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ABSTRACT
Mixed fluid–particle flows are commonly found in nature and exhibit complex particle–particle and particle–fluid interactions. In this paper, a
typical small-scale case of immersed granular collapse under the viscous regime is numerically investigated using computational fluid dynam-
ics coupled with the discrete element method (CFD-DEM), which provide particle-scale information of the collapse. The input parameters
for the coupled CFD-DEM model are carefully calibrated from experimental results, and the simulation results achieve good agreement with
the experiments in terms of the front evolution and final deposition. The collapse processes for different aspect ratios exhibit similarities and
propagate in a three-stage mode that includes acceleration, steady propagation, and deceleration. The propagation velocity, runout distance,
and the energy evolution of both fluid and particles are presented. The final runout is linearly proportional to the densimetric Froude number
in our high-column cases. The transition of particles’ motion from vertical to horizontal and the drag of the fluid are found to be responsible
for the constant velocity in the steady propagation stage. We also show that a small energy bump during the initial stage is the result of particle
destabilization and rearrangement.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015110., s

I. INTRODUCTION

Large-scale natural disasters such as debris flows, landslides,
and submarine avalanches are mostly triggered by earthquakes,
structural instabilities, or other unpredictable factors. These destruc-
tive events involve the flow of polydispersed granular materials (soil,
sand, rock) with interstitial fluid such as water and mud. The pres-
ence of a fluid changes the flow dramatically. For example, a sub-
marine landslide may evolve over dozens of miles and even change
into turbidity to damage undersea facilities and cables.1 Thus, inves-
tigating the behavior of mixed fluid–particle flows is important for
risk assessments and the design of defense engineering, although
the particle–particle and particle–fluid interactions are intrinsically
complex.

As a simplified model of fluid–particle mixture flows, small-
scale experiments that consider immersed granular collapse have
attracted attention in recent years because of their simple configu-
ration and rich dynamics. The two-dimensional dam-break problem
has been widely studied. In this kind of experiment, a pile of granular

material is initially delimited by a confining gate to form a rectangu-
lar block. After the gate is suddenly removed vertically, the granular
packing collapses onto a horizontal plane under the action of gravity.
Any fluid around the particles is dragged into the motion to form a
particle–fluid mixture flow.

Dry granular collapse, i.e., granular collapse in air where the
interstitial fluid plays a negligible role, has been investigated since
several landmark studies early this century.2–6 These investigations
demonstrated that the initial aspect ratio of column height Hi to
length Li is the dominant parameter and led to the proposal of
simple scaling laws between the final runout Lf and aspect ratio
a = Hi/Li, despite the complicated transient flow. Later, Thomp-
son and Huppert7 experimentally investigated axisymmetric and
two-dimensional collapses in air and compared the results with an
underwater collapse. They found that, though the presence of water
changes the collapse process significantly, the scaling of the final
deposit morphology remains almost the same in both cases. Since
then, immersed granular collapse has been widely investigated, both
experimentally and numerically.
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Meruane et al.8 first developed a two-phase continuum model
to study both dry and underwater granular collapses and achieved
good agreement with their experimental results for the transient
granular surface profile. This work was later extended to deal with
dense binary mixture flows.9 Rondon et al.10 experimentally inves-
tigated the influence of the initial volume fraction and aspect ratio
and reported a negative pressure under the flow in the case of
dense packing and a positive pressure in the case of loose pack-
ing. Their experiment is widely used to validate different simula-
tion methods. Savage et al.11 used a mixture model to study Ron-
don’s experiment. Though reasonable predictions were achieved
for the loose-packing case, the dense-packing case failed essen-
tially because their model neglects the pore pressure effects and
the interaction between fluid and particles. Wang et al.12 employed
a two-fluid continuum theory implemented with smoothed parti-
cle hydrodynamics (SPH) to simulate the same problem, with the
solid phase modeled as a perfectly elastic–plastic material. Good
agreement between the numerical output and the experimental
results of Rondon et al.10 was observed for the loose case, while
for the dense case, the agreement was less satisfactory. They later
modified their formula13 by determining the dilatancy angle using
critical state theory.14 Satisfactory agreement between the simu-
lations and their own experiment was then obtained. Si et al.15

applied a two-phase model similar to that of Meruane et al.8 and
obtained good agreement with Rondon’s experimental results for
both dense packing and loose packing. A two-phase model was also
used by Lee and Huang,16 who considered turbulent, rheological,
and elastic effects. More importantly, they proposed a new particle
response time model that combines the Richardson–Zaki model17

with Engelund’s model18 to quantify the drag force under differ-
ent packing densities. Their simulation of Rondon’s experiment
produced satisfactory results. They further performed loose-packed
experiment combined with numerical simulations focusing on the
effect of particle size, where fine particles were shown to have a larger
runout distance.19

