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Abstract. Instabilities of immersed slopes and cliffs can lead to catastrophic events that involve a sudden

release of huge soil mass. The scaled deposit height and runout distance are found to follow simple power

laws when a granular column collapses on a horizontal plane. However, if the granular column is submerged

in a fluid, the mobility of the granular collapse due to high inertia effects will be reduced by fluid-particle

interactions. In this study, the effects of fluid viscosity on granular collapse is investigated qualitatively by

adopting a numerical approach based on the coupled lattice Boltzmann method (LBM) and discrete element

method (DEM). It is found that the granular collapse can be dramatically slowed down due to the presence of

viscous fluids. For the considered granular configuration, when the fluid viscosity increases. the runout distance

decreases and the final deposition shows a larger deposit angle.

1 Introduction

Granular flows which are saturated by or immersed in flu-

ids are ubiquitous phenomena in nature and industries,

such as debris flow, submarine avalanche, food manufac-

turing and pharmacy. It is rather important to investigate

these hydrogranular flows because of their crucial roles in

sediment transport, shaping the landscape, risk assessment

and industrial optimization. However, complex interac-

tions between granular materials and fluids are yet to be

fully understood.

Dry gravitational flows have been widely studied ex-

perimentally by a sudden release of granular column on a

horizontal plane (see Fig. 1) over the last decades, focus-

ing on flow kinematics and deposit morphologies [1, 2].

Scaling laws relating the deposit height and runout dis-

tance to the initial aspect ratio (h0/x0) of the granular col-

umn are proposed. As an important parameter in engi-

neering and geophysics, the runout distance generally in-

creases when the initial aspect ratio increases.

However, for granular flows in a viscous fluid, the

runout distance also depends on other physical parame-

ters, such as the initial volume fraction [3]. When the ini-

tial particle volume fraction is smaller than a critical value

equal to 0.58, the scaled runout distance is longer com-

pared to dry flows because of the generated excess pore

pressure due to fluid expulsion [3]. In contrast, flows with

high initial particle volume fraction travel similar distance

as dry flows.

Apart from the significance of immersed granular col-

lapse, the mechanisms and influence of fluids on flow kine-

matics and deposit morphologies are yet to be fully under-

stood. The focus of this study is to investigate the role
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Figure 1. Granular Collapse with initial column (dashed line) of

height h0 and length x0, and deposit of height hf and length x f

of fluid viscosity on granular collapse in a fluid using the

coupled lattice Boltzmann method (LBM) and discrete el-

ement method (DEM).

2 Methodology

LBM has been developed to become an alternative tool to

traditional computational fluid dynamics (CFD) to couple

with DEM, benefiting from the direct calculation of the

drag force without ad hoc models [4–7]. LBM is a meso-

scopic description of fluid flow based on the kinetic theory.

Statistically, fluid behavior at macroscopic scale is nothing

but the average micro-dynamics of fluid molecules. Mean-

while, macroscopic fluid behavior is also insensitive to

the detailed dynamics of individual molecules. Therefore,

LBM is able to describe the fluid system by a collection

of molecules residing on a regular lattice. A set of density

distribution functions are used to represent the collection

of molecules at each lattice node, where collision between
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“fluid” molecules takes place by following the conserva-

tion laws of mass, momentum and energy. At each time

step, the post-collision density distribution functions are

passed to the neighboring lattice nodes by a streaming pro-

cess.

In LBM, the evolution equation for the density distri-

bution function fi(x, t) with a BGK approximation [8], can

be written as:

fi (x + ciδt, t + δt)− fi (x, t) = −1

τ

[
fi (x, t) − f eq

i (x, t)
]

(1)

where the density distribution function fi is related to the

number of molecules at time t positioned at x moving with

velocity ci along the ith direction at each lattice node. The

time step for evolution and the relaxation time are δt and τ,
respectively. The equilibrium distribution function (EDF)

is f eq
i . Based on the conservation of mass and momen-

tum, the fluid density ρ and velocity u can be easily recon-

structed from the velocity moments of the discrete density

distribution functions:

ρ =
∑

i

fi (2)

ρu =
∑

i

ci fi (3)

The pressure field p is related to the fluid density by

the equation of state:

p = c2
sρ (4)

The lattice speed of sound is cs and equal to 1/
√

3 for

the D3Q19 lattice arrangement [9].

