
PHYSICAL REVIEW E 109, 014904 (2024)

Collapse dynamics and deposition morphology of low-viscocohesive granular columns
on a rough horizontal surface
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Using the three-dimensional discrete element method, we numerically investigate the collapse dynamics and
deposition morphology of low-viscocohesive granular columns on a rough-horizontal plane by systematically
varying a broad range of values of the initial column aspect ratio, cohesive stress, and liquid viscosity. The results
show that the kinetic energy, half runout time, and runout distance increase with increasing the initial column
aspect ratio but decrease with increasing the cohesive and viscous effects of the binding liquid, while the toe
angle and deposit height decrease with increasing the aspect ratio and increase with increasing cohesive stress and
liquid viscosity. Remarkably, by defining a dimensionless scaling number that incorporates the Bond number and
initial column aspect ratio, this allows us to nicely describe the kinetic energy, half runout time, deposition height,
runout distance, and toe angle. These unified descriptions may provide insights into the physical properties
of the collapse dynamics and deposition morphology of low-viscocohesive granular columns, leading to good
explanations of the complex properties of natural disaster events.
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I. INTRODUCTION

Granular flows are commonly found in natural events
(e.g., landslides, rock avalanches, snow avalanches, debris
flows) [1–11] and industrial processes (e.g., additive manufac-
turing, mineral processing, food processing, pharmaceutical
engineering, and civil engineering applications) [12–14]. In
nature, the granular flows induced from such natural hazards
with high destructive energy and runout distance may cre-
ate a negative impact on construction and the environment
and threaten human lives [15,16]. Understanding the complex
mechanism of granular flows may lead to good prediction, ef-
fective risks assessment and mitigation of the natural disaster
damage, and optimization of the industrial processes [17–19].
This context leads to increasing the preferred attention of
research works on granular flows in different disciplines and
configurations in science and engineering [14,20–27].

In a significant number of research works on the flows of
the granular materials in both numerical simulations and ex-
periments, the gravity-driven collapse of a granular column on
a flat or rough horizontal plane has been preferably considered
due to the representation of the potential links to several phys-
ical and mechanical properties of natural disaster events. A
granular column is allowed to collapse by lifting, rotating, or
immediately removing its gate or wall. The granular materials
then flow down, heap, and spread for a long distance before
reaching a deposit height and runout distance in the final
stage, which mainly depends on the column size, raw material
properties, and liquid properties. Due to the representation of
a simple interaction law between nonwetted particles, most

*trungvt@dau.edu.vn

previous works have been focused on the collapse behavior of
dry granular columns. In dry granular materials, the collapse
dynamics characterized by the runout distance and the depo-
sition height were first experimentally investigated, and they
are introduced as a function of the aspect ratio (the ratio of the
initial height and initial width of a column) [28–30]. Various
experimental and numerical works were then carried out to
study the similar behavior of dry granular columns [31–37].

In the case of the fluid phase in granular materials, the
cohesive and viscous forces between grains cannot be neg-
ligible when investigating the collapse dynamics and runout
distance of granular column collapse [38–41]. In a pendular
state, a capillary bond induces a tensile or compressive force
depending on the relative displacement between grains. The
tensile force has the direction of extension, while the com-
pressive force occurs along the direction of contraction [42].
Besides the governing of the particle inertia as well as the
frictional and collisional forces between grains on the phys-
ical and mechanical behavior of dry granular materials, the
collapse and runout dynamics are strongly modified by the
cohesive forces [40,43,44]. Indeed, the cohesive forces tend
to reduce the runout distance [43] and may control the surface
roughness of granular deposits [45]. Due to the compensation
between the inertial effects and the viscous effects (known as
contractive and extensive properties), the spreading velocity,
runout distance, deposit morphology, transient behavior, di-
latancy, and flow regimes for the case of granular materials
immersed in a viscous fluid strongly differ with the dry case
depending on the initial solid packing, particle size, and aspect
ratio of the granular columns [46–57].

In general, the above observations have provided a funda-
mental understanding of the failure mechanism and collapse
dynamics of granular columns for separately considering
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different cases of granular materials (e.g., dry, cohesive, or
immersed). However, the comprehensive understanding of
the combined effects of the liquid properties and inertial
effects of grains remains further limited. Although recent
observations have provided unified descriptions of the phys-
ical and mechanical properties of granular materials and
the material and system parameters in other configurations
such as pressure-controlled shear flow [27], gravity-driven
simple shear flow [26], the evolution of aggregates [58,59],
and the dynamic impact of visco-cohesive aggregates [60],
the collapse dynamics and deposition morphology of low-
viscocohesive granular columns commonly found in nature
(e.g., landslides, debris flows) are different and should be
also fully investigated. Li et al. [61] experimentally de-
scribed the deposit height, runout distance, and deposit area
of unchannelized wet granular column collapse by defining
a dimensionless number that incorporated the Bond number
and water content, but the effects of the initial column aspect
ratio and liquid viscosity were neglected. More recently, Wu
et al. [62] numerically proposed scaling laws for the depo-
sition morphology of the collapse of wet granular columns
by using the dimensionless cohesion number, combining the
Bond number and system size. Although the deposit height,
runout distance, and surface roughness of the deposit are
nicely scaled by this cohesion number, the effects of viscosity
were not clarified as well as without considering the collapse
mobilities of the column.

