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Abstract We investigate numerically the failure, collapse, and flow of a two-dimensional brittle
granular column over a horizontal surface. In our discrete element simulations, we consider a vertical
monolayer of spherical particles that are initially held together by tensile bonds, which can be irreversibly
broken during the collapse. This leads to dynamic fragmentation within the material during the flow.
Compared to what happens in the case of a noncohesive granular column, the deposit is much rougher,
and the internal stratigraphic structure of the column is not preserved during the collapse. As has been
observed in natural rockslides, we find that the deposit consists of large blocks laying on a lower layer of
fine fragments. The influence of the aspect ratio of the column on the runout distance is the same as in
the noncohesive case. Finally, we show that for a given aspect ratio of the column, the runout distance is
higher when the deposit is highly fragmented, which confirms previous hypotheses proposed by Davies
et al. (1999).

1. Introduction
1.1. Natural Events and Runout Distance
Gravitational flows are very common events at the surface of the Earth. On land, they constitute the primary
processes that supply sediment to river networks [Lin et al., 2008; Allemand et al., 2014]. Rock avalanches, land-
slides (either subaerial or subaqueous), and debris flows can mobilize solid volumes up to 1011 m3 on Earth
and 1013 m3 on Mars or under water [Legros, 2002; Hewitt et al., 2008]. On Earth, such flows can travel over
several tens of kilometers on land [Robinson et al., 2014] and up to a hundred kilometers under water and
are able to transport very large blocks of rock (more than 10 m). Therefore, they constitute a significant
natural hazard and may cause major environmental, economic, and social damages. Hence, accurately pre-
dicting their behavior is an important issue. However, because they involve the combined motion of a very
large number of solid particles and (in most cases) of an interstitial fluid (either air or water), understanding
and modeling such events still represent an important challenge for geophysicists.

Among these different types of events, rockslides or rock avalanches may appear simpler since they do not
involve a significant amount of water. However, a simple description of energy dissipation by basal solid fric-
tion fails to explain the very long runout distances often observed for events of large volume [Lajeunesse et al.,
2004]. To go beyond this simplistic approach, the spreading of a granular mass over a given topography has
also been modeled by hydrodynamic simulations based on the “shallow-water” assumption. Yet using the
classical Savage-Hutter formulation [Savage and Hutter, 1991] for the basal shear stress does not lead to an
accurate prediction of the shape and volume of the deposit of an avalanche, unless an unrealistic value of the
friction angle is chosen or a constant basal shear stress is used [Mangeney-Castelnau et al., 2003; Kelfoun and
Druitt, 2005; Kelfoun et al., 2009]. In order to account for this, several mechanisms of effective lubrication have
therefore been invoked, such as basal melting [De Blasio and Elverhøi, 2008], mechanical or acoustic fluidiza-
tion [Davies, 1982; Collins and Melosh, 2003], size segregation [Roche et al., 2005], progressive entrainment of
material during the flow [Mangeney et al., 2007], and dynamic rock fragmentation [Davies et al., 1999; Davies
and McSaveney, 2009; Davies et al., 2010].

1.2. Collapse of a Granular Column
In the last decade, several experimental investigations have been performed on a simplified analogue model
of a landslide: the collapse of a granular column on a horizontal surface. These experiments offer a simple and
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straightforward way to assess the runout distance of a flowing granular mass as a function of a small number
of control parameters. Similar experiments have been performed either in air [Lube et al., 2004; Balmforth and
Kerswell, 2005; Lajeunesse et al., 2004, 2005], under water [Thompson and Huppert, 2007], or with air-fluidized
grains [Roche et al., 2011], and both in axisymmetric and quasi-2-D configurations. On the same problem,
numerical simulations have been developed [Staron and Hinch, 2005; Zenit, 2005; Staron, 2008; Crosta et al.,
2009], using mostly the contact dynamics method [Moreau, 1994], in order to explore the parameter space
and to help in developing analytical models [Larrieu et al., 2006; Doyle et al., 2007]. Recently, Lagrée et al. [2011]
applied a continuum approach to the modeling of the collapse of a column, using the granular rheology
introduced by Jop et al. [2006].

These studies showed that the runout distance normalized by the initial width of the column can be simply
expressed as a power law function of the initial aspect ratio of the column. The prefactor of this power law
(but not its exponent) depends on the nature of the granular material (surface roughness, angle of repose...)
[Balmforth and Kerswell, 2005]. Large events such as Martian landslides appear to follow the same power laws
but with a higher prefactor than in experiments and simulations: their runout distances can therefore be twice
longer than predicted values [Lajeunesse et al., 2006; Roche et al., 2011].