While the fluid is simulated using LBM, DEM is

adopted to take care of the solid particles. DEM has been

widely used in granular flow applications [10–12]. The

particle-particle collisions are governed by the Hertzian

contact laws [13]. By considering the gravity (G), contact

forces (Fc and Tc) and hydrodynamic forces and torques

(F f and Tc), the positions and velocities of particles can

be updated according to the Newton’s second law:

ma = Fc + F f +G (5)

Iω̇ = Tc + T f (6)

The mass and moment of inertia of particles are m and

I, respectively. The acceleration is a and the angular veloc-

ity isω. The coupling between LBM and DEM is achieved

by the immersed moving boundary method, initially pro-

posed by Nobel and Torczynski [14]. For each cycle of

LBM calculation, 100 sub-cycles of DEM calculation are

conducted. During the sub-cycling process, the positions

of DEM particles on the LBM lattice grid and the cor-

responding hydrodynamic forces and torques are not up-

dated.
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Figure 2. Single particle sedimentation test: (a) sketch of the

experimental and numerical setup; (b) comparison between mea-

sured and simulated particle settling trajectory; (c) comparison

between measured and simulated particle settling velocity

3 Results and discussions

3.1 Single particle sedimentation test

Fig. 2(a) shows the sketch of the experimental and numer-

ical setups for the single particle sedimentation test con-

ducted in [15]. A 15 mm diameter (d) particle is released

at a height (h0) equal to 120 mm with zero initial velocity

within a container with dimension 100 × 100 × 160 mm.

During sedimentation of the particle, the settling veloc-

ity first increases until a terminal velocity (u) is reached,

at which the downward self-weight is balanced by the up-

ward buoyancy force and drag force. We have repeated the

same experiments referenced in [15] for four different val-

ues of Reynolds number (Re). The evolutions of particle

trajectory and settling velocity from numerical simulations

are compared to available experimental data in Fig. 2(b)

and Fig. 2(c), respectively. It is shown that the LBM-DEM
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Figure 3. Flow through a three-dimensional periodic array of

particles: (a) sketch of the numerical model; (b) comparison be-

tween numerical results and Zick & Homsy’s solution for the

drag coefficients at various solid fractions

coupling scheme presented in this study can capture well

the fluid-particle interactions in the single particle sedi-

mentation test.

3.2 Flow through a periodic array of particles

Fig. 3(a) shows the sketch of a viscous flow through three-

dimensional periodic array of particles. In numerical sim-

ulations, only one cubic cell with size D equal to 0.01 m

is considered with periodic boundary conditions defined in

all faces. A small pressure gradient 0.001 Pa/m is applied

to drive the flow from the left to the right. The simula-

tions are run until the steady state is achieved at which

point the flow velocity becomes steady. In order to get the

drag forces at various solid fractions φ, the particle radius

is changed from 0.0005 m to 0.005 m. Fig. 3(b) compares

the normalized hydrodynamic forces from numerical sim-

ulations and Zick and Homsy’s analysis [16], showing an

excellent agreement over the entire range of solid fractions

considered in this study.

3.3 Granular collapse

A sample of a granular column is first prepared using the

gravitational deposition method. In this study, a rather

dense initial packing is achieved by setting the particle

friction coefficient to be zero, which is later adjusted to

0.4 before releasing the granular column. The other mod-

elling parameters are summarized in Table 1.