In this paper a comprehensive investigation of the ef-
fects of the initial column aspect ratio and liquid properties
on the collapse dynamics and deposition morphology of
a low-viscocohesive granular column by means of three-
dimensional (3D) discrete element method (DEM) simula-
tions is considered and reported. In the simulations, the
interactions between particles are considered by integrating
the frictional contact force laws and the inclusion of the cap-
illary attraction force law enhanced by the cohesive forces
and viscous forces between grains. The numerical model is
prepared by using the periodic boundary conditions in the y
direction and generated by immediately removing its front
gate. By varying a broad range of values of the initial aspect
ratio, cohesive stress between particles, and viscosity of the
binding liquid, we comprehensively study the collapse dy-
namics characterized by the energy evolution and half runout
time and the deposition morphology characterized by the
deposit height, runout distance, and toe angle. As we shall
see, the physical quantities such as the kinetic energy in the
collapse and heap phase, half runout time, deposit height,
runout distance, and toe angle are excellently described by a
new dimensionless number that incorporates the Bond number
and initial column aspect ratio, leading to providing evidence
for describing complex properties of natural disaster events.

The rest of the paper is organized as follows: we introduce
the numerical method and the model setting with principal
parameters in Sec. II. The paper then analyzes the collapse
dynamics and morphology evolution of low-viscocohesive
granular columns in Sec. III. In Sec. IV we introduce unified
correlations between the physical quantities and a new di-
mensionless number. We give further discussion and remarks
in Sec. V and conclude with a summary of salient results in
Sec. VI.

II. NUMERICAL METHOD AND COLLAPSE
MODEL SETTING

A. Numerical method

The discrete element method (DEM) has been used for
the simulations of granular materials in different configura-
tions and environments in science and engineering [63,64].
In DEM, the requirement of a large repulsive stiffness and a
high time resolution is considered to compute the interactions
between particles. Each particle is modeled as a rigid body and
interacts with its neighboring grains by integrating a contact
force law which is characterized by the normal and tangential
contact forces [64,65]. These forces are calculated based on
the relative displacement between grains, and the movements
of particles are determined by Newton’s second law [64].
The equation of motion of a particle i with its radius Ri is
obtained by integrating all forces exerted on particle i. In wet
granular materials, these forces involve the normal contact
forces fn, the tangential forces ft , the cohesive forces fc, the
viscous forces fv , and the gravitational forces [60]. Thus, the
equations of motion of a wetted particle i are given by the
following expressions:

mi
d2ri

dt2
=

∑
j

[(
f i j
n + f i j

c + f i j
v

)
ni j

+ (
f ik
c + f ik

v

)
nik + f i j

t ti j
] + mig,

Ii
dωi

dt
=

∑
j

f i j
t ci j × ti j, (1)

where particle i is contacting the particle j and noncontacting
particle k. ωi is the angular velocity vector of the particle
i, g is the gravitational acceleration vector, and mi, Ii, and
ri denote the mass, inertia matrix, and position of particle
i, respectively. ni j (nik) is the normal unit vector between
particle i and particle j (k), and pointing from particle j (k)
to particle i. ti j is the tangential unit vector when particle i
in contacting particle j, and having the direction opposite to
the relative tangential movement. ci j is the unit vector that
points from the particle center i to the contact point with its
neighboring particle j.

The normal contact force fn between grains is given by

fn = f e
n + f d

n , (2)

f e
n = −knδn is the normal elastic force, as a linear function of

the normal elastic deflection δn at the contact point, where kn is
the normal stiffness, and f d

n = −γnδ̇n is the normal damping
forces and is proportional to the relative normal velocity δ̇n,
where γn is the normal viscous damping parameter. These
contact forces occur only when having the overlap between
particles (δn < 0).

ft is the tangential force, expressed as the sum of the
tangential elastic force f e

t = ktδt and a tangential damping
force f d

t = γt δ̇t , where kt denotes the tangential stiffness, γt

is the tangential damping coefficient, and δt and δ̇t are the
tangential movement and the tangential velocity, respectively.
According to the Coulomb friction law [64,65], the frictional
force is given by

ft = −min{(ktδt + γt δ̇t ), μ( fn + fc + fv )}. (3)
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In our simulations, the liquid is in the form of capillary
bridges (a pendular regime), which are assumed to be dis-
tributed homogeneously inside a granular column [66,67].
Each capillary bridge commonly induces the cohesive force
and viscous force up to the rupture distance. During the col-
lapse process of granular materials, a capillary bridge can be
broken when the separation distance between grains is beyond
the rupture distance. After breaking, the liquid is assumed
to recover the particle surface proportional to the size of the
particles and reform when occurring contact between them.
These assumptions have been proposed in previous works and
provide an excellent agreement with experimental data as well
as show consistent physical meanings [42,68].

The cohesive force fc depends on the liquid volume Vb of
the capillary bridge, liquid-vapor surface tension γs, and the
solid-liquid-gas contact angle θ , which is assumed to be zero
due to the full covering of the liquid on the particle surface.
This cohesive force is calculated from the Laplace-Young
equation, and an approximate solution of this equation is given
by [12]

fc =
⎧⎨
⎩

−κ R, for δn < 0,

−κ R e−δn/λ, for 0 � δn � drupt,

0, for δn > drupt,

(4)

where R = √
RiRj is the geometrical mean radius of two par-

ticles i and j in capillary contact, and κ is the capillary force
prefactor:

κ = 2πγs cos θ. (5)

In the pendular regime, a capillary bond may be broken when
the separation distance exceeds the rupture distance drupt, ob-
tained by [66]

drupt =
(

1 + θ

2

)
V 1/3

b . (6)

λ is the fall-off characteristic in Eq. (5), given by

λ = c h(r)

(
Vb

R′

)1/2

, (7)

where R′ = 2RiRj/(Ri + Rj ) denotes the harmonic mean ra-
dius, r =max{Ri/Rj ; Rj/Ri} is the size ratio between two
primary particles, h(r) = r−1/2, and c � 0.9 [59,69].