1.3. Fragmentation in Rockslides
Aside from its simplified geometry, the main limitation of the granular column experiment is that the flow-
ing material is already fragmented before the collapse. By contrast, in natural conditions the volume of rock
is initially roughly cohesive before failing: it is only during the flow that rocks experience multiple fragmen-
tations. As a consequence, the deposit of a rockslide usually consists of a very wide range of fragment sizes
(from nanometers to meters): the subsurface material in long runout rock avalanches has been observed in
diverse geological conditions to be composed of highly fragmented parent material [Cruden and Hungr, 1986;
Ui et al., 1986; Fauque and Strecker, 1988; Glicken, 1998; Schneider and Fisher, 1998]. This wide size distribution
results in particle segregation by size: the largest particles usually accumulate at the front and at the surface
of the deposit, laying on top of a basal layer of finer particles [Cruden and Hungr, 1986; Hewitt, 1988; Yarnold,
1993; Davies et al., 1999; Bernard et al., 2009]. Dynamic rock fragmentation within the flow has been invoked as
a possible mechanism for effective lubrication in debris avalanches of large volume [Davies et al., 1999, 2006;
Davies and McSaveney, 2009; McSaveney and Davies, 2009; Davies et al., 2010]. On the other hand, Locat et al.
[2006] and Crosta et al. [2007] estimate that the energy consumed by fragmentation processes represents a
significant fraction of the available potential energy (up to 20 or 30%), which would imply that fragmentation
reduces the runout of a rockslide. These contradictory results suggest that it would be worth investigating
directly the effect of fragmentation in the simple gravitational collapse of a column. Instead of using an ini-
tially granular material (as sand), the material should be initially solid and disintegrate into fragments during
the collapse. This can be achieved if grains are initially held together by cohesive bonds, which can be broken
during the collapse.

1.4. Collapse of a Brittle Column
The role of cohesive forces in granular packings and flows has already been investigated numerically [Taylor
et al., 2008], experimentally [Mason et al., 1999; Mériaux and Triantafillou, 2008; Métayer et al., 2010; Lumay and
Vandewalle, 2010; Artoni et al., 2013], and theoretically [Restagno et al., 2004]. However, in these studies the
cohesive force is restored each time two particles come again in contact. This is not the case in a rockslide:
when a rock is crushed into several pieces, broken bonds are not restored. Such an irreversible fragmentation
of rocks is difficult to achieve in experiments. By using a geotechnical centrifuge, Bowman et al. [2012] studied
the fragmentation of avalanching coal blocks under high effective gravity (up to 50g) and managed to mea-
sure the final degree of breakage in the material. If normalized by the cubic root of the mobilized volume,
the runout length appears to increase linearly with the relative breakage of material in the final deposit. The
authors successfully compare this result with a few observations available in natural events. However, a com-
plete parametric study is difficult to achieve in this type of experiment, and the final degree of fragmentation
remains quite low compared to natural examples.

In order to complement this experimental investigation, and to go beyond the model of the granular column,
we developed a numerical simulation for the collapse of a brittle column. Our model relies upon a discrete
element method which has already been proved to reproduce correctly dry granular flows (with no fragmen-
tation) in various geometries [Silbert et al., 2001; Bi et al., 2005; Taberlet et al., 2008; Morgan and McGovern,
2005a, 2005b]. In addition to classical granular interactions (friction and repulsion), we add tensile bonds
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Table 1. List of the Physical Parameters Used in the Simulations

Variable Meaning

H0 initial height of the column

L0 initial length of the column

L∞ final length of the deposit

a = H0∕L0 aspect ratio of the brittle column

𝜂 = (L∞ − L0)∕L0 normalized runout distance

𝜂0 normalized runout distance in the granular case

g gravity

R0 average radius of the spherical particles

𝛿 polydispersity of particle sizes

m0 mass of a particle of radius R0

kn elastic constant of a particle

𝛾 effective viscosity of a particle

𝜇 friction coefficient

C attractive force exerted by tensile bonds

Rc = 0.25R0 threshold of bond rupture

Bo = C∕(m0g) granular Bond number

𝜖 volumetric fraction of fine fragments

Φ degree of fragmentation

𝜏ff free-fall timescale

between grains that can be irreversibly broken if grains are spread apart. Compared to a continuum model,
which can compute an effective rheology for a divided material, this discrete approach permits an explicit
representation of fragmentation, since each fragment is modeled by a distinct element. Contrary to a classical
granular model, it also allows to model the initial column or large fragments as having a given tensile strength.

