10 cm), (b) A = 5 (Li = 2 cm and Hi = 10 cm), (c) A =

1.67 (Li = 6 cm and Hi = 10 cm), and (d) A = 0.5 (Li = 12 cm and Hi = 6 cm). The red

solid lines are the contour lines of c = 0.5. The blue dotted lines are the failure surface

defined by |u1|=5 cm/s. The final deposit morphology is a ”Mexican hat” for (a), a

triangular shape (b and c), or a trapezoid shape (d).

with the bottom, and the final deposit morphology has a triangular shape (see Fig. 8 (b)).

Our numerical results give AM = 8.0 for both the coarse and very fine particles. We remark

that the exact value of AM for dry granular columns was not given in Lagrée, Staron, and

Popinet 27 ; however, from the results presented in Lagrée, Staron, and Popinet 27 , the value

of AM for dry granular columns should be smaller than 67.9.

For A < AL, the final deposit shape depends on a third critical value of A, denoted by

AH . If A > AH , the failure surface does not intersect during the entire collapse process;

as a result, final deposit morphology has a triangular shape (see Fig. 8 (c)); if A < AH ,

the column is wide enough so that the failure surface intersects with the top surface of the

column during the entire collapse process; as a result, a portion of the top layer is never

affected by the collapse process, and the final deposit morphology has a trapezoidal shape

(see Fig. 8 (d)). Our numerical results give AH = 0.75 for the coarse particles (B particles)

and AH = 0.6 for the very fine particles (AE particles). We also determined AH from our

experimental results: AH =0.87 for Particle B and AH=0.53 for Particle AE. The measured

values of AH are close to the simulated ones (AH =0.75 for Particle B and AH=0.6 for
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Particle AE).

For the collapse of a dry granular column, the dynamics of the granular flow and the final

deposit morphology also depend three critical values of the initial aspect ratio27: AL ≈ 3.0,

AH ≈ 0.7, and 3.0 < AM < 67.0.

It is remarked here that for the collapse of a granular column submerged in a high viscous

fluid, Rondon, Pouliquen, and Aussillous 5 also observed that the final deposit morphology

could be either triangular-shaped or trapezoid-shaped, depending on the initial packing ci

and the critical aspect ratio AH which varied in the range of 0.1 to 0.7 for ci ≈ 0.54− 0.57.

We also remark that, in our experiment, the initial aspect ratio is in the range of A = 0.2

and 4, which makes it impossible to determine AM from our experiment results because

AM ≈ 8 according to our simulation results. Additionally, our upper limit of A in the

experiment is too close to AL (AL ≈ 3 from the simulations), which makes it inappropriate

to determine AL using the experimental results.

Spreading velocity and collapse duration

The moving flow front is difficult to determine from the video recording due to the

strong mixing in the vicinity of the flow front and the resulting highly-diffusive interface

between the granular mass and the water (see Fig. 3). This is especially true for very

fine particles. Therefore, only the results obtained when the collapse process has stopped

are presented hereinafter. The spreading velocity (the velocity of the flow front) and the

collapse duration presented are determined from the two-phase flow simulations using the

concentration contour corresponding to a specified concentration, say c = 0.5.

To define the spreading velocity and the collapse duration, an example of the simulated

time series of the flow-front location xf (extracted from the concentration contour line for

c = 0.5) is shown in Fig. 9 for the coarse particles (Particle B) with Li = 6 cm and Hi = 8.9

cm. Three stages of the flow-front motion can be identified: (I) an acceleration stage (t < 0.2

s), (II) a nearly-constant velocity (0.2s < t < 0.5s), (III) a deceleration stage (t > 0.5s).

The velocity at stage (II) is defined as the spreading velocity, denoted by uf . These three

stages have also been identified in the studies of dry granular columns6. We remark that

Meruane, Tamburrino, and Roche 4 has also observed that the spreading velocity is nearly

constant between the acceleration and deceleration stages for submerged granular columns.
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FIG. 9: An example of the simulated location of the flow front xf for the coarse particles

(Particle B) with Li = 6 cm and Hi = 8.9 cm. ∆L is the runout distance and td95 is the

collapse duration.