Despite the considerable achievements of continuum meth-
ods, their effective application depends on proper modeling of the
moment exchange between phases and the closure of the solid stress.
In the transient granular collapse problem, the constitutive relation-
ship requires careful consideration of the solid concentration, which
plays a significant role in changing the flow behavior and the tran-
sition from the granular solid to granular flowing state.10 In this
regard, discrete methods for granular phase modeling provide an
alternative, direct, and powerful tool. Topin et al.20 investigated how
the initial particle volume fraction and Reynolds number affect the
collapse using nonsmooth contact dynamics (NSCD) for particle
modeling coupled with a distributed Lagrange multiplier/fictitious
domain (DLM/FD). Based on previous research on granular
avalanches,21,22 they later investigated the collapse dynamics under
different flow regimes: grain-inertial (free-fall), fluid-inertial, and
viscous.23 Despite less horizontal energy being earned by the grains
in fluid, the runout for the fluid-inertial regime was almost iden-
tical to its dry counterpart (grain-inertial) and longer than for the
viscous regime. This phenomenon was attributed to the compensa-
tion between friction, viscous, and lubrication effects. A pore-scale
simulation in which the lattice Boltzmann method was coupled with
discrete element method (LBM-DEM) was used to study pore pres-
sure effects during granular column collapse in two dimensions.24

The positive pore pressure development, front water entrainment,
and hydroplaning produced a longer runout in the loose case than
in the dry case. The simulations conducted by both Topin et al.20,23

and Kumar et al.24 were implemented in two dimensions to reduce
the computational cost, which suffers from the drawback of unre-
liable pore space. Izard et al.25 resolved the fluid in three dimen-
sions using the immersed boundary method coupled with discrete
element method (IBM-DEM) and achieved quantitative agreement
with the experimental results of Rondon et al.,10 especially for the
basal pore pressure variation. The fluid phase has also been solved
using SPH,26 which produced a satisfactory comparison with the
experimental results of Wang et al.13 for the final deposit profile.
Recently, a three-dimensional LBM-DEM simulation has been val-
idated and used to analyze the micro-mechanical mechanism of a
quasi-two-dimensional immersed granular collapse.27,28 These dis-
crete simulations gave reasonable results, but were generally com-
putationally expensive and time consuming because the fluid res-
olution must be smaller than the particle spacing to resolve the
fluid flow at the pore scale. Thus, the number of discrete parti-
cles is limited to several thousand (Table I), which restricts their
wider applications. This paper studies granular flows with much
more particles, so it requires more consideration for a proper
simulation method.

Of particular interest is the work of Jing et al.,29 who stud-
ied immersed granular collapse using computational fluid dynamics
(CFD) and DEM for the particle (CFD-DEM). This method requires
a coarse fluid grid in which the cells are larger than the particle diam-
eter to ensure a reasonable averaged continuum field and achieves
coupling through particle–fluid interaction force models. It has the
advantage of relatively low computational cost compared to the
aforementioned resolved methods and has greater capacity to cap-
ture the particle-scale motion compared with two-fluid continuum
methods.30 Note that Jing et al.29 did not reproduce the details of any
existing experiments, as this requires careful parameter calibration.
Instead, they mainly focused on the influence of the aspect ratio and
different flow regimes.31 To the best of the authors’ knowledge, there
have been few detailed calibrations of granular parameters from
experiments in the study of immersed granular collapse. Therefore,
the main goal of this study is to reproduce immersed granular col-
lapse through CFD-DEM simulations and provide a deeper view of
the collapse procedure. We restrict this study to granular collapse in

TABLE I. Previous discrete-continuum methods used to study immersed granular
collapse. dp, εs,Nmax

par denote particle diameter, solid volume fraction, and maximum
number of particles used, respectively.

Investigator Methodology dp(mm) εs Nmax
par

Topin et al.23 2D CD-DLM/FD 1 0.8 1450
Kumar et al.24 2D LBM-DEM . . . 0.79, 0.83 1000
Izard et al.25 IBM-DEM 15.2 0.58, 0.60 ≈1000a

Jing et al.29 CFD-DEM 1 0.56 ≈34 000a

Xu et al.26 SPH-DEM 0.5–0.6 0.49 27 030
Yang et al.27 LBM-DEM 1.436 0.55 − 0.63 ≈5000a

aNmax
par is calculated as Vtotalεs/V0 , where V0 is the particle volume.
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the viscous regime32 and perform detailed calibration of the model
parameters.

The remainder of this paper is organized as follows: Section II
introduces the methodology of the coupled CFD-DEM simulations,
which use well-determined parameters. The simulation setup is pre-
sented in Sec. III. Simulation results of immersed granular collapse
are compared with experimental results in Sec. IV, allowing the col-
lapse dynamics to be further analyzed. Finally, Sec. V summarizes
the conclusions from this study.