In this work the volume of capillary bridges is assumed
to be mainly accounted for by the rupture distance, implying
without considering the liquid bridge cross section [27,59].
This assumption leads to the calculation of the normal vis-
cous force fv between two smooth spherical particles based
on only the lubrication effect of liquid bridges, implying the
viscous dissipation is totally arisen from the normal displace-
ment [58,70,71],

fv = 3

2
πR2η

vn

δn
, (8)

where η is the liquid viscosity and vn is the relative normal ve-
locity. In order to prevent the divergence of the viscous force
when the gap between particles tends to zero, we introduce
a characteristic length δn0, reflecting the depth of the particle

FIG. 1. Numerical model of a viscocohesive granular column
with its initial height Hi and length Li (a) collapses on a rough-
horizontal plane until reaching a deposition morphology with the
final height Hf , length Lf , and toe angle ψ (b).

roughness. The liquid viscous force is then given by

fv = 3

2
πR2η

vn

δn + δn0
for δn > 0. (9)

The viscous force tends to reach the largest value when occurs
the overlap between particles:

fv = 3

2
πR2η

vn

δn0
for δn � 0. (10)

In all simulations, δn0 is set to 5 × 10−4dmin, where dmin is the
smallest diameter of primary particle.

B. Model setting and parameters

To create dense packings of low-viscocohesive granular
columns collapsing on a rough-horizontal plane with different
initial column aspect ratio a = Hi/Li, as shown in Fig. 1(a),
where Hi and Li are the initial height and length of granular
column, we first prepared a loose configuration of 31 500
dry particles inside a rectangle in the case of without con-
sidering the particles’ gravity. The particle diameter is varied
in a range [dmin, dmax = 2 × dmin], randomly distributed us-
ing the particle volume fraction to avoid the crystallization
effects of material, where dmax and dmin are the largest and
smallest particle diameter. The rectangle is then subjected
to the quasistatic compression by imposing different com-
pressive velocities (proportional to its initial thickness) to all
side walls until reaching a quite dense packing of particles
(the solid fraction is about 0.45). Two lateral walls along the
y direction are then removed and replaced by the periodic
boundary conditions as well as setting all particles down
to a rough-horizontal plane under their gravity and remov-
ing the walls along the z direction until reaching a dense
packing with its solid fraction φ ≈ 0.59. The rough-horizontal
plane is defined by gluing an array of monodisperse particles.
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TABLE I. Principal parameters used in the simulations

Parameter Symbol Value Unit

Initial column aspect ratio a {1.0, 2.0, 2.4}
Smallest particle diameter dmin 800 µm
Largest particle diameter dmax 1600 µm
Particle density ρs 2600 kg m−3

Coefficient of friction µ 0.3
Normal stiffness kn 106 N/m
Tangential stiffness kt 8 × 105 N/m
Normal damping γn 0.8 Ns/m
Tangential damping γt 0.8 Ns/m
Liquid viscosity η [0,1200] mPa s
Cohesive stress σc [0,117.5] Pa
Contact angle θ 0 ◦

Time step �t 1.5 × 10−7 s

Different granular columns with their initial aspect ratio are
then extracted from the initial dense packing. In these steps,
the friction coefficient between particles and walls is absent.
The capillary cohesive forces and viscous forces are activated
homogeneously between grains with the gap not to exceed the
rupture distance drupt to reach an equilibrium before generat-
ing the collapse test.

To generate the collapse of the above granular column on
a rough-horizontal surface, the front wall (gate) is immedi-
ately removed. The particles start to collapse down under
their gravity, then heap and spread along x direction until
reaching a deposit with its final-stage runout distance (L f ),

final-stage deposition height (Hf ), and toe angle ψ , as shown
in Fig. 1(b). These phenomena are well consistent with pre-
vious observations in numerical and experimental works for
both dry and wet granular materials [37,39,41]. The collapse
dynamics and deposition morphology of such a granular col-
umn may strongly depend on the initial column aspect ratio a
and cohesive and viscous properties of the fluid. In our sim-
ulations we considered low-viscocohesive granular columns
using three different initial aspect ratios a = {1.0, 2.0, 2.4},
the cohesive stress σc ≈ κ/〈d〉 is varied in a broad range
[0.0,117.5] Pa, and the liquid viscosity η is used in a range
[0,1200] mPa s, where 〈d〉 denotes the mean particle diameter.
The sliding friction coefficient between particles and particles,
rough-horizontal plane, and behind the wall is set to 0.3,
0.2, and 0.1, respectively. The particle size basically leads to
enhancement the mobility and runout distance of wet granular
column collapse because the increase in the size of particles
has the same effect of decreasing the cohesive stress between
them [72]. The particles’ gravity may modify the collapse
dynamics and deposition morphology, while the initial solid
fraction of the column may affect differently depending on
initial column aspect ratio. However, in the ongoing work,
we aim to evaluate the effects of the initial column aspect
ratio and liquid properties on the flow mobilities and depo-
sition morphology thus keeping the same particles’ gravity
and density, and using one case of particle size distribution
is indispensable. All other simulated parameters are given in
Table I.