The collapse duration is also determined from the time series of the flow-front location

xf . For some cases, the vortexes moving with the flow front can cause strong mixing locally,

and the particles entrained in the vortexes may influence the determination of the flow-front

location at the final stage of the collapse process. Therefore, we follow Rondon, Pouliquen,

and Aussillous 5 and represent the collapse duration by td95, which is the time it takes for

the sliding material to travel a distance equal to 95% of the runout distance ∆L, as shown

in Fig. 9.

Fig. 10 shows the normalized spreading velocity, uf/
√
g′Li, as a function of the initial

aspect ratio A for both the coarse particles (Particle B) and the very fine particles (Particle

AE). Similar to the collapse of dry granular columns4, uf/
√
g′Li increases with increasing A.

The following empirical relation can be obtained from the two-phase flow simulation results:

uf√
g′Li

∝

⎧⎨⎩ A1/2, A < AL

A1/3, A > AL

(8)

where AL ≈ 3, which has been mentioned in Section IVD where we discussed the collapse

process and the deposit morphology. When A < AL, the length of the column is long

enough so that the initial length of the column is no longer a factor affecting the spreading

velocity. However, when A > AL, the upper portion of the column descends, pushing the

lower portion of the column forward ; as a result, uf depends on both Hi and Li.
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FIG. 10: Effect of the initial aspect ratio (A) on the normalized spreading velocity

(uf/
√
Lig′). The numbers in the legend are the values of Hi. Data are from the

simulations.

Our numerical results also show that finer particles spread faster. The effect of particle

size on the spreading velocity is possibly related to the positive hydrodynamic pressure in

the granular material: the small permeability in the very fine particles helps build up a larger

positive hydrodynamic pressure (Fig. 6), which in turn reduces the solid-phase pressure24

and friction.

We remark that the observation of Meruane, Tamburrino, and Roche 4 on the spread-

ing velocity is different from ours. Their results show that coarser particles give a larger

spreading velocity. Because the initial concentration can significantly affect the collapse

process5, we believe the difference in the initial concentration may have contributed to this

discrepancy: the initial concentration is ci ≈ 0.6 in Meruane, Tamburrino, and Roche 4 , but

ci ≈ 0.55 in the present study.

Fig. 11 shows the simulated change of normalized collapse duration, td95/
√

Li/g′, with

initial aspect ratio A. The following empirical relation can be obtained from the two-phase

flow simulation results:

td95√
Li/g′

∝

⎧⎨⎩ A1/2, A < AH

A1/3, A > AH

(9)

Our numerical results suggest the collapse duration td95 ∝ g
′−1/2H

1/3
i L

1/6
i for A > AH .

Based on their DEM simulation results for the collapse of submerged granular columns,
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FIG. 11: The simulated change of normalized collapse duration with initial aspect ratio A.

The numbers in the legend are the values of Hi.

Topin et al. 8 also found that td95 depended on both Hi and Li. The collapse duration

td95 ∝
√
Hi/g′ for A < AH (i.e., if the column is long enough, the length of the column will

not be a factor affecting the collapse duration), which is similar to that for dry granular

columns where td95 depends only on Hi
6.

It is interesting to note that the collapse duration for the very fine particles (Particle AE)

is the same as that for the coarse particles (Particle B) if A < AH , i.e. the final deposit

morphology is trapezoidal. However, the very fine particles have a longer collapse duration

than the coarse particles if A > AH .

Final height and runout distance

The measured and simulated changes of dimensionless final height (the maximum height

of the final deposit), Hf/Li, with initial aspect ratio A are shown in Fig. 12. For comparison,

the simulation results of Lee, Huang, and Chiew 22 for dry granular columns are also included

in Fig. 12 (a) and the experimental results of Rondon, Pouliquen, and Aussillous 5 for

granular columns submerged in a high viscous fluid are superposed in Fig. 12 (b). In

general, the simulation agrees with the measurement well and our experimental results are

consistent with the previous experimental ones5. The following empirical relationship can
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be obtained from the measured and simulated final heights:

Hf

Li

∝

⎧⎨⎩ A, A . AH

A1/3, AH . A . AL

(10)

When A . AH , Hf/Li increases linearly with A, suggesting Hf = Hi and a trapezoid-
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FIG. 12: Normalized final heights of granular columns against the aspect ratio. (a)

Comparison with dry granular column14. (b) Comparison with experimental results of

Rondon, Pouliquen, and Aussillous 5 .