II. NUMERICAL METHODOLOGY
A. CFD-DEM formulation

The approach of combining CFD with DEM is widely used
to investigate coupled fluid–particle flows.33,34 In this method, the
particles are modeled by DEM35 based on Newton’s second law
and the fluid flow is solved by traditional CFD according to the
volume-averaged Navier–Stokes equations, similar to those used in
two-phase models (TPMs). Their coupling is achieved by interaction
forces, which exchange momentum between phases.36

The CFD part solves the volume-averaged incompressible
Navier–Stokes equations, which are written in the following
form:36,37

∂εf/∂t +∇ ⋅ (εfuf) = 0,
∂(εfuf)/∂t +∇ ⋅ (εfufuf) = −εf∇p/ρf +∇ ⋅ (εfτ)/ρf − Fpf/ρf,

(1)

where u, εf, ρf, p denote the fluid velocity, porosity, density, and pres-
sure, respectively; τ = μf(∇uf +∇uT

f ) is the deviatoric stress tensor of
the fluid, with μf being the dynamic viscosity. The interaction force
acting by the granular phase is given by

Fpf =
n

∑
i=1

f d,i/ΔV , (2)

where f d,i is the drag force and ΔV is the cell volume. Other interac-
tion forces, such as the virtual mass force, lift force, and history force,
are neglected in this study because they are insignificant compared
with the drag force.15

The transitional and rotational motions of particles are gov-
erned by Newton’s second law according to

mi
dup,i

dt
=∑

j
( f c,n

ij + f c,t
ij ) + mig + f

∇p,i + f
∇⋅τ,i + f buo,i + f lubri,i + f d,i,

(3)

Ii
dωp,i

dt
=∑

j
(Mt,ij + Mr,ij), (4)

where up,i and ωp,i are the i-th particle’s transitional and rotational
velocities, respectively. The forces on the right-hand side of Eq. (3)
include contact force f c,n

ij and f c,t
ij , gravity mig, pressure gradient

force f∇p ,i, viscous force f
∇⋅τ,i, buoyant force f buo,i, lubrication force

f lubri,i, and drag force f d,i. The normal and tangential components of
the contact force of particle j on particle i are given by

f c,n
ij = (knδn − γnun)nij,

f c,t
ij = min(ktδt − γtut,μp-pf c,n

ij )tij,
(5)

where the labels n and t denote normal and tangential components,
respectively. The spring coefficient k and damping coefficient γ are
calculated by the nonlinear Hertz model.38 The coefficient of inter-
nal friction μp-p is equal to tan θr, where θr is the repose angle of the
granular material.

The last five terms in Eq. (3) are the forces induced by the
fluid. The pressure gradient force f

∇p,i = Vi∇p (Vi = πd3
p/6 being

the particle volume) and viscous force f
∇⋅τ,i = Vi∇ ⋅ τ are due to

macroscopic variation of fluid stress tensor, which comes from the
formulation stage. Different from viscous force, the drag force fd,i
comes from the locally relative motion between fluid and particles,
which induces shear stress on the particles considering the non-slip
condition. There are many drag force models.39,40 Table II briefly
summarizes several drag force models used in previous immersed
granular collapse studies. This study employs the drag force model
used by Lee and Huang,16 who combined the Richardson–Zaki (RZ)
and Engelund models, because this gives the best results. The drag
force model can be written as

f d,i = εfρsVi(uf − up)/τp, (6)

where τp is the response time, details of which can be found in
Ref. 16.

The lubrication force is from radial pressure of fluid when two
particles get close and the interstitial fluid is squeezed out. Since
we have a coarse mesh larger than the particles and the lubrica-
tion effect cannot be resolved with the computational mesh, the

TABLE II. Drag force models used in previous studies on immersed granular collapse. EXP denotes experiment.

Investigator Methodology dp (mm) εs μf (cp) Drag model

Meruane et al.8 TPM 0.2, 0.7, 3 0.60 0.02, 1 Di Felice
Wang et al.12 TPM (SPH) 0.225 0.55, 0.60 12 Darcy’s law
Wang et al.13 EXP&TPM 0.3 0.55, 0.60 1, 12 Darcy’s law
Lee and Huang16 TPM 0.225 0.55, 0.58 12 RZ-Engelund
Lee et al.19 EXP&TPM 0.12, 0.56 0.55 1 RZ
Si et al.15 TPM 0.225 0.55, 0.60 1 Gidaspow
Jing et al.29 CFD-DEM 1 0.56 1 Di Felice
This paper CFD-DEM 3.84 0.64 29.7 RZ-Engelund
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lubrication force is added explicitly in Eq. (3) based on lubrication
theory41 as

f lubri,i = 6πμR2
effv

n
rel/δn (0.001Reff < δn < Reff), (7)

where Reff = RiRj/(Ri + Rj) is the effective radius of particles i and j,
which have radii Ri and Rj, respectively.

Noting that we are considering incompressible fluid and we
do not add gravity in the fluid’s governing equation, i.e., Eq. (1),
the fluid pressure thus does not contain the hydrostatic part, which
should have induced buoyant force considering the pressure gradi-
ent force (f

∇p,i = Vi∇p) acting on the particles. So we also need to
add buoyant force explicitly in Eq. (3) as f buo,i = − Viρfg.

In Eq. (4), Mt,ij is the contact torque from the tangential force
and Mr,ij is the rolling resistance, which prevents free rolling and
accounts for the shape effect of nonspherical particles.42 The elastic–
plastic spring–dashpot (EPSD) model for rolling friction is applied
here:43

Mt+Δt
r,ij = min(Mt

r,ij − 2.25knμ2
rR

2
effΔθr,μrReff f

c,n
ij ). (8)

Δθr is the incremental relative rotation between particles. The coef-
ficient of rolling friction μr is to be calibrated.

