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Recently, two independent groups reported experimental results on the process of collapse of a
cylindrical granular column. It was found that the shape of the final deposit depended mostly on
column aspect ratio; surprisingly, the frictional properties of the material appeared not to influence
the results significantly. In this investigation, making use of discrete element code, simulations of an
equivalent two-dimensional system were carried out. The numerical results qualitatively reproduce
the behavior observed in experiments. Performing an energy balance of the system, the different
deposit regimes can be discerned. ©2005 American Institute of Physics. fDOI: 10.1063/1.1862240g

Interest in granular materials arises from the many prac-
tical applications and by their ubiquitous presence in natural
phenomena. In recent years there has been a significant in-
crease of the number of studies in this subject; however, a
general agreement of the governing mechanics of granular
flows has not been reached. Most investigations have fo-
cused on the steady flow behavior of granular matter; far less
is understood about the unsteady behavior of these flows. In
particular, the geophysics community has been interested in
the behavior of large granular masses that slide and/or col-
lapse under the action of gravity. Events such as landslides
and debris flows, are most often studieda posteriori, since
direct measurements are often impossible and dangerous.
Researchers are forced to make claims from the analysis of
the final deposits; hence, the dynamics of such flows are
poorly understood. Studies on the behavior of granular mat-
ter, performed in controlled environments, could contribute
to a better understanding of these complex geophysical
events.

Recently, a new setup was proposed to study the un-
steady behavior of a granular material. Two groups,1,2 in a
simultaneous manner, conducted experiments on a nearly
identical configuration: a granular column, initially contained
in a cylinder, was released from rest to collapse freely under
the action of gravity. Both groups found that the shape of the
final deposit changed with the ratio of height to radius,a
=Ho/Ro, whereHo andRo are the initial height and column
radius, respectively. For short columns, or smalla, the edges
of the granular mass spread. A deposit with a central undis-
turbed area connected to a slope is formed for very smalla;
for slightly largera values, the entire column erodes, leaving
a conical pile. The inclination of the slope at the edge of the
deposit is approximately the static angle of repose. For much
larger values ofa the formation of the final deposit is more
complex: the upper part of the column descends centrally,
while the foot of the pile is pushed radially outward. The
final deposit shows a small central cone and a tapering fron-
tal region. Most importantly, both investigations showed that
the shape of the final deposit did not depend strongly on the

frictional properties of the particles or the substrate onto
which the column spread. This behavior is unexpected since,
for such dense granular flows, the particles exchange mo-
mentum mainly through direct and enduring contacts; hence,
the frictional forces are expected to play a major role in the
process. Recently, Goujonet al.3 showed that the runout
length and thickness of a granular mass released over an
inclined plane, have a strong dependence on the roughness of
the surface. Other researchers have also shown the impor-
tance of frictional properties on the flow of dense granular
materials.4,5

Inspired by the interesting nature of the experimental
observations, a computational study of an equivalent two-
dimensionals2Dd configurationscircular disks moving in a
planed was conducted. We are interested in finding out the
reasons for the different geometries of the final deposits and
the influence of the grain properties. Thus, a computer simu-
lation of the collapse of a granular column using a discrete
elementsDEd code was implemented. A similar code was
used by Campbellet al.6 to simulate landslides. They were
able to successfully capture several of the characteristics ob-
served in large landslides.

The DE computer code used in this study was developed
by Wassgren,7 and was adapted to simulate the collapse of a
granular column; this technique was first proposed by Cun-
dall and Strack8 to study granular flows. The details of the
implementation of the code are left out for brevity, but can be
found in the references. In this case, only gravity and contact
forces are considered and both the linear and angular mo-
mentum conservation equations are solved at every time
step. The contact forces are modelled for both the normal
and tangential directions. For the normal direction the linear
hysteretic spring model proposed by Walton and Brown9 was
used, which accounts for the collision energy loss using a
spring with two different stiffnesses. The loading stiffness is
chosen to match Hertzian contact parameters; the unloading
stiffness is calculated from the loading stiffness and the co-
efficient of restitution. For the tangential direction, a linear
spring in series with Coulomb sliding friction element model
was used, as proposed by Cundall and Strack.8

The validity of these type of models has been discussedadElectronic mail: zenit@servidor.unam.mx

PHYSICS OF FLUIDS17, 031703s2005d

1070-6631/2005/17~3!/031703/4/$22.50 © 2005 American Institute of Physics17, 031703-1

Downloaded 30 Nov 2005 to 132.248.12.227. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp

http://dx.doi.org/10.1063/1.1862240


extensively in the granular flow literaturessee, for example,
Ref. 10d. The proper selection of the contact model and prop-
erties is critical to obtain physically reasonable results. For
dense flows, in which the particle contacts are enduring, the
hysteretic spring contact model is the most appropriatessee
Schaferet al.,11 for detailsd. In particular, for this model two
stiffnesses are considered to account for the energy loss dur-
ing a contact, loading and unloading stiffnesses,kL andkU,
respectively. The coefficient of restitution, therefore, is

e =ÎkL

kU
. s1d

The loading stiffness is calculated according to kinematic
constraints:9

kL =
m̄g

r̄

ȧo

amax
expS− arctansbd

b
D , s2d

where m̄ is the mass of the disks,r̄ is mean radius,b
=p / ln e. amax and ȧo are the maximum overlap and a char-
acteristic collision speed. The details of the calculation of
these parameters can be found in the references.