shaped deposit morphology. The value of AH depends on particle size: AH = 0.6 for the

very fine particles (Particle AE) and AH = 0.75 for the coarse particles (Particle B). When

AH . A . AL (AL ≈ 3.0), Hf/Li increases with A1/3. When A & AL, the dependence

of Hf/Li on the aspect ratio A is not clear. As mentioned in Section IVD, the collapse

process for A & AL differs from those for A . AL. The particle size does not seem to

have a significant effect on the value of Hf/Li when A < AL. As shown in Fig. 12, Hf/Li

for dry columns is larger than those for submerged columns, which is consistent with the

conclusions of Rondon, Pouliquen, and Aussillous 5 for initially loosely-packed submerged

granular columns in a high viscous fluid. When A & AM (AM ≈ 8), the values of Hf/Li

for the very fine particles (Particle AE) drop suddenly due to the large vertical momentum

during the collapse process (referring to the discussion on Figs. 8 (a) and (b)). Additionally,

the values of Hf/Li for the very fine particles (Particle AE) are much smaller than those

for the coarse particles (Particle B). There exist studies investigating AH , AL, and AM for
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dry granular columns( e.g. Roche et al. 26), which have been discussed in Lee, Huang, and

Chiew 22 .

An intuitive explanation is provided here: when A & AM the top portion of the column

descends like a free fall and the final deposit topography has a ”Mexican hat” shape (as we

discussed in Section IVD); in the process of creating the ”Mexican hat” morphology, the

very fine particles (Particle AE) can be pushed farther away from the base of the column

due to its high fluidity and easiness for suspension, resulting in a smaller final height.

The measured and simulated changes of dimensionless runout distance, ∆L/Li = (Lf −

Li)/Li, with the aspect ratio A are shown in Fig. 13. For comparison, the simulation results

of Lee, Huang, and Chiew 22 for dry granular columns are included in Fig. 13 (a) and the

measured results of Rondon, Pouliquen, and Aussillous 5 for submerged granular columns in

loose-packing condition in Fig. 13 (b). Referring to Fig. 13 (b), our experimental results

agree with the previous results well5.

The following empirical relationship can be obtained from the measurement and simula-

tion results:

∆L

Li

∝

⎧⎨⎩ A, A . AL

A2/3, A & AL

(11)

Meruane, Tamburrino, and Roche 4 studied the collapse of submerged granular columns
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FIG. 13: Changes of the normalized runout distance with the initial aspect ratio A. (a)

Comparison with dry granular column22. (b) Comparison with experimental results of

Rondon, Pouliquen, and Aussillous 5 .

with initially-dense packing condition and suggested that ∆L/Li ∝ A for A . AL and
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∆L/Li ∝ A0.56 for A & AL. It is believed that the difference in the exponents in the

expressions for ∆L/Li for A > AL is due to the different initial concentrations used in

the present study and the study of Meruane, Tamburrino, and Roche 4 (ci ≈ 0.55 in the

present study but ci ≈ 0.6 in the study of Meruane, Tamburrino, and Roche 4 ; the effect of

initial concentration ci on the scaling law has been discussed by Rondon, Pouliquen, and

Aussillous 5). It can be observed in Fig. 13 (a) that the granular column with a smaller

particle size produces a longer runout distance because a granular column with smaller

particles has a faster propagation speed and a longer propagation duration, as shown in

Section IVD. Compared to the dry granular columns, the submerged granular columns have

a similar dependence of ∆L/Li on A, but the submerged columns have longer runouts in

general. This is consistent with the conclusions of Topin et al. 8 , who hypothesized that

during the collapse process of the column, the presence of fluid could reduce the kinetic

energy of solid phase and enhance the flow of the granular material through lubrication. Our

two-phase flow simulation results suggest that in the later stages of the collapse process, the

effects of gravity is weak and it is the horizontal momentum associated with the vortexes in

the fluid phase that moves the solid phase forward through the drag force between the two

phases (see Fig. 7); however, the air flow cannot provide enough drag force in the case of

dry columns because of the small density of the air.

V. CONCLUSIONS

The collapse of a submerged granular column in loose packing was studied experimentally

and numerically. The numerical simulations were performed using a two-phase flow model,

which was verified and validated using a set of experimental results. Very fine particles

(d=0.12 mm) and coarse particles (d=0.56 mm) were considered in order to examine the

effects of particle size. For each particle size, the collapse of the granular column was

examined for a range of initial aspect ratios. The following conclusions can be drawn based

on a combination of the experimental and numerical results.