Figures 2(a), 2(b), and 2(c) show a sequence of snapshots
of the deposition morphology during the collapse of granular

(a) (b) (c)

FIG. 2. Sequence of snapshots of a viscocohesive granular column that collapses in different times with different values of the cohesive
stress σc: 0.059 Pa (a), 26.443 Pa (b), and 88.142 Pa (c) for a given value of the liquid viscosity η = 100 mPa s and a = 2.4.
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(a) (b) (c)

FIG. 3. Snapshots of flow evolution of a viscocohesive granular column collapse in a rough-horizontal plane for different values of the
liquid viscosity η = 50 mPa s (a), 500 mPa s (b), and 1200 mPa s (c) with a given value of the cohesive stress σc = 1.028 Pa.

column for three different values of the cohesive stress σc with
a given value of the liquid viscosity η = 100 mPa s and initial
column aspect ratio a = 2.4. It is evident that the cohesive
stress σc strongly affects the collapse and runout dynamics of
granular materials at different normalized failure time instants
t/tp during the process, where t and tp = (〈d〉/g)1/2 are the
failure time instant and the time of particle with mean di-
ameter 〈d〉 which free falls down over a distance 〈d〉 under
its gravity. In particular, at t/tp = 1.42, the collapse of the
viscocohesive granular column is triggered, and a part of the
column starts to flow under the particles’ gravity; the column
of granular materials is then obviously divided into two differ-
ent regions at the time around t/tp = 2.83: the immobile zone
is located at the corner, which is delimited by the behind wall,
horizontal plane, and the flowing zone. At these beginning
stages, the particles’ velocity in the flowing zone of the case of
weak interparticle cohesion is slightly higher than that of the
strong cohesion cases. For further stages (t/tp = 5.67, for in-
stance), the collapse of such viscocohesive granular columns
is well developed, and the particles’ velocity for the case
of low cohesion is strongly higher than that for the case of
strong cohesion. As a consequence, the spreading speed and
runout distance of granular materials decrease significantly
with increasing the cohesive stress between grains; these may
be explained due to the tensile effects and absorption of the
kinetic energy within capillary contacts during the flows.

Similar to the cohesive effect of the capillary contacts, the
viscous effect also strongly modifies the collapse and runout
dynamics of the viscocohesive column due to the domination
of the contractive effects as compared to the extensive effects
in dense granular packing. Figures 3(a), 3(b), and 3(c) display
the collapse of the viscocohesive granular column at different
time instants for three different values of the liquid viscosity

η with a given cohesive stress σc during the collapse process.
The collapse speed of such a column decreases with increas-
ing the liquid viscosity, leading to the decrease of the runout
distance. More interestingly, meanwhile, the particles mainly
flow in whole spreading stages for the cases of low liquid
viscosity, and the granular materials are extruded forward only
for the cases of high viscosity, leading to the formation of the
round toes at the final-stage deposition of material, as shown
in Fig. 3(c) at t/tp = 35.00.

III. COLLAPSE DYNAMICS

A. Evolution of kinetic energy

To highlight the effects of the cohesive stress σc and the liq-
uid viscosity η on the collapse dynamics of low-viscocohesive
granular columns, the evolution of kinetic energy and the
deposition morphology during the collapse are analyzed.
Figures 4(a) and 4(b) show the evolution of the mean verti-
cal kinetic energy 〈Ez〉 = 〈mv2

z /2〉 and the mean horizontal
kinetic energy 〈Ex〉 = 〈mv2

x /2〉 per grain, respectively, nor-
malized by the mean value of initial potential energy 〈Eip〉 =
〈m〉g〈h〉 per grain as a function of the normalized collapse
time t/tp for different values of the cohesive stress σc, where
vz and vx are the vertical and horizontal velocities of parti-
cles, respectively, 〈h〉 denotes the mean initial height of the
particles as compared to the horizontal surface. The granular
column collapse on a horizontal plane undergoes three dif-
ferent phases: collapse, heap, and spread, which are clearly
determined by the evolution and transformation of vertical
and horizontal kinetic energies of granular materials [46]. The
collapse phase is determined from the beginning of the col-
lapse process until reaching the maximum vertical kinetic
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(a)

(b)

FIG. 4. Evolution of normalized vertical (a) and horizontal
(b) kinetic energy per grain by the mean initial potential energy Eip

for different values of the cohesive stress σc with a given value of
liquid viscosity η = 100 mPa s.

energy, the heap phase is reflected by the transformation of
maximum kinetic energies from the vertical direction to the
horizontal one, and the spread phase is presented by the reduc-
tion of the horizontal kinetic energy from maximum to zero.

In the collapse phase, 〈Ez〉 first increases rapidly and
reaches a peak that decreases with increasing σc under the
gravity effect, whereas 〈Ex〉 is still small. Passing the collapse
regime, marked by the peak of 〈Ez〉, the horizontal kinetic
energy then also increases rapidly and reaches the peak value
that decreases with increasing σc; meanwhile, 〈Ez〉 declines in
this regime as a consequence of transforming of 〈Ez〉 to 〈Ex〉
in the heap stage [46]. After that, 〈Ex〉 reduces with the curves,
which are almost parallel in a range with t/tp ∼ [15, 22] in the
spreading phase before reaching a final deposit. As compared
to the final zero kinetic energy, this reduction rate seems
decreasing with increasing σc.