For the implementation of this CFD-DEM formulation, we
make use of the open-source software package of CFDEM®44

which combines the DEM code LIGGHTS®36 and CFD code
OpenFOAM®. The drag force and the lubrication force are imple-
mented with C++ coding. The pressure implicit with splitting of
operators (PISO) algorithm is used for fluid solver. A divided poros-
ity model in CFDEM® is used to map particles’ volume to porosity
field. The time discretization is in implicit Euler scheme and spatial
discretization in linear interpolation.

B. Calibration of simulation parameters
In dense granular flows, the contacts among particles dominate

than other hydrodynamic or lubrication forces.45 In this research, we
intend to reproduce experimental results through CFD-DEM sim-
ulations. Thus, proper calibration of the granular parameters is a
significant task and is mainly achieved by laboratory tests.

Young’s modulus E and Poisson’s ratio σ of borosilicate glass,
which are required by Hertz’s model to calculate the contact forces,
are 63 GPa and 0.2, respectively, according to the manufacturer.
Such a high modulus implies a very short DEM time step, so we
decrease its value by three orders of magnitude to 63 MPa. This
does not have much influence on the granular flow,42,46 but reduces
the computational cost significantly by increasing the required DEM
time step.

The coefficient of friction between the particles and walls μp-w is
determined by a slide test. First, a thin cylindrical tube is filled with
particles to form a direct contact face between the particles and a
glass plate (same material as the water tank), as shown in Fig. 1(a).
The plate is then slowly tilted. The angle at which the cylinder starts
to slide, denoted by θslide, is measured by a clinometer, and we have
μp-w = tan θslide.

The repose angle is measured by slowly pouring a known
amount of beads from a funnel onto a granular pile from above.
As shown in Fig. 1(b), the edge profile is extracted by image
processing and linearly interpolated to give the slope, which

FIG. 1. Measurement of model parameters: (a) Friction coefficient between par-
ticles and glass plate. (b) Repose angle. (c) Coefficient of restitution between
particle and glass plate.

is considered to be the repose angle.47 Pictures from different
directions are processed, and the averaged angle is finally defined as
the repose angle θr. We also use this simple experiment to calibrate
the coefficient of rolling friction μr by trial and error. The same pro-
cedure is simulated by pure DEM simulation, and the final deposits
are postprocessed using the same method as for the experiment. A
value of μr = 0.035 is found to produce the closest repose angle to the
experiment, so this value is adopted in subsequent simulations.

The coefficient of restitution between the particle and the wall,
denoted as ep-w, is determined by a drop test,48 as shown in Fig. 1(c).
A particle is dropped from a given height h, and the maximum
height h′ reached after one bounce is recorded by a high-speed
camera. The coefficient of restitution is calculated according to the
energy lost as ep-w =

√
h′/h, and the coefficient of restitution

between particles ep-p is considered to be equal to ep-w, i.e., ep-w
= ep-p = e.

C. Verification of granular parameters
We now verify the input parameters calibrated in Sec. II B

through a dry granular collapse test with an initial aspect ratio of
a = 2. The simulated collapse sequence is shown in Figs. 2(a)–2(c),
in which only particles near the front wall are presented. Ignoring
those indistinct particles at the back because the camera is focus-
ing on the front wall,49 the collapse process for the dry case is
successfully reproduced, implying that the granular parameters are
correctly calibrated.

It should be emphasized that we apply a gate-removal pro-
cess in the simulations, and gate–particle interaction is regarded the
same as wall–particle interactions. The trajectory of the gate’s lower
edge is presented in Fig. 2(d), where rectangular markers indicate
raw data extracted from the experimental images and the solid line
represents the quadratic polynomial fitting result. Good agreement
between the raw and fitted data indicates that the gate is uniformly
accelerating.
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FIG. 2. Dry granular collapse for a = 2: [(a)–(c)] Comparison of granular collapse profile at t = 0.15 s, t = 0.30 s, and t = 1.00 s, respectively. The insets illustrate the simulated
results with gate removal and their upper surface profiles (not to scale). Red lines refer to simulation without gate removal. (d) Gate-removal trajectory.

III. SIMULATION OF IMMERSED GRANULAR
COLLAPSE

A. Experimental results for comparison
with simulations

The immersed granular collapse we attempt to simulate here
was conducted in a 40 × 8 × 30 cm3 glass water tank, as shown
in Fig. 3(a). The particles are borosilicate glass beads (dp = 3.84
± 0.3 mm) with a measured density of 2178 kg/m3. A mixture of
equal mass fractions of dimethyl sulfoxide aqueous solution and
glycerin aqueous solution is used as the fluid, giving a dynamic
viscosity of μf = 29.1 cp and a density of ρf = 1167 kg/m3.

In the experiment, the glass tank is filled with the well-mixed
fluid and a rectangular zone is delimited by a 3-mm-thick stainless-
steel gate at x = Li. We fix Li = 4 cm and vary the column height
Hi to form different aspect ratios a = [2–6]. The initial solid volume

fraction εs is around 0.64. To visualize the glass beads, as shown in
Fig. 3(b), a blue laser sheet is shot along the bottom wall from the
front and a mirror is placed under the tank at a 45○ angle to the hor-
izontal plane. Once the gate is lifted up, a camera is going to record
the collapse process. We also record the final deposit from the front
after the collapse. Typical images obtained are shown in Figs. 3(c)
and 3(d).