1. Under the initial aspect ratio, A, the spreading velocity and runout distance for the

very fine particles were found to be larger than those for coarse particles. The collapse

duration for the very fine particles is the same as that for the coarse particles when the

final deposit morphology is trapezoidal.
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2. Two types of initial collapse processes were identified. The critical aspect ratio, AL,

that separates these two types of collapse processes was about 3.0 for both particle sizes.

When the aspect ratio is larger than AL, the failure surface is deeply buried down in

the column and the entire top layer descends at the initial stage of the collapse process;

when the aspect ratio is smaller than AL, the failure surface is not deep enough so that

a significant portion of the top layer moves along the failure surface.

3. Two other critical aspect ratios that determine the final deposit morphology were de-

termined based on the numerical results: (i) AM ≈ 8.0, and (ii) AH ≈ 0.6 for the very

fine particles and AH ≈ 0.75 for the coarse particles. When A < AH , the final deposit

morphology has trapezoidal shape; when A > AM the final deposit morphology has a

”Mexican hat” sape; otherwise, the final deposit morphology has a triangular shape.

4. During the collapse process, several vortexes were observed in both the experiment and

the numerical simulation, and their formation might be related to the so-called Kelvin-

Helmholtz instability. The presence of these vortexes were found to be responsible for the

pressure drop on the bed immediately after the passage of the flow front and the wavy

feature on the final deposit morphology. The numerical simulation also revealed that the

motion of the flow front in the later stages of the collapse process were strongly affected

by these vortexes, which is, however, not the case for dry granular columns because of

the low density of the air.

5. From the numerical simulation results, it was found that the variations of the runout

distance, final deposit height, collapse duration, and spreading velocity were piece-wise

functions of the initial aspect ratio.

Appendix A: Determination of initial concentration

There are two methods to determine the initial fraction of loosely-packed glass beads

used in the experiment, both of which are based on measuring the volume of a given amount

of glass beads with known weight.

The first method follows the following procedure:

1. A two-liter beaker is partially filled with water.
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2. Glass beads with known mass m are poured into the beaker; the volume of all glass beads

is known by Vb = m/ρs, where ρs is the density of the beads provided by manufacture.

3. The mixture of water and glass beads is stirred and then allow the suspended glass beads

to completely settle down.

4. The bulk volume of the loosely-packed glass beads V is determined by measuring the

location of the interface between the water and the packed glass beads,

5. The initial fraction is ci = Vb/V .

The second method is to use the same procedure in-situ. However, the loss of glass beads

through the gaps between the gate and the side walls may cause errors in the measured bulk

volume, which is especially a concern for fine particles. The first method is recommended

because we believe the first method can give more accurate measurement of the initial

fraction.

In our experiment, the first method was adopted and the amount of glass beads used to

measure the initial fraction was 2kg, and repeating tests showed that the measured mean

initial fraction was 0.55 with a relative error of ±0.7%.

Appendix B: Stress and pressure of the solid phase

Using a regularization technique that regards the static sediment as a very viscous fluid29,

Ts is expressed as

Ts = −
(
2

3
ρsνs∇ · us

)
I+ 2ρsνsD

s, (B1)

where Ds is the strain rate and νs is the kinematic viscosity for the sediment phase. Here,

νs is modeled by

νs = νsv + νst, (B2)

where νsv and νst account for the rheological characteristics (visco-plastic effect) and tur-

bulence effects, respectively. The pressure of the sediment phase is a superposition of three

components

ps = psr + pse + pst, (B3)

where psr reflects the rheological characteristics when the sediment is in motion, pse accounts

for the elastic effect when sediment is in its static state, and pst accounts for the turbulent

motion of sediment phase. Here, only the two components νsv and psr are presented due to
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their relations to rheological characteristics of high concentration flows. The former (νsv) is

computed by

νsv =
(psr + pse)η

2ρsDs
, (B4)

where η is given by Eq. (5). The later (psr) is determined by

psr =
2b2c

(cc − c)2
(ρfνf + 2aρsd

2Ds)Ds (B5)

according to Eq. (6).
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