The use of a soft-particle 2D code was chosen for the
following reasons: the contact models are well established
and accepted; the visualization of the 2D computer results is
straightforward; and, since the number of particles is not
very large, many calculations can be performed in reasonable
times and without using significant computational resources.
One of the main advantages of DE simulations to study
granular flows is that practically all the flow information is
available at every time step. Quantities which are difficult or
impossible to measure can be obtained directly.

The columns are prepared by randomly placing a given
number of disks in a region confined by a horizontal and two
vertical walls; once placed, a preparation simulation is run
and the disks are allowed to settle, arrange and pack them-
selves under the action of gravity. Once the material comes
to rest the preparation simulation is stopped. The main col-
lapse simulation uses the final state of the preparation simu-
lation as an initial condition; the vertical walls, originally
confining the disks, are removed. As the simulation starts,
the column begins to collapse and the material flows freely
on the horizontal wall. The simulation parameters used in the
results presented here are those corresponding to 0.35 mm
glass particles, with a 10% size distribution. A constant value
of the coefficient of restitution,e=0.75, was chosen. For this
case the contact model loading stiffness coefficient iskL

*

=kLsd̄/ sm̄gdd=6.913105, and the unloading one iskU
*

=kUsd̄/ sm̄gdd=7.993105. Two different values of the fric-
tion coefficientm f =0.3 and 0.57 were considered. These two
values represent the frictional properties of the different ma-
terials used in the previous experimental investigations. Also,
the same friction coefficient for particle–particle and
particle–wall contacts is considered in all cases. The number
of particlessdisksd, N, for each simulation varied from 100 to
10 000 to achieve different values ofa. The results shown in
Figs. 1 and 2 correspond to the case ofN=5000. The simu-
lations were stopped once the shape of the deposit ceased to
change; a few particles may separate from the deposit and
continue to move.

Three typical simulations, for different values ofa, are
shown in Fig. 1. As reported in the previous experimental
investigations, the shape of the final deposit depends on the
initial aspect ratio of the column. For small values ofa, Fig.

FIG. 1. Snapshots of the column shape for different times. Three cases are shown:sad a=0.33;sbd a=2.98;scd a=12.38. The times shown on the figure are
dimensionless,t* = t /Îdpg. For these three casesN=5000,e=0.75, andm f =0.57. The stripes in the initial configurations are colored tracer particles. Note that
all images are truncated on the left side.
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1sad, the shape of the final deposit is a truncated cone; only
the edges of the column avalanche, leaving the central region
unchanged. For intermediate values ofa, Fig. 1sbd, the final
deposit takes the shape of a cone. Since the column is ap-
proximately as tall as it is wide, the avalanche of the edges
meet in the center only leaving a central triangular region
unchanged. For larger values ofa, Fig. 1scd, the formation
process of the deposit is different. The tall column acceler-
ates and splashes down; the particles moving down collide
with the stagnant material in the center and are pushed radi-
ally out. The radial flow spreads and thins out. For all cases,
the details of the collapse processsshapes and timesd ob-
served experimentally are captured by the simulations.

From the simulation results it is straight forward to cal-
culate an energy balance of the collapse process. The dimen-
sionless potential energy of the column,Ep

* is calculated as

Ep
* =

oi=1

N
migzi

Eo
, s3d

wheremi and zi are the mass andz-position selevationd of
particlei, respectively.Eo is the initial energy, which is taken
to be the potential energy att=0; hence, the elastic energy
stored in particles in the compacted state is neglected. The
total kinetic energy, also in dimensionless form, is calculated
using

Ek
* =

oi=1

N
miuViu2

2Eo
, s4d

whereuViu=ÎVx
2+Vy

2 is the magnitude of the velocity of par-
ticle i. Note that at the end of the simulation time, the kinetic
energy may not be zero. In some cases, a few particles con-
tinue to move at long distances from the column center.