The present article is organized as follows: the next section presents the numerical method used in our simu-
lations; section 3 discusses the runout distance and the dynamics of fragmentation during the collapse; and
in section 4 we describe the characteristics of the deposit.

2. Numerical Model

We developed a new numerical code that simulates the two-dimensional motion of 10,000 spherical unit
particles confined in a 2-D plane, using the classical numerical methods of molecular dynamics [Cundall and
Strack, 1979; Silbert et al., 2001; Pöschel and Schwager, 2005]. The translational motion of these spheres is
restricted to the (x; z) plane while they can only rotate around the y axis, which makes their dynamics similar
to those of disks or rods. We do not account for the influence of the interstitial fluid, which means that the
simulations are comparable to a purely dry rock avalanche where the role of air would be neglected. Let us
note that the motion of particles is purely two dimensional and that there is no frictional effect exerted by any
confining plates, contrary to what happens in quasi-2-D experiments or some 3-D simulations [Lacaze et al.,
2008]. Particles experience their own weight and contact forces with one another. At each time step, all forces
acting on each particle are computed, and Newton’s equations of motion (both rotational and translational)
are integrated for all particles simultaneously by the Verlet method. The iterative time step is Δt = 𝜏c∕100,
with 𝜏c the typical duration of a collision between particles, which allows the dynamics of each collision to
be accurately computed (see numerical details in Appendix 1). In the following we first present the geometry
of the numerical setup; then we detail all forces that act on particles; finally, we analyze the properties of the
material represented by this model. The list of all parameters used in the model is presented in Table 1.

2.1. Numerical Setup
The column is built in three steps:

1. All particles are placed on a rectangular grid. The radius Ri of each particle is chosen randomly within a
narrow uniform distribution between R0(1−𝛿) and R0(1+𝛿), with 𝛿 = 15%. This limited dispersion prevents
any ordered distribution of the particles (“crystallization”) during the settling phase.
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Figure 1. Example of a column (a) before and (b) after its collapse, for Bo = 20. The color indicates the vertical origin of
each unit particle.

2. Gravity is switched on, which makes particles settle down between two vertical walls. These walls as well
as the horizontal plane are made of immobile particles of radius R0 (with the same mechanical properties
as the mobile particles) and therefore possess a moderate natural roughness. During this settling phase,
particles only experience friction and repulsive forces.

3. Once the particles are at rest, a tensile bond is defined between particles that are in contact or nearly in
contact (see section 2.2.3). Bonded particles continue to experience an attractive force until they are spread
apart by more than Rc = R0∕4 (see equation (5)). This procedure produces a rectangular column of width L0

and height H0 (see Figure 1a). We define the initial aspect ratio as a = H0∕L0.

Once the cohesive column is at rest, the right-side wall is instantaneously removed: the column fails, collapses,
and flows rightward. Once the flow has stopped, we characterize the final deposit by its horizontal extent L∞
and its maximal height H∞ (see Figure 1b).

2.2. Interactions Between Particles
2.2.1. Repulsive Force
Two particles i and j are in contact when the distance between their centers |rj − ri| is smaller than the sum
of their radii Ri + Rj , i.e., 𝛿ij = (Ri + Rj) − |rj − ri| ≥ 0 (see Figure 2). In this case, they interact via a simple
spring-dashpot force model: the force exerted by particle j on particle i reads

Fij
r =

[
kn 𝛿ij − 𝛾

d𝛿ij

dt

]
nij. (1)

Figure 2. Overlap 𝛿ij between two particles of radii Ri and Rj ,
located at ri and rj, respectively.