For each aspect ratio, the experiment is repeated three times.
The experimental pictures observed from the bottom are processed
to extract the evolution of the leading front with respect to time,
denoted as Lt. The experimental results for the front evolution
possess good repeatability, as shown in Fig. 4.

B. Simulation setup for immersed granular collapse
We adopt homogeneous 40 × 8 × 30 mesh with size

of 0.01 m, which is about 2.6dp. The number of particles is

FIG. 3. Configuration of immersed granular collapse: (a) Initial column. (b) Final deposit. A mirror is placed below the tank to observe particulate bottom evolution. Raw
experimental image shot from front (c), where particles appear black, and bottom (d), where particles appear blue.
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FIG. 4. Front evolution of three repeated experiments for a = 4. Simulation results
given by CFD-DEM are also presented.

aspect-ratio-dependent as 2756a. Detailed modeling parameters for
the CFD-DEM simulations are presented in Table III. Despite the
well-determined granular parameters, there are still some setup
questions that are worthy of discussion, including the effects of the
procedure of removing the gate and the boundary conditions.

1. Gate-removal effects
The movement of the confining gate, which triggers the col-

lapse in the experiments, does not actually exist in natural collapse
events. However, in our experiments, the moving gate influences the
collapse significantly by inducing initial elevation of the granular pile
and vertical fluid velocity. Several studies on this problem have con-
cluded that the influence only exists in the initial stage.12,13,15,16,19 In
our simulation of the dry case, the gate-removal stage lasts about
0.1 s, which is approximately one-tenth of the collapse duration.
The foot of the granular packing runs almost twice as far without

a wall during the initial stage [see red lines in Fig. 2(a)]. In the fol-
lowing simulation of immersed cases, we apply a moving gate only
to the particles, i.e., the DEM part, while no such setting for the
CFD part. The gate-removal stage lasts no more than 5% of the col-
lapse process, and no induced fluid velocity is applied. The result
suggests that this manipulation does not affect the collapse pro-
cess as much as in dry cases (see the blue dashed line in Fig. 4).
Regardless, the gate-removal process is adopted in this study for
completeness and further discussion. As will be seen later, the gate-
removal process can suppress the energy bump appearing during the
initial stage.

2. Wall effects and boundary conditions
The fluid used in our experiments has a viscosity of 29.7

cp, which is higher than in most previous experiments or simu-
lations on submarine granular collapse. Higher viscosity means a
thicker boundary layer in which the fluid velocity is slow and the
particulate motion is retarded. Previous simulations were mainly
performed with TPMs or discrete-element-based methods. The
former are mainly implemented in two dimensions,8,11–13,15,16,19,26

whereas the latter are either two-dimensional20,23,24 or quasi-two-
dimensional28,29,31 through the application of periodic boundary
conditions in the spanwise direction. We perform unresolved CFD-
DEM simulations that require a coarse mesh in which the cells
are larger than the particles to ensure the reasonable calculation
of the volume fraction field and particle–fluid moment exchange,
i.e., Eq. (2). The coarse mesh prevents us from accurately calcu-
lating both the fluid flow and particle motion near the side wall,
though there are several methods to solve this problem50,51 that
deserve further investigation. This is why we only compare parti-
cle motion from the bottom in this study, because the granular front
is in the inner region where wall effects are minor. The boundary
layer effects near the bottom are believed to be insignificant, as the
bottom particles are mainly pushed into motion by upper particles.
Furthermore, a periodic boundary condition has been considered
and the collapse runs much longer for higher columns, such that
the periodic boundary condition is not adopted here. In this study,

TABLE III. Model parameters used for CFD-DEM simulations of immersed granular collapse.

Parameters Value

Simulation region Length 40 cm
Height 30 cm
Width 8 cm

Particle Diameter, ρp 3.84 ± 0.3 mm
Particle density, ρp 2178 kg/m3

Young’s modulus, E 6.3 × 107 Pa
Poisson’s ratio, σ 0.2
Coefficient of restitution, e 0.91
Coefficient of friction between particles and wall μp-w 0.19
Coefficient of friction between particles μp-p 0.47
Coefficient of rolling friction μr 0.035

Fluid Fluid density, ρf 1167 kg/m3

Fluid kinetic viscosity, νf 2.49 × 10−5 m2 s−1

Drag model aE = 6400, bE = 2.7, cm = 0.55
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a zero-pressure condition is applied on the upper boundary and no-
slip conditions for velocity are imposed on the other boundaries. A
zero-gradient boundary condition is applied as the default for the
other parameters.

C. Simulation procedure
The simulations are conducted according to the following

procedure:

(1) Preparation: Particles are generated randomly in a region
under reduced gravity: g′ = (1 − ρf/ρp)g with g = 9.81 m s−2.
To produce the packing density (0.64) of the experiments,
the generation region is slightly higher than the target region
and the particles have quite a low friction coefficient (0.051)
and restitution coefficient (0). A moving wall is applied from
above to press the particles down to H

′

= 0.9aLi and then
retracted.