Figures 5(a) and 5(b) display the evolution of the normal-
ization 〈Ez〉/〈Eip〉 and 〈Ex〉/〈Eip〉 as a function of the collapse
time t/tp for six different values of the liquid viscosity η

and for the dry case of granular materials. Similar to the
effects of the cohesive stress σc on the collapse dynamics of a
viscocohesive granular column, the liquid viscosity η strongly
affects the kinetic energy along both vertical and horizontal
directions. Generally, in this current dense packing of such

(a)

(b)

FIG. 5. Normalized vertical (a) and horizontal (b) kinetic energy
per grain by the mean initial potential energy Eip for different values
of the liquid viscosity η with a given value of the cohesive stress
σc = 1.028 Pa and for the dry case of granular materials.

a viscocohesive granular column, the cohesive stress σc and
the liquid viscosity η have similar effects on the collapse and
runout dynamics due to the domination of the attractive effects
of the viscous interactions as compared to their extensive
effects. These observations are consistent with previous work
that considered the collapse of a granular column in a viscous
fluid [46]. Furthermore, due to considering the initial dense
packing of a granular column, the kinetic energy of the dry
case is higher than that of the viscocohesive cases, leading to
the longer runout distance and lower deposition height at the
final stage, as will be shown below.

B. Deposition morphology

The paper further analyzes the differences of the morphol-
ogy profiles of the granular model during the collapse due to
the effects of the cohesive stress σc and the liquid viscosity
η, plotted as the relationship between the normalized deposi-
tion height Z/Hi and normalized spreading distance X/Li, as
shown in Figs. 6 and 7, where Z and X are the instantaneous
height and length of granular sample during the collapse pro-
cess, respectively. In Fig. 6, with the initial column aspect
ratio a = 2.4, the morphology profiles of granular materials
differ during the collapse depending on the magnitude of
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FIG. 6. Evolution of the deposition morphology of a visco-cohesive granular column collapse on a rough-horizontal plane for five different
values of σc with a given value of liquid viscosity η = 100 mPa s.

the cohesive stress σc. When σc is small (corresponding to
σc = 0.059, 1.028, or 2.938 Pa, for instance) for the case
of η = 100 mPa s, the particles on the top of the column
initially collapse and flow downward as well as push the lower
grains flow forward. This leads to the formation of the inclined
top-free surface of the column in the latter steps, as shown in
top-middle plot in Fig. 6 (at t/tp = 5.67) and in Fig. 2. We
then can see the same transition of these morphology profiles,
finally reaching a final deposition morphology with a smooth
surface in the whole width range of movements and sharp
toes [45], as shown in right-bottom plot of Fig. 6.

The above observations are slightly different as compared
to the case of considering a high value of cohesive stress σc.
Indeed, σc = 88.142 Pa, for instance, all top particles initially
push the lower particles downward but slightly collapsing as a
consequence of strong adhesion between grains, leading to the
extrusive movements of particles that are closely located near
the bottom. For the next stages, instead of separately collaps-
ing and flowing the particles on the top of the column, a layer
of top particles is divided into two different parts: the right
part rotates counterclockwise and the left one is clockwise,
while the lower particles are continuously extruding forward
as a consequence of considering the strong cohesion between
grains, as shown in Fig. 6 with t/tp up to 14.17. This can be

called a block collapse, as reported in [36,41]. These phenom-
ena are also similarly obtained for the high values of the liquid
viscosity (η = 1200 mPa s, for instance) due to the strong
contribution of the contractive effects of the viscous fluid, as
shown in Fig. 7 for the red line with t/tp up to 19.83. The
extrusive behavior of highly viscocohesive granular column
collapse leads to obtaining a round toe at the final deposition
stage of granular materials instead of a quite ambiguous shape
for dry or low-cohesive granular materials.

The appearance of different collapse behavior of low-
viscocohesive granular columns on a rough-horizontal surface
is consistent due to the effects of the initial column aspect
ratio, cohesive stress, and liquid viscosity of the binding liq-
uid. Figures 8(a) and 8(b) display the dependence of the final
deposition height and the final runout distance, respectively,
as a function of σc for different values of a and η. Considering
a whole range values of σc, the tendency of the evolution of
Hf /Hi and (L f − Li )/Li is similar for different cases of the
liquid viscosity and aspect ratio a, which represent a slight in-
fluence for low cohesive stress (σc < 10 Pa) and a significant
dependence for higher ones. As discussed above, the aspect
ratio a and liquid viscosity η are also strongly modified the
deposition morphology of low-viscocohesive granular column
collapse, characterized by the significant increase of Hf /Hi
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FIG. 7. Deposition morphology of the column collapse for five different values of the liquid viscosity η with a given value of the cohesive
stress σc = 1.028Pa.

and decrease of L f /Li with increasing η, and the decrease
of Hf /Hi and enhancement of L f /Li with increasing a for
each value of σc. These may be explained due to the strong
domination of the extensive effects of the viscous liquid for
the low cohesive case, leading to the stronger mobility of gran-
ular materials; meanwhile the deposition morphology tends to
be complicated for strong cohesive effect. All these complex
observations may be due to the compensation between cohe-
sive effect and contraction effect of the liquid binding as well
as the compensation between inertial effect of the flows and
extension effect of the fluid phase.

IV. SCALING BEHAVIOR OF KINETIC ENERGY
AND DEPOSITION MORPHOLOGY

Although the initial aspect ratio a and the liquid properties
(cohesive stress σc and liquid viscosity η) affect differently the
kinetic energy and deposition morphology, there are similar
tendencies of the evolution of maximum values of mean ver-
tical kinetic energy 〈Ez〉max/〈Eip〉, maximum values of mean
horizontal kinetic energy 〈Ex〉max/〈Eip〉, normalized deposi-
tion height Hf /Hi, and normalized runout distance (L f −
Li )/Li for each value of a, σc, and η. These observations
lead to the question of whether it is possible to describe the

physical quantities above by a dimensionless parameter that
incorporates the column morphology and liquid properties.
To address this interesting conjecture, the definition of a new
scaling parameter is first considered in this section.