Here kn is the coefficient of normal elasticity,
𝛾 is an effective viscosity that induces energy
dissipation during the collision, and nij is
the normal vector between particle centers:
nij = (rj − ri)∕|rj − ri|. The values of kn and 𝛾

determine the Young’s modulus of the mate-
rial and the coefficient of restitution in a colli-
sion between two particles (see section 2.3).
Though the repulsive force between two
spheres is supposed to be Hertzian (that is, to
scale as 𝛿3∕2), it is numerically easier to adopt
such a linear repulsive force, since the dura-
tion of a collision becomes independent of
the relative velocity of particles. It has been
shown that this approximation has very little
influence on the dynamics of a granular flow
[see, for instance, Schäfer et al., 1996; Silbert
et al., 2001; Bi et al., 2005] for a given coeffi-
cient of restitution.
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2.2.2. Solid Friction
Two colliding particles also experience a frictional force, which opposes their relative tangential motion. It is
expressed as [Cundall and Strack, 1979; Pöschel and Schwager, 2005]

Fij
t = −min(ktut;𝜇 |Fij

n|) |vs
ij| (2)

where vij
s is the sliding velocity at the contact, which is a function of the two particles’ translational and

angular velocities (see equation (A5)). The local friction coefficient is𝜇 = 0.6, and Fij
n is the normal force expe-

rienced by the two particles. The tangential elastic constant is kt , and the tangential displacement is ut , which
depends on the history of the contact:

ut = ∫collision
|vs

ij|dt (3)

The ratio kt∕kn is related to the Poisson ratio of the material. It has been shown that the granular dynamics are
not very sensitive to its value and we choose kt∕kn = 2∕7 to equal normal and tangential periods of oscillation
[Schäfer et al., 1996; Silbert et al., 2001].
2.2.3. Tensile Bonds
In addition to the tangential and repulsive forces, particles that have remained nearly in contact since the
beginning of the collapse are linked by a tensile bond and experience attractive forces. Several models of
cohesive materials based on discrete elements have already been proposed [Abe and Mair, 2005; Carmona
et al., 2008]: bonded particles are usually connected via beam-truss elements that can deform in elongation,
shear, bending, and torsion. In order to keep our simulations simple and to restrict our study to a single control
parameter for the material’s strength, we simplify this model and adopt a simplistic expression for the force
acting between two bonded particles i and j:

Fij
c = −Cnij (4)

where C is the strength of the tensile bond. This approach can be seen as similar to the model for cohesive
granular material proposed by Rognon et al. [2008], with the difference that in our case no new bonds can be
formed during the flow. Two particles are considered to be bonded at a time t if they have remained nearly in
contact since the beginning of the simulation, that is, if

∀ t′ ≤ t , |rj(t′) − ri(t′)| − (Ri + Rj) < Rc = 0.25 R0 (5)

The threshold Rc > 0 ensures that each particle is potentially glued to up to six neighbors, whereas a cohesion
strictly by contact would connect a smaller number of particles. If the gap between two bonded particles
becomes larger than Rc, the bond is destroyed. For a two-particle fragment and with the chosen value of Rc,
this corresponds to a yield strain of 0.06. Let us insist on the fact that the breakage of a bond is irreversible:
no new cohesive contacts are formed during the collapse. The instantaneous breakage of a bond implies that
its energy is released instantaneously as heat, which is consistent with experimental measurement on the
propagation of fractures by Gross et al. [1993] or Sharon et al. [1996]. Let us note, however, that the tensile
strength of our material remains very small compared to its elastic modulus (see section 2.3). Since it has
been shown by Reznichenko et al. [2012] that submicron particles can agglomerate within a rock avalanche,
this assumption remains reasonable only if we model particles of relatively large size (see section 2.3). In the
collapse of a column, the only external energy provided to the system, which contributes to the breakage
of bonds, is the gravitational energy. Therefore, the relevant nondimensional parameter that characterizes
cohesion is the granular Bond number

Bo = C
m0g

(6)

where m0g is the weight of a grain of mean radius R0. This parameter is classically used in the context of
cohesive granular materials or powders: the magnitude of the cohesive force is compared either to gravity
[McCarthy et al., 2000; Nase et al., 2001] or to the average normal force if gravity does not drive the system
[Rognon et al., 2008]. In this study Bo varies from 0 (granular material) to 100 (strong material). In the next
section, we compute the corresponding mechanical properties of the material.
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Table 2. Height, Width, and Basal Pressure of the Brittle Column as a Function
of the Aspect Ratio, for Particles of Mean Size R0 = 0.5 m

a H0 L0 𝜎max

0.43 65 m 150 m 1.3 MPa

0.96 96 m 100 m 1.9 MPa

3.18 175 m 55 m 3.4 MPa

16.1 403 m 25 m 7.9 MPa

2.3. Mechanical Properties of the Material
Let us now relate the forces acting at the scale of particles to the macroscopic mechanical properties of the
material. In order to model a column of realistic height, we need to choose a rather large size for the unit
particles. If we choose a mean radius R0 = 0.5 m and a solid density 𝜌s = 2500 kg m−3, Table 2 gives the height
and width of the column for a few values of the aspect ratio, as well as the resulting pressure at the bottom of
the column 𝜎max = 𝜌gH0, with 𝜌 = 0.8𝜌s the average bulk density (the average porosity being 20%).