Clearly, as the column collapses the potential energy will
either be converted into kinetic energy or be dissipated due
to the frictional and inelastic nature of the particle–particle
interactions. The energy dissipation can also be calculated
directly from the numerical simulations;12 however, for brev-
ity, here we calculate the accumulated dissipated energy us-
ing a simple energy balance:

Ediss
* = 1 −Ep

* − Ek
* . s5d

Figure 2 shows the dimensionless energies for the col-
lapse of columns corresponding to the cases shown in Fig. 1.
For all cases, the potential energy decreases monotonically
as the column collapses. The total decrease of the potential
energy increases witha, in accordance with Lajeunesseet
al.2 Also for all cases, the kinetic energy increases from zero,
reaches a maximum value, and then decreases again for
longer times. For short columns, Fig. 2sad, the material can-
not gain much kinetic energy since the potential energy does
not decrease significantly. Also, the amount of energy dissi-
pation is comparable to the kinetic energy, which contributes
to rapidly damp the motion of the particles. On the other
extreme, for largea, Fig. 2scd, the amount of kinetic energy
rapidly increases, reaching values larger than those of the
potential energy during parts of the collapse. In contrast to
what is observed for short columns, the energy dissipation
does not play a major role during the initial part of the col-
lapse, which also contributes to the vigorous collapse pro-
cess. For intermediate values ofa, Fig. 2sbd, the energy bal-
ance has characteristics which are in between the two
extreme cases discussed above.

Figures 3 and 4 show the dimensionless final height and
spread of the columns, as functions of the initial aspect ratio,
a, obtained from many simulations. The final height is mea-
sured at the center of the column, where the motion has
subsided. The final spread is measured from the center to the
edge of the deposit, in which several particles remain in con-
tact disregarding individual loose particles. Furthermore,
simulations for two different values of the friction coefficient
were run. Along with the numerical results, the experimental
results from both previous studies1,2 are included. It must be
noted that the comparison between the present numerical and
previous experimental results is merely qualitative. There is
not an obvious way to account for the different spatial di-
mensionality.

As in the experiments, our investigation shows that the
dimensionless height of the final deposit changes its func-
tional dependence with respect toa when a critical value is
reached:acrit <0.39 form f =0.3 andacrit <0.49 form f =0.57;
hence, we do observe a dependence, however small, on the
friction coefficient. Clearly, the critical value found in the
experiments is largersacrit =0.7 in Lajeunesseet al.2 and

FIG. 2. Dimensionless energy as a function of time for the three values of
the initial aspect ratio shown in Fig. 1. The solid line shows the potential
energy,Ep

* ; the dashed line shows kinetic energy,Ek
* ; and the dashed–dotted

line shows the cumulative energy dissipationEdiss
* .
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acrit =1.7 in Lubeet al.1d. Again, the differences can be at-
tributed to the geometrical differences between disks and
spheres. It can be argued that the angle of repose of a 2D
array is smaller than that of an equivalent 3D configuration.
Also, a constant value of the dimensionless final height for
values ofa larger thanacrit, as reported by Lajeunesseet al.,2

was not found; for columns with initial aspect ratio larger
than acrit, the dimensionless height of the deposit increases
slightly, at a rate of approximatelyHf /Ro,a0.3, for both val-
ues ofm f. This is almost twice the rate reported by Lubeet
al.1 Since the height of the final deposit was smaller than that
in the experiments, it is expected that the numerical radial
spread will also be larger than the experimental one. This is
clearly shown in Fig. 4. Despite this difference, the general
behavior is monotonically increasing, which is in good quali-

tative agreement with the experiments. It is interesting to
note that a small difference between the results for the two
values of the friction coefficient was observed: the final de-
posits from columns with higher coefficient of friction were
slightly higher and spread for shorter distances. An addi-
tional set of simulationssnot shownd was conducted to cor-
roborate that the changes in the coefficient of restitution did
not affect the results significantly.

In conclusion, the behavior of 2D collapsing columns
was found to be qualitatively the same as in axisymmetric
experiments. Despite the obvious differences between the
simulated 2D system and the 3D experimental cases, the
same characteristics of the phenomena were found: a critical
value ofa, that determined whether or not the final deposit
had a flat top, was found; the radial spread of final deposit
increased monotonically witha. Both the dimensionless final
height and radial spread compared qualitatively well with the
experimental results. Comparisons with all the experimental
results reported by both previous studies can also be per-
formed. Finally, the energy balance of the collapsing column
can be used as a criterion to determine the regime changes.
The characteristic differences that lead to the different shapes
of the deposits can be clearly observed from this energy bal-
ance. A comprehensive comparison of the simulation and
experimental results, as well as a more in depth study of the
effect of the contact properties, will be presented in a full-
length article currently under preparation.
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FIG. 3. Dimensionless height as a function of initial aspect ratio. The solid
circles show the simulation results form f =0.3 and the empty squares show
the results form f =0.57. The dashed lines show the results from Lubeet al.
sRef. 1d, the solid lines show the results from Lajeunesseet al. sRef. 2d. The
dotted lines show the best fit of the simulation results fora.acrit.

FIG. 4. Dimensionless radial spread as a function of initial aspect ratio.
Same symbols as in Fig. 3.
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