(2) Relaxation: The friction coefficient and restitution coefficient
are adjusted to their correct values. After relaxation, the well-
prepared initial pile is passed to the CFD-DEM solver and the
simulation runs under full gravity with the lateral gate fixed
to relax any possible movement. The final height of the col-
umn is found to be around aLi (no more than half a particle
diameter higher).

(3) Release: The gate then moves vertically following the cal-
ibrated trajectory, and the granular collapse begins under
the self-weight of the particles. The moment the gate starts

moving is regarded as the beginning of the collapse process,
i.e., t = 0.

IV. RESULTS AND DISCUSSION
A. Comparison between simulation
and experimental results

The front evolution in the simulation results is extracted
based on particle positions, with only particles near the bot-
tom taken into account. There is good agreement between the
simulated and experimental results for the front evolution, as
shown in Fig. 5(a). The red dashed line in Fig. 4 shows that
the simulation result is within the normal range of experimental
error.

We further normalize the travel distance according to Hi and
time according to τc =

√
Hi/g′. This scaling is known to be appro-

priate,29 and the normalized evolutions with different aspect ratios
are almost identical in Fig. 5(b), except for the final runout. Simi-
lar to previous studies on granular collapse, our results clearly show
early acceleration, followed by steady propagation (constant veloc-
ity), and then deceleration. In Fig. 5(b), it is remarkable that the
constant velocity stage occurs from 4τc–6τc, despite the different
aspect ratios.

Though we do not intend to reproduce the instantaneous gran-
ular pile profile during the collapse process, the final deposit profiles
are in satisfactory agreement with the experimental results, as shown
in Fig. 6 for exemplar cases of a = 2, 4, and 6.

FIG. 5. Front evolution with different aspect ratios. (a) Comparison between CFD-DEM results and experimental results. (b) Normalized front evolution. The gray part indicates
the steady propagation stage.

FIG. 6. Comparison of final deposit pro-
file between experimental and simulation
results for cases a = 2, 4, and 6.
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B. Collapse process
Figure 7 presents collapse snapshots at four sequential times

with a = 4. Only the central slice of fluid at y = 4 cm and particles
near the central slice (y = 4 ± 0.5 cm) are shown, where the wall
effect is minor. At t = 0.2 s, the bottom particles have just traveled
one particle diameter out of the initial state (see the white profile).
This time can also be defined as the trigger time,32 after which the
collapse evolves dramatically. Particles near the right-upper corner
move slightly faster and quickly fall down to the bottom, forming
one large vortex as shown in Fig. 7(b). The steady propagation stage
starts at 0.75 s (≈4τc). It can be observed that the corner particles
remain almost static and an inclined shear plane is formed. Parti-
cles that are initially in the right portion of the domain mix together
to form the granular front and evolve at a constant velocity as the
vortex moves down. After 1.12 s (≈6τc), the collapse starts to decel-
erate and falling particles gradually approach their final height. At
t = 1.7 s, the particles behind the front have almost stopped. The
vortex gradually fades, and the existing flow drives the front particles
forward to their final position.

C. Propagation velocity
For dense particle–fluid flows, there exist three regimes: vis-

cous, inertial, and free-fall, depending on the properties of both the
particles and the ambient fluid.22 Such flows can be represented by
two dimensionless numbers, the Stokes number St and density ratio

r, given by

St =
√
ρp(ρp − ρf)gd3

p

18μf
, r =

√
ρp

ρf
. (9)

Recently, Bougouin and Lacaze32 systematically studied
immersed granular collapse in different regimes through a series of
experiments. The maximum front velocity was found to be linearly
dependent on the free-fall velocity,

U = ζ(St)UFF, where UFF =
√

2g′Hi. (10)

The coefficient ζ is St-dependent, but their experiments did not
determine whether ζ depends on the density ratio because r hardly
varied. In this study, Eq. (9) gives St = 1.46 and r = 1.37, which
can be compared with the viscous inertial regime cases in Bougouin
and Lacaze,32 where St = 1.5 and r = 1.6. The St values are similar,
whereas the density ratio r is slightly different. Here, the propagation
velocity U is obtained by linearly fitting the front position during the
constant velocity stage, and the results exhibit perfect goodness of fit
for all aspect ratios (R2 > 0.99).

Figure 8 shows the normalized front propagation velocity. The
velocity normalized by the free-fall velocity ζ = U/UFF is located well
within the error bar (gray area) obtained by Bougouin and Lacaze.32

FIG. 7. Collapse sequences with a = 4 at (a) t = 0.2 s, initial stage; (b) t = 0.75 s; (c) t = 1.12 s; (d) t = 1.70 s. Colors for both particles and fluid indicate the magnitude of
velocity; arrows represent the velocity direction of fluid and their length indicates velocity magnitude.
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FIG. 8. Normalized propagation velocity using free-fall velocity UFF, viscous veloc-
ity UV, and inertial velocity UI. The gray area represents the error bar obtained
from Fig. 11 of Bougouin and Lacaze.32

Furthermore, the results normalized according to the viscous veloc-
ity UV and inertial velocity UI are also shown:

UI =
¿
ÁÁÀ10

3
(ρp

ρf
− 1)gd, UV =

(ρp − ρf)gd2

18μf
. (11)

As shown in Fig. 8, normalization by UV gives results that are
closer to 1, providing further evidence that the flow considered in
this study belongs to the viscous regime. Note that the so-called vis-
cous inertial regime discussed by Bougouin and Lacaze32 is found to
be the viscous regime according to their new definition considering
column height. Additionally, the results in this section suggest that
the coefficient ζ = U/UFF is likely to be independent of the density
ratio r, at least from 1.37 to 1.6.