Table 3 summarizes the mechanical properties of individual particles. We adopt an elastic constant
kn = 1010 N m−1. Assuming that the Poisson’s ratio verifies 𝜈2 ≪1 [Gercek, 2007], this corresponds to an elastic
modulus of the particles of the order of Y ∼ kn∕R0 = 20 GPa, which is a reasonable value for rocks. The value
of 𝛾 is chosen so that the linear coefficient of restitution is e = 0.45 (see Appendix 1), in the lower range of
experimental measurements [Chau et al., 2002].

The tensile strength within the cohesive column can be estimated by

𝜎T = C

𝜋R0
2
=

m0gBo

𝜋R0
2

(7)

Table 4 gives the corresponding value of 𝜎T for increasing values of the Bond number. The case Bo = 0 corre-
sponds to an infinitely fragile material (such as sand in experiments). The values of 𝜎T obtained for Bo varying
from 10 to 100 correspond to the lower range of tensile strengths measured for samples of artificial rock,
mudstone, and sandstone by Sklar and Dietrich [2001]. Even if these values are relatively low, they are only 1
order of magnitude smaller than the maximum stress below the column (see Table 2). Let us keep in mind that
our estimate of 𝜎T does not represent the microscopic strength of a small rock sample but rather the average
effective strength within the column (taking into account the possible existence of fractures before failure). It
is therefore representative of both the intrinsic mechanical properties of the rock and the state of weakening
within the cliff.

The limitation of the model is that the size of unit particles constitutes a cutoff length for fragmentation:
once a cohesive block has been reduced to a single particle, it cannot be further fragmented. This intrinsically
reduces the influence of the fragmentation process during the flow. However, reducing the size of the unit
particles would require both increasing the total number of particles (in order to produce a column of realistic
height) and reducing the iterative time step (for a given stiffness kn, the collision duration 𝜏c roughly scales
like

√
m0, as shown in Appendix 1). The particle size that we adopted constitutes a fair compromise in order

to limit the total computational time while preserving realistic values for Y and H0.

Table 3. Mechanical Properties of the Unit Particles (See Sections 2.2.1 and 2.3)

Parameter Value in the Simulation

Radius R0 = 0.5 m

Normal elastic constant kn = 1010 N m−1

Effective viscous constant 𝛾 = 1.8106 N m−1 s

Tangential elastic constant kt = 2∕7kn

Young’s modulus Y = 20 GPa

Friction coefficient 𝜇 = 0.6

Restitution coefficient e = 0.45
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Table 4. Effective Tensile Strength of the Material as a Function of the Bond
Number, for Particles of Mean Size R0 = 50 cm (See Equation (7))

Bo 𝜎T

10 0.16 MPa

50 0.8 MPa

100 1.6 MPa

3. Runout of the Avalanche
3.1. Dynamics of the Front
We define the front of the avalanche by the farthest particle that remains connected (by a particle-particle
contact) to the main granular mass. At each time step, we normalize the runout (x − L0) by its final value
(L∞ − L0) and plot it as a function of time. Time is expressed in units of the free-fall timescale 𝜏ff =

√
H0∕(2g).

For high values of the initial aspect ratio (see Figure 3), we observe that tensile bonds do not modify signif-
icantly the dynamics of the front, though the final state is reached slightly faster for large values of Bo (i.e.,
strong bonds). For a smaller aspect ratio, the dynamics remain similar at low Bond numbers. However, when
the tensile strength is higher (Bo> 20) the dynamics are qualitatively very different: the total duration of the
collapse can be increased by up to a factor 200. After a static period of variable duration, the column fails and
collapses rapidly: after only a few percent of the total collapse duration, the runout has reached about 60% of
its final value. This rapid fall is followed by a slow adjustment of the deposit, large blocks being carried forward
on top of a layer of fine fragments (see section 4.2).