As reported in Artoni et al. [72] in considering the collapse
of wet granular columns, the deposition morphology can be
described by using the Bond number Bo, defined as a ratio
between the gravitational force and the cohesive force exerted
on mean particle diameter. However, the effects of the initial
column aspect ratio on the deposition morphology of wet
granular column collapses were neglected in their descrip-
tions. In unchannelized collapse of wet granular columns in
the pendular regime, Li et al. [61] further considered the
effects of initial column aspect ratio on the scaling behav-
ior of the deposit height, runout distance, and deposit area.
Although the observations reported by Li et al. [61] basically
described the deposition height and runout distance as a func-
tion of the initial aspect ratio by modifying these physical
quantities using the Bond number, these scalings have not yet
provided a unified description between the deposition mor-
phology and affected parameters. More recently, Wu et
al. [62] defined a dimensionless cohesion number, incorpo-
rating the Bond number and system size (the size between
the initial column height and particle diameter), allowing one
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(a)

(b)

FIG. 8. (a) Normalized final deposition height Hf /Hi and
(b) normalized final runout distance (Lf − Li )/Li as a function of the
cohesive stress σc between particles for different values of the initial
column aspect ratio a and the liquid viscosity η (mPa s).

to describe the deposit height, runout distance, and surface
roughness of the deposit. But does this dimensionless cohe-
sion number also control the collapse dynamics and spreading
behavior of wet granular columns? Following the above ob-
servations, to provide unified descriptions of the collapse
mobilities, spreading behavior, and deposition morphology of
gravity-driven viscocohesive granular column collapse on a
horizontal plane, we reintroduce the dimensionless scaling
parameter. This number is defined as a ratio of the cohesive
stress σc and the mean confining stress 〈σp〉 exerted on grain
having mean diameter 〈d〉. Due to keeping the same value
of Li and without changing the particle size, 〈σp〉 can be
related to a, implying the scaling dimensionless number is the
combination between the Bond number Bo and initial column
aspect ratio a, as given in the following:

ϒ≡ σc

〈σp〉 ≡ σc

a × 〈σn〉 � Bo−1a−1, (11)

where σc ∼ κ/〈d〉, 〈σn〉 ∼ 〈m〉g/〈d〉2, and Bo = ρsg〈d〉2/κ ,
〈m〉 denotes the mean mass of grains. The definition of this
dimensionless number (ϒ) based on the above stresses is more
easily controlled than the effective cohesion parameter defined
by Mandal and co-workers [26] because it depends on the
dissipation and stiffness of grains and the cohesion between
particles.

FIG. 9. Maximum value of mean vertical kinetic energy per grain
〈Ez〉max normalized by that of the noncohesive case 〈E 0

z 〉max as a
function of the dimensionless parameter ϒ = log10(ϒ) for all our
simulations. The solid line is the analytical expression of Eq. (13).
Each symbol and its colors in the legend are shown with initial
column aspect ratio a and the liquid viscosity η, respectively.

Figures 9 and 10 reveal the correlations between the nor-
malized maximum values of mean vertical kinetic energy
〈Ez〉max/〈E0

z 〉max and normalized maximum values of mean
horizontal kinetic energy 〈Ex〉max/〈E0

x 〉max, respectively, with
the new dimensionless number ϒ = log10(ϒ) for all our sim-
ulations of varying different values of the initial aspect ratio
a, cohesive stress σc, and liquid viscosity η, where 〈E0

z 〉max

and 〈E0
x 〉max denote the maximum value of the mean vertical

and horizontal kinetic energy in the case of without cohesion,
respectively. It is interesting to see that all the data points
of 〈Ez〉max/〈E0

z 〉max and 〈Ex〉max/〈E0
x 〉max are nicely controlled

by ϒ . These descriptions show an agreement with previous
experimental observations reported by Artoni et al. [72] and

FIG. 10. Maximum value of mean horizontal kinetic energy per
grain 〈Ex〉max normalized by that of the noncohesive case 〈E 0

x 〉max as
a function of the dimensionless parameter ϒ = log10(ϒ) for all our
simulations. The solid line is the analytical expression of Eq. (13).
The symbols and their colors are the same as those in Fig. 9.
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FIG. 11. Normalized deposition height Hf /H 0
f as a function of

the dimensionless parameter ϒ = log10(ϒ) for all our simulations.
The solid line is the analytical expression of Eq. (13). The symbols
and their colors are the same as those in Fig. 9.

Li et al. [61]. Interestingly, all values of 〈Ez〉max/〈E0
z 〉max

and 〈Ex〉max/〈E0
x 〉max obtained in our simulations are fitted by

the same function form but with different setting values of
prefactors, which correspond to the effects of three different
key parameters during the collapse process. The general fitting
function form is given by Eq. (13):

A

B
= a4ϒ

4 + a3ϒ
3 + a2ϒ

2 + a1ϒ + a0, (12)

where A/B ≡ 〈Ez〉max/〈E0
z 〉max, a0 = 0.8817, a1 = −0.1888,

a2 = −0.1299, a3 = −0.0394, and a4 = −0.0043
for describing the normalized vertical kinetic energy
〈Ez〉max/〈E0

z 〉max in the collapse stage, and A/B ≡
〈Ex〉max/〈E0

x 〉max, a0 = 0.8757, a1 = −0.2150, a2 =
−0.1625, a3 = −0.0533, and a4 = −0.0062 for describing
the normalized horizontal kinetic energy 〈Ex〉max/〈E0

x 〉max in
the heap stage. These excellent fittings are strongly supported
by high coefficients of determination R2, 90.88% and 95.31%,
respectively.