D. Runout distance
The runout distance is one of the most important parameters

in studies of granular collapse and natural disasters and is known
to follow a power law relationship with respect to the initial aspect
ratio.2,3,10,19,32 Recently, Yang et al.28 reported that the normalized
final runout L̃ = (Lf − Li)/Li and the densimetric Froude number

Frd =
Vft√

(ρp/ρf − 1)gHft
(12)

were linearly related as L̃ = 5.5Frd. According to their definition,
the front particles are defined to be within 0.4Li from the temporal
leading runout, V ft is the maximum front particles’ average velocity
during the collapse, and Hft is the corresponding average height of
that moment.

The simulated results for the correlation between L̃ and Frd are
shown in Fig. 9. It can be seen that the linear relationship holds for
aspect ratios from 2 to 5, whereas the deviations become significant
when a = 6. When the front particle reaches its maximum veloc-
ity, the front height Hft increases too much in the case of a = 6,
that is obvious in the insets of Fig. 9, resulting in a decrease in Frd.
This increase in height may be related to the much higher column,
whereby particles are pushed forward by falling particles, leading to

FIG. 9. Correlation between normalized final runout distance and densimetric
Froude number. From bottom to top, the dots correspond to a = 2–6. The vertical
lines in the insets cut off the front particles.

a thicker front. Regardless of the mechanism, we emphasize that
the original correlation focuses on the collapse of a low column (a
= 0.8), and our results show that the correlation holds for high-
column collapses of up to a = 5.

E. Energy evolution
1. Overview of energy evolution

In the granular collapse processes considered in this study, the
only energy source is the particulate potential energy lossΔEp = Ep(t)
− E0, with E0 = Ep(0). During granular collapse, particles fall down,
transforming their potential energy to particulate kinetic energy.
The drag forces opposite to the particles’ velocity retard the motion
of the particles while dragging ambient fluid into motion. This pro-
cess transfers kinetic energy from the particles to the fluid, calculated
as Ep

k = ∑mi|u|2
f,i/2 and Ep

f = ∑ ρfεf,iVi|u|2
f,i/2, respectively. Note that

we ignore the rotational kinetic energy of the particles because this
is negligible, with a maximum value of less than 1 × 10−3E0. The
dissipated energy is mainly the result of fluid viscosity and particle–
particle friction. Ignoring the elastic energy stored between particle
contacts, this is given by Ed = ΔEp − Ep

k − E
p
f .29

Figure 10(a) presents the energy evolution during the collapse
when a = 4. It can be seen that about 77% of the particulate potential
energy is devoted to the collapse, and most of this is dissipated. The
maximum total kinetic energy of the fluid and particles only reaches
2.6% of E0 and 2.0% of E0, respectively.

We further analyze the partial kinetic energy, which is defined
as Ep

k,x = ∑miu2
f,i/2, Ep

k,z = ∑miw
2
f,i/2 and Ef

k,x = ∑ ρfεf,iViu2
f,i/2,

Ef
k,z = ∑ ρfεf,iViw

2
f,i/2 for the particles and fluid, respectively, where u

and w are the x- and z-components of velocity, respectively. The par-
tial kinetic energy in the y-direction is ignored because it is insignif-
icant, similar to the particles’ rotational kinetic energy. Figure 10(b)
shows the partial kinetic energy evolution of both the fluid and par-
ticles when a = 4. Note that the other groups give similar trends, so
only the case of a = 4 is presented here. Firstly, during the initial
stages, a small energy bump appears (this will be discussed later).
From ∼0.2 to 0.4 s, Ep

f,z grows and Ef
k,z becomes slightly lower, while
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FIG. 10. Energy evolution in the case a = 4. (a) Particulate potential energy loss and dissipated energy compared with total kinetic energy. (b) Partial kinetic energy. The
dotted lines correspond to the four instants in Fig. 7. Note that the time interval between instants is 0.01 s.

the x-components remain much lower. This indicates that motion
along the z-direction is dominant in this stage. From then on, Ef

k,x
starts to grow and Ep

k,x follows, as a result of the formation of the
large vortex. At 0.75 s, both Ep

f,z and Ef
k,z have reached their peak val-

ues and the foot propagation moves into the constant velocity stage.
From 0.75 to 1.12 s, Ep

f,z drops dramatically because the particles are
moving vertically before hitting static particles in the corner, which
form an inclined plane, and their motion changes to the x-direction,
corresponding to the heap stage.23,29 The front particles are contin-
ually receiving energy from the turning particles and propagate at a
constant velocity. Note that Ef

k,x grows to be much larger than Ep
k,x

in the later stage of this period, and we believe that the positive drag
of the fluid on the particles contributes to maintaining this constant
velocity. After 1.12 s, ΔEp stops increasing, Ep

f,z almost vanishes, and
Ef

k,x starts to decrease, resulting in the particle motion decelerating.
Almost all particles stop moving after 1.70 s, and the fluid can barely
drag any particles into motion, except for the leading particles. The
collapse terminates and any existing fluid kinetic energy is gradually
dissipated by viscosity.