Figure 3. Normalized position of the front of the avalanche as a function of time (normalized by the free-fall timescale)
for different values of the Bond number: (a) for an initial aspect ratio a = 16.1 and (b) for a = 0.61 (note the logarithmic
scale for time).
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101

1

10

Bo =  0
Bo = 10
Bo = 20
Bo = 30
Bo = 40
Lajeunesse et al. (2005)

Figure 4. Normalized runout distance of the flow 𝜂 = (L∞ − L0)∕L0 as a
function of the initial aspect ratio of the column a = H0∕L0. Straight lines
represent power law fits for Bo = 0 (cf. equation (8)). Grey disks are data
obtained numerically with the contact dynamics method (at Bo = 0) by
Staron and Hinch [2005], shown for comparison. Dashed lines are data
obtained in a quasi-2-D experiment [Lajeunesse et al., 2005].

3.2. Scaling Laws for the Runout
Distance
We normalize the runout distance
by the initial width of the column
𝜂 = (L∞ − L0)∕L0 and plot it as a func-
tion of the initial aspect ratio a (see
Figure 4).

We find that for Bo = 0 (i.e., zero bond
strength and effectively a granular
material) the runout distance follows
two different power laws, depending
on the aspect ratio:

𝜂0 =
{

2.5a for a ≤ 3
3.6a0.7 for a ≥ 3

(8)

As illustrated in Figure 4, our results
are in very good agreement with pre-
vious numerical findings by Staron and
Hinch [2005]. The exponents of the
power laws are also compatible with

the results of pseudo-2-D experiments by Lajeunesse et al. [2005]. However, as was already noted by Roche
et al. [2011], the runout that we obtain numerically is systematically about 1.5 times higher than in experi-
ments. This is likely due to the fact that friction is higher in these experiments than in our simulations: on one
hand, because the grains are confined between two frictional glass plates [Taberlet et al., 2008] and on the
other hand, because the third dimension induces transverse motion, which is responsible for an increase in
effective friction, as shown numerically by Hazzard and Mair [2003].

Figure 4 shows that for a nonzero Bond number, the runout distance follows the same trend as for Bo = 0.
However, we observe that an increase of the Bond number (that is, of the tensile strength) always leads to a
decrease of the runout distance: for a given aspect ratio, a rockslide originating in a more fragile cliff will travel
a longer distance. The granular case (Bo = 0), which corresponds to an infinitely fragile material (𝜎T = 0),
gives the upper limit 𝜂0 of the runout distance.

3.3. Fragmentation Dynamics
The dynamics of rock fragmentation can be followed along the flow by computing at each time step the num-
ber and size of produced fragments (that is, blocks of particles that are still held together by the tensile bonds).
We compute in particular the number of fine fragments, that is, those that are reduced to a unit spherical
particle (and cannot be further split).

The evolution of the volumetric fraction 𝜖 constituted by these fine particles, normalized by its final value 𝜖∞,
is plotted in Figure 5. When significantly larger than 1, the Bond number does not have much influence on the
dynamics of fragmentation. Two phases can be observed before 𝜙 reaches its final value. Until time t1 ≃ 2𝜏ff

(phase 1), 𝜖 increases rapidly: its evolution can be fitted by 𝜖(t) ∝ t2.7. At t = t1, the runout is only 40% of its
final value but 80% of the final number of fine fragments have already been produced (see Figure 3). Most of
them are produced along the slip surface. In phase 2, they are produced at a much slower rate, with 𝜖(t) ∝ t0.2,
and mostly in the basal layer of the flowing material. The final number of fine fragments is reached slightly
before the end of the flow.

4. Properties of the Deposit
4.1. Internal Structure
We can characterize the deposit by the vertical origin of each particle. Figure 6 represents the aspect of the
deposit for a moderate initial aspect ratio and three values of the Bond number. A color is attributed to each
particle, based on its initial vertical position in the column. When the Bond number is increased, the surface
of the deposit is less smooth and presents larger irregularities than in the granular case. In the granular case
(Bo = 0), the deposit preserves the initial stratigraphic structure: material found at the surface comes almost
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Figure 5. Volumetric fraction of fine fragments as a function of time for a = 16.1 and different values of the Bond
number. Two power law fits for phases 1 and 2 are indicated with their respective indices.

entirely from the upper part of the column. As the material’s strength is increased, tilted blocks appear and
some material that originates from the inner layers of the column can outcrop at the surface of the deposit.