In DEM, rigid walls are applied at all faces for the

three-dimensional simulation domain. In LBM, non-slip

Table 1. Modelling parameters

Parameters Values

Particle Diameter, dp (m) 0.002

Density, ρp (kg/m3) 2500

Young’s modulus, E (Pa) 5E6

Poisson’s ratio, ν 0.35

Coefficient of restitution, e 0.5

Fluid Density, ρ f (kg/m3) 1000

Viscosity, μ f (Pa·s) 0.01 - 0.05

Granular Initial width, x0 (m) 0.02

column Aspect ratio, AR 2.0

Initial volume fraction, φ 0.62

boundary condition is defined at the walls following the

bounce-back rule [4]. In this study, the influence of vis-

cosity on the granular collapse in a fluid is considered. As

the granular column collapses onto the horizontal plane

(see Fig. 1), the particles will push the fluid forward at

the lower part of the simulation domain. Because of mass

conservation, the fluid will flow against the movement of

particles at the upper part of the simulation domain, which

is called as back flow here. As a result, a recirculation re-

gion is observed just above the free surface of the granular

flow. In order to minimized the effect of back flows on the

runout distance, a large enough domain size for the fluid

field is set with length, height and width equal to 0.14 m,

0.06 m and 0.02 m, respectively.

Fig. 4 shows three cases of the granular flow, including

one dry condition: (a) without surrounding fluid; and two

wet conditions: (b) in a low-viscosity fluid (μ f = 0.01 Pa·s)

and (c) a high-viscosity fluid (μ f = 0.05 Pa·s). Compared

to the wet condition, it is found that the particles in the dry

condition can travel much longer. Part of the particles in

the dry condition keep moving forward after the collapse

and eventually hit the right wall and bounce back.

In contrast, all the particles are stopped in the wet con-

ditions, because a large part of the kinetic energy of par-

ticles is damped by the fluid via drag force. Some energy

is turned into fluid kinetic energy and all of it is dissipated

due to viscous effects in the end. Considering the granular

collapse in a fluid, the drag force on the particles increases

as the fluid viscosity increases, which works as a resis-

tant force to prevent the granular column from collapse.

Therefore, it takes a longer time for the granular column

to collapse and reach its final deposition in the presence

of a more viscous fluid. Furthermore, the runout distance

is shorter. It is also worth mentioning that the deposit an-

gle of the granular flow increases as the fluid viscosity in-

creases.

The normalized runout distance from LBM-DEM sim-

ulations (colored cross symbols) is plotted against the ini-

tial aspect ratio in Fig. 5, together with the numerical

results from [17] (hollow symbols). It is confirmed that

when the aspect ratio and the initial volume fraction are

equal to 2 and 0.62, respectively, both wet conditions in

our study belong to the viscous regime [17], in which high-

viscosity fluids will slow down the granular collapse and

cause a reduction in runout distance.
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Figure 4. Three sequence of images corresponding to granular particles collapsing on a horizontal plane: (a) granular collapse without

surrounding fluid; (b) granular collapse in a fluid with viscosity equal to 0.01 Pa·s; and (c) 0.05 Pa·s. The granular and fluid field are

coloured by the corresponding velocity

Figure 5. Normalized runout distance as a function of the initial

aspect ratio in different regimes referenced in [17]

4 Conclusions

A qualitative investigation of the role of fluid viscosity in

an immersed granular column is presented using the cou-

pled LBM-DEM. The numerical scheme can successfully

capture the hydrodynamic interactions between particle

and fluid, which is verified against the available experi-

mental data and analytical solutions. It is found that the

presence of fluid slows down the granular flow dramati-

cally. During the collapse of granular column, part of the

particle kinetic energy is passed to the fluid through hy-

drodynamic interactions and finally dissipated inside the

fluid due to viscous effects. As a result, when the fluid

viscosity increases, the runout distance decreases and the

final granular deposit shows a larger deposit angle.

In future works, we plan to fully examine the effect of

viscosity and other parameters (for granular material, fluid

and composition of granular packing) on the immersed

granular collapse quantitatively and determine the appro-

priate scaling laws governing x f and h f . This can be an

important risk assessment tool for particle-laden flows and

provide optimization scheme for manufacturing industries.
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