2. Discussion of the energy bump
The small energy bump in the initial stage indicates that the

granular column moves and soon decelerates, after which it contin-
ues to collapse. Note that we have applied a gate-removal process
in previous cases, which may induce some elevation of the column.
This process contributes to the bump, but is not completely respon-
sible because a similar bump arises in the no-wall-removal case (gate
unfixed instantly). In the following, we discuss the no-wall-removal
case for brevity and clarity. We further investigate this stage in detail
by reducing the output time interval to 0.0001 s, as shown in Fig. 11.
An unexpected energy crest for Ep

f,x appears. To determine what
happens during this stage, we simulate the collapse process with bal-
anced gravity, g′ = ρf/ρpg, i.e., gravity balanced by buoyancy, and a
similar bump appears, though the pile soon stops moving (see gray
line in Fig. 11). Thus, it is clear that the horizontal movement is
induced by the sudden release of the gate and the particles burst out
when the inner force is relaxed. For completeness, the evolution of
Ep

f,x with the wall-removal stage is also presented. It can be seen that

the energy peak is much smaller because the horizontal movement
is confined.

Due to the horizontal motion of the particles, the vertical force
chains that are initially holding the upper particles quickly dismiss
[see Figs. 12(a) and 12(b)]. As a result, the particles fall down and
the vertical kinetic energies increase. The force chains then start
to rebuild and the particles decelerate under the inner friction and
fluid viscosity as the kinetic energy gradually decreases. At around
0.08 s, most of the particles have rearranged themselves to a tempo-
rary steady state and the kinetic energies tend to reach their minima.
The particles in the right and upper parts of the domain continue to
move under gravity, gradually eroding the inner force chains [see
Figs. 12(d) and 12(e)], and the actual granular collapse begins at
0.1 s.

Looking back at this procedure, the formation of the energy
bump is mainly the result of particle destabilization and rearrange-
ment. This study focuses on the collapse of high columns (amin = 2),

FIG. 11. Energy evolution during the initial stage in the case a = 4 without wall
removal. Ep

f,x in the case a = 4 with wall removal is shown for comparison. Note
that the time interval between instants is 0.0001 s.
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FIG. 12. Force chains during the initial stage in the case a = 4 at different instants: (a) t = 0 s, (b) t = 0.01 s, (c) t = 0.04 s (d) t = 0.08 s, (e) t = 0.10 s. Note that only forces
larger than 0.01 N are shown. The color and thickness correspond to the force magnitude.

which require longer falling durations, and the viscous regime col-
lapse studied here exhibits trigger time that is quite long enough32

for the particles to rearrange and settle down. For shallow columns
and other regimes, the procedure may be mixed with collapse and
thus be barely distinguishable.28,29,31 This stage may have a consid-
erable impact on the initial collapse. For example, when a = 4, it
takes 0.15 s for the vertical kinetic energy to reach its post-bump
minimum with a wall and just 0.1 s without a wall. Thus, careful
consideration is needed when analyzing the particle motions during
the initial stage.

V. CONCLUSIONS
We have investigated the immersed granular collapse of high

columns in a viscous regime through coupled CFD-DEM simula-
tions. The input parameters were carefully determined from experi-
ments, and the rolling friction coefficient, which is difficult to mea-
sure directly, was calibrated using a repose angle test. The correction
of the granular parameters was verified through a dry granular col-
lapse experiment, where we found that the wall-removal process
was necessary for the reproduction of the collapse process, espe-
cially in the initial stage. With the well-determined parameters, the
immersed granular collapse process was successfully reproduced,
in terms of the front evolution and final deposit, by CFD-DEM
simulations.

The normalized front evolutions were found to be similar for
different aspect ratios and to exhibit three stages, i.e., acceleration,
steady propagation, and deceleration. With the benefit of detailed
particle-scale information from the CFD-DEM simulations, it was
found that the constant velocity stage is maintained by the transi-
tion of particle motion from vertical to horizontal and the drag of
the fluid. The constant propagation velocity is proportional to the
free-fall velocity, and the coefficient matches well with that reported
in a previous study. The linear correlation between the normalized
final runout and the densimetric Froude number was reproduced in

our high-column cases, despite it being originally proposed for shal-
low columns. Furthermore, a small energy bump observed during
the initial stage was found to result from particle destabilization and
rearrangement. A high column and long trigger time are necessary
for the formation of this bump. Without either, this stage becomes
mixed with the collapse process and can hardly be observed.

The CFD-DEM simulations described in this paper were vali-
dated based on experimental results and thus allow deeper investiga-
tions of the flow pattern of immersed granular flows. We have only
focused on the viscous regime here, but future work will be devoted
to different flow regimes and their individual collapse details.
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