4.2. Grain Size Distribution
Let us now examine the sedimentary fabric within the deposit (see Figure 7): we attribute to each block a
color that depends on its volume, expressed as the number of unit particles that it contains (the hue scale
in the figure is logarithmic). Whatever the material’s strength, the final deposit consists of rafted large blocks
laying on a matrix of fine-grained material, as is observed in many natural deposits for rockslides or pyroclastic
flows [Cruden and Hungr, 1986; Hewitt, 1988; Yarnold, 1993; Davies et al., 1999; Bernard et al., 2009]. Though
large blocks can be found over the whole length of the deposit, the size of outcropping fragments can vary
significantly in a single event, large blocks being separated by fine-grained material. For Bo = 10, the largest
blocks have a characteristic size Rmax ∼10 m and for Bo = 30 up to Rmax ∼20 m. This is consistent with the very
wide size distributions observed at the surface of natural events (ranging from sandy or silty fines to blocks
larger than 100 m3) [Evans et al., 2006]. For Bo> 40, the material does not get much fragmented and the size
of the largest block is comparable to the column’s height.

Let us finally remark that the apparent size sorting from top to bottom of the deposit is not caused by the
granular dynamics (as in the “Brazil nut effect” where vibrations allow small grains to migrate down a network
of larger grains [Möbius et al., 2001]) but results from the fact that superficial blocks are subject to less stress
and can therefore remain roughly intact: by following their trajectories, we did not observe any significant
vertical migration of the large blocks during the collapse.

We now compute the final grain size distribution within the deposit. To this effect we only take into account
particles that have been displaced by more than 10 R0. Hence, the static part of the column (which has not
been affected by the collapse) does not appear in the distribution. Figure 8 represents the volumetric fraction
of the deposit that is composed of fragments smaller than a given size, for the aspect ratio a = 2.74. It shows

Figure 6. Granular column of aspect ratio a = 2.74, and its deposit after collapse, for three values of the Bond number.
Color indicates the original vertical position of particles.
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Figure 7. Aspect of the final deposit, for a = 2.74 and four values of the Bond number. The logarithmic hue scale
indicates the size of each fragment, expressed as the number of unit particles it contains. Deposits consist of large
blocks (green to red) laying over a layer of very fine particles (purple). The gray part is the fraction of the column that
has not been affected by the collapse (whose particles have been displaced by less than 10 R0).

that for an increasing strength of the material, the fraction of small fragments diminishes, whereas the size of
the largest fragments found in the deposit increases. For a very brittle material (Bo ∼ 10–20), the distribution
is relatively well graded. By contrast for Bo> 40 the distribution tends to be bimodal, with roughly 75% of the
deposit made of fragments larger than 4000 particles and 25% or less of small (< 10 particles) fragments.

Following Hardin [1985] and Bowman et al. [2012], we define the degree of fragmentation within the
deposit as

Φ = A
A0

(9)
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Figure 8. Cumulative grain size distribution in the deposit, for an aspect
ratio a = 2.74 and different values of Bo. The size of a fragment is
expressed as the number of unit particles that it contains. The area A of
the gray surface corresponds to the integral of the distribution for Bo = 80.

where A is the area below the gran-
ulometric curve (colored in gray, for
the case Bo = 80, in Figure 8) and
A0 is the potential breakage, that is,
the area that would be obtained if
the deposit was entirely composed
of unit particles (which happens in
the granular case Bo = 0). Contrary
to the Bond number, the degree of
fragmentation is a quantity that can
be directly deduced from the observa-
tion of a deposit (whether in experi-
ments [Bowman et al., 2012] or in the
field), provided that one chooses a
minimal fragment size (for instance,
Hardin [1985] defines it as a silt size of
0.074 mm though fragments as small
as 10 nm can be found in deposits).
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Figure 9. Runout distance 𝜂 normalized by its value 𝜂0 in the case of total
fragmentation (Bo = 0 or Φ = 1), as a function of the degree of
fragmentation Φ and for different aspect ratios of the column. The black
line is the empirical fit 𝜂 = 𝜂0

(
0.4 + 0.6Φ3.2

)
.