As discussed in Sec. III, the collapse process of a granular
column undergoes three different phases: (1) collapse, (2)
heap, and (3) spread and deposition. The spread and deposi-
tion stage can be featured by the final deposition morphology
of granular flows, characterized by its final deposition height
and final runout distance. Although normalized kinetic energy
obtained in the collapse and heap phase can be well described
as a function of ϒ with interesting contributions of the initial
column aspect ratio and the cohesive effects of the binding liq-
uid, the deposition morphology of granular column collapse
also should be quantitative in the deposit stage. Interestingly,
the normalized final deposition height Hf /H0

f and normalized
final runout distance (L f − Li )/(L0

f − Li ) are nicely scaled

by the same dimensionless parameter ϒ , as respectively dis-
played in Figs. 11 and 12, where H0

f and L0
f are the final

deposition height and runout distance of noncohesive granu-
lar columns. These findings robustly confirm for the unified
descriptions of the physical quantities by incorporating the
Bond number and initial column aspect ratio not only in the

FIG. 12. Normalized runout distance (Lf − Li )/(L0
f − Li ) as a

function of the dimensionless parameter ϒ = log10(ϒ) for all our
simulations. The solid line is the analytical expression of Eq. (13).
The symbols and their colors are the same as those in Fig. 9.

collapse and heap stage but also in the deposition stage of
gravity-driven low-viscocohesive granular column collapse on
a horizontal plane.

It is interesting to see that all the data points of Hf /H0
f

(Fig. 11) and (L f − Li )/(L0
f − Li ) (Fig. 12) are also fitted

using the same function form expressed by Eq. (13) but
with different values of prefactors. In particular, referring
to Eq. (13), A/B ≡ Hf /H0

f , a0 = 1.0827, a1 = 0.1319, a2 =
0.0982, a3 = 0.0335, and a4 = 0.0041 for describing the nor-
malized final deposition height Hf /H0

f ; and A/B ≡ (L f −
Li )/(L0

f − Li ), a0 = 0.8388, a1 = −0.2168, a2 = −0.1320,
a3 = −0.0381, and a4 = −0.0041 for introducing the normal-
ized final runout distance (L f − Li )/(L0

f − Li ). These fittings
of Hf /H0

f and (L f − Li )/(L0
f − Li ) are strongly reinforced by

high coefficients of determination R2, 93.31% and 91.16%
respectively.

Besides classically considering the deposition height and
runout distance, the effects of input parameters on the collapse
dynamics and deposition morphology can also be highlighted
by measuring the the half runout time t0.5 and the toe angle ψ

in the final deposition stage (shown in Fig. 1), where t0.5 is the
time of granular flows reaching half of the runout distance,
as previously defined by Artoni et al. [72]. As expected,
the unified description of the collapse dynamics is strongly
evidenced by the quite good expression of the normalized half
runout time t0.5/t0

0.5 as a function of the same dimensionless
number ϒ = log10(ϒ) for all values of the principal param-
eters, as shown in Fig. 13, where t0

0.5 denotes the time that a
noncohesive granular column reaches half of its runout dis-
tance. This correlation is similar to the relationship between
the normalized kinetic energy and ϒ and the runout distance
and ϒ , as respectively shown in Figs. 10 and 12. Remarkably,
the t0.5/t0

0.5 vs ϒ correlation is also agreeably fitted using the
general fitting function form [Eq. (13)], where A/B ≡ t0.5/t0

0.5,
a0 = 0.9472, a1 = −0.0501, a2 = −0.0164, a3 = −0.0015,
and a4 = 0.0001. This fitting is reinforced by the coefficient
of determination R2 = 88.47%.
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FIG. 13. Normalized half runout time t0.5/t0
0.5 as a function of the

scaling dimensionless parameter ϒ = log10(ϒ) for all cases of the
simulations. The solid line is the analytical expression of Eq. (13).

Although the deposition morphology of granular column
collapse is normally characterized by its deposition height
and runout distance, the morphology of the free surface also
should be quantitative to highlight the effects of liquid proper-
ties. As documented by Abramian et al. [45], the roughness of
the free surface is strongly modified by the cohesive stress be-
tween grains. In particular, this roughness of the final deposit
increases with increasing the cohesive effects of the material.
Artoni et al. [72] have measured the toe angle of the final
deposit of a wet granular column collapse, and their results
introduced a correlation between this angle and the Bond
number. However, in the case of the liquid viscosity comes
into play with the cohesive effects, and the toe angle ψ may
represent significantly complex properties. Figure 14 displays
the evolution of normalized toe angle ψ/ψ0 as a function of
ϒ for all our simulations in semilog scale, where ψ0 is the
toe angle of the simulation in the case of not considering the
cohesion between grains. This correlation is described using

FIG. 14. Normalized deposition angle ψ/ψ0 as a function of the
scaling dimensionless parameter ϒ = log10(ϒ) for all our simula-
tions. The solid line is the analytical expression of Eq. (13).

the following fitting function form:

ψ

ψ0
= a5ϒ

5 + a4ϒ
4 + a3ϒ

3 + a2ϒ
2 + a1ϒ + a0, (13)

where a0 = 1.1980, a1 = 0.3264, a2 = 0.3281, a3 = 0.1815,
a4 = 0.0484, and a5 = 0.0049. These chosen prefactors of
the above-functional fitting [Eq. (13)] and the data points of
the toe angle obtained in our simulations are supported by
a value of a coefficient of determination R2 = 88.04%. This
coefficient is slightly smaller than the coefficients of determi-
nation of the scalings observed for the final deposition height
and final runout distance because the toe angle may not only
strongly depend on the cohesive and viscous effects but also
cannot be eventually characterized for the evolution of the free
surface of a granular deposit.

V. DISCUSSION

Physical meanings behind the above-unified descriptions
may be clarified based on the opposite effects of the initial
column aspect ratio and the cohesive stress between grains
as well as the compensation between the cohesive and vis-
cous effects during the collapse process. As we know, when
the cohesive, viscous, and inertial effects together come into
play, the flows (mobilities) of granular materials are com-
plicated; one may delay the flows due to the contraction
behavior of the viscosity and cohesion, another one may en-
hance mobilities of granular materials as a consequence of the
lubrication effect or the extension effect of the liquid. In the
model of gravity-driven low-viscocohesive granular column
collapse on a rigid-horizontal surface, the collapse dynamics
characterized by the energy evolution and half runout time
and deposition morphology characterized by the deposition
height, runout distance, and toe angle are governed by the
initial column aspect ratio and the cohesive stress, repre-
sented via the combination between the Bond number and
the aspect ratio. Indeed, the low-viscocohesive granular col-
umn collapses under the gravity effects generating vertical
kinetic energy, which pushes grains to undergo the heap phase
with the highest horizontal kinetic energy and spread phase
before going to rest at a deposit; these phases commonly
show the unified effects of the cohesive stress or the com-
pensation between cohesive and viscous effects, leading to
similar descriptions of the collapse dynamics and deposition
morphology.

From the findings and physical insights above, the current
work shows the potential ability to well predict the mech-
anism of the postfailure landslide and its runout dynamics.
The runout distance of landslide or debris flows remains a
challenging problem, as illustrated by their unexplained high
mobility due to the complex effects of both cohesive and
viscous characteristics of the liquid inclusion with the discrete
nature of the material and the morphology of the slope or
column. Theoretically, the runout distance of granular flows
induced from landslides or debris avalanches is reduced due
to the cohesive effects of the liquid; however, this landslide
or debris characteristic reveals complex behavior due to the
inclusion of the viscous effects of the liquid as a consequence
of containing the compensation between the inertial effects
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of material and viscous effects of the liquid as well as the
compensation between the cohesive effects and viscous ef-
fects. Thus, our results suggested an appropriate prediction of
the final deposition morphology of gravity-induced landslides
by defining a new dimensionless parameter that incorporates
the Bond number and the intrinsic parameter as the initial
column aspect ratio.

Our simulations have shown interesting observations
and consistency with the previous simulations and experi-
ments [61,62,72]. However, to reflect more directly on the
phenomena of natural disasters, the numerical simulations
may be extendable to different configurations such as the con-
vex and concave sliding surfaces to investigate the full process
of landslide failure [73,74] or different material and opera-
tional conditions such as particle properties, particle density,
particle size, solid packing fraction, and sliding volume in the
case of considering more realistic soil properties. The numer-
ical simulations may be also extended to study the saturated
regime of grain-fluid mixtures, where the pore water pressure
plays a significant role in the enhancement of the mobility of
granular materials compensated with grain inertia.

VI. SUMMARY AND CONCLUSIONS

This paper presents a series of discrete element simula-
tions of low-viscocohesive granular columns collapse on a
rough-horizontal surface to comprehensively investigate their
collapse dynamics and deposition morphology under the ef-
fects of the cohesive and viscous properties of the binding
liquid and initial column aspect ratio. Each granular sample is
constructed by generating a column of spherical particles and
using the periodic boundary conditions. All particle interac-
tions are modeled using the contact force law, which contains
the elastic and frictional forces in addition to the cohesive and
viscous contacts due to the presence of the liquid binding.
In this current work, the liquid is assumed to be initially ho-
mogeneously distributed with the reversible consideration of
the capillary bridges during the failure process. The collapse
dynamics of low-viscocohesive granular columns are char-
acterized by the evolution of kinetic energies in vertical and
horizontal directions and the half runout time, while the final

deposition morphology is featured by the deposition height,
runout distance, and toe angle.

The results show that the collapse dynamics of such
columns undergo different phases (collapse, heap, spread, and
deposition) and represent complex behavior during the failure
process; these may be due to the complicated influences of
the cohesive and viscous properties of the binding liquid.
As expected, the low-viscocohesive granular column with a
higher initial aspect ratio induces higher kinetic energies (in
both vertical and horizontal directions) and longer runout
distance but lower deposition height and smaller toe angle,
while stronger cohesive forces and viscous forces generate
higher deposition height and larger toe angle but lower ki-
netic energy and shorter runout distance. Interestingly, all data
points of normalized vertical and horizontal kinetic energy,
normalized half runout time, normalized deposition height,
normalized runout distance, and normalized toe angle are
excellently described under a nontrivially unified description
as a polynomial function of the new dimensionless number,
which incorporates the Bond number and the initial column
aspect ratio. However, the physical property (toe angle) char-
acterized for the free surface of the final deposit is nicely
scaled with a different fitting function as compared to other
physical quantities. This difference may be explained by the
strong influence of the cohesive stress as well as the difficulty
of using the toe angle for eventually characterizing the free
surface morphology in the deposition stage. Although the
findings provide the unified descriptions of the flow mobilities
and deposition morphology of viscocohesive granular column
collapse, the results were obtained only for low-viscocohesive
granular columns with low cohesion in the pendular regime;
this is evident by the nonmonotonic polynomial fitting func-
tions used for describing physical quantities.
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