In Figure 9, we plot again the runout
distance, normalized by the value 𝜂0

obtained for Bo = 0 and Φ = 1
(cf. equation (8)), as a function of the
degree of fragmentation. A unique
global tendency can be observed
despite the small dependence on
the aspect ratio a. For any aspect
ratio, the runout distance increases
monotonically with the degree of
fragmentation, the granular case
being the upper limit. The causality
of this relation is, however, difficult to
assess: one can argue either that frag-
mentation increases runout or that a
longer runout gives more opportunity
for fragmentation. Let us insist, fur-
thermore, that the parameter Φ only
reflects the state of fragmentation

within the deposit and not the dynamical process. We propose the following empirical fit for the runout
distance, for which we do not have any satisfactory explanation:

𝜂 =
(

0.4 + 0.6Φ3.2
)
×
{

2.5a for a ≤ 3
3.6a0.7 for a ≥ 3

(10)

One must note that the state of zero fragmentation is hardly reachable in simulations if the column actually
collapses, which makes the prediction essentially valid in the region 0.2 ≤ Φ ≤ 1. This range is reasonable
when compared to values measured in the field: for instance, Bowman et al. [2012] review values of the relative
breakage ranging from 0.34 to 0.58 for four cases of various volumes. The case Φ = 1 is ambiguous: indeed,
this corresponds to the limit of total fragmentation (the deposit consists only of single particles). However,
this limit is obtained for Bo = 0, that is, when the column is already entirely fragmented before collapsing: in
practice, no bonds are created nor broken between particles. In order to resolve this apparent contradiction,
we verified that the collapse of a column made of a very weak material (that is, for Bo = 10−4 → 1) leads to the
same deposit as the granular column and to an entirely fragmented deposit. The case of total fragmentation
is therefore indeed obtained in the regime Bo→ 0 and constitutes the upper limit of the runout distance.

5. Discussion and Conclusions

We have presented the results of a numerical study of the collapse of a brittle granular column. These sim-
ulations mimic classical granular collapse experiments but include the effect of a nonzero material’s tensile
strength and subsequent dynamic fragmentation. The discrete element method allows us to model within
the same simulation the different phases (failure, collapse, and horizontal spreading) and to account explicitly
for the breakage of the material into smaller and smaller fragments. We have verified that the runout obtained
with no tensile bonds is identical to the values obtained in existing studies using a different numerical method
[Staron and Hinch, 2005] and comparable to experimental values [Lajeunesse et al., 2005]. When the strength of
the material is increased, the normalized runout distance decreases but still follows the same trend as a func-
tion of the initial aspect ratio of the column. We show that the deposits become qualitatively very different
when the material’s strength is increased. A granular deposit is very smooth and preserves the stratigraphic
structure of the initial column. By contrast, when the material is stronger, the deposit is rough and consists of
a few large blocks laying on top of a thick layer made of very small fragments, as has been observed in nat-
ural events [Cruden and Hungr, 1986; Hewitt, 1988; Yarnold, 1993; Davies et al., 1999; Bernard et al., 2009]. The
higher the material’s strength, the more bimodal the grain size distribution becomes. The internal structure
of the deposit is much disturbed: some material from the inner layers of the column can be found at the sur-
face. Even if large blocks can be found everywhere at the surface of the deposit, their distribution remains
very heterogeneous (in some points, the matrix of fine-grained material is observed to outcrop).
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Finally, we computed the degree of fragmentation in the deposit, following the definition by Hardin [1985].
This quantity increases with the aspect ratio of the column but reduces when the material’s tensile strength
is increased. As a consequence, for a given aspect ratio the runout distance of the avalanche increases with
the degree of fragmentation in the deposit, as proposed by Davies et al. [1999, 2010] and observed by
Bowman et al. [2012]. One must note, though, that the granular case (which corresponds to total fragmen-
tation Φ = 1) constitutes the upper limit for the runout, which means that dynamic fragmentation cannot
explain that large rock avalanches travel about twice longer than predicted in experiments with (nonfrag-
menting) sand grains or glass beads. This implies that either our model for fragmentation is yet too simplistic
or the fragmentation process is not responsible for the long runout and an additional mechanism should be
invoked (e.g., mass entrainment during the flow). However, it also implies that if a slope fails, the runout will
be larger if the material is already highly weakened before its failure. For a given aspect ratio of the column,
we predict that the runout distance is about twice longer in the case of total fragmentation (Φ = 1) than if
the degree of fragmentation in the deposit reaches only Φ = 0.5.

We have shown that our simulations compare well with experiments and existing numerical studies dealing
with granular materials and are effective in capturing the effects of dynamic fragmentation during the flow.
However, in order to compare more directly the results with the characteristics of natural events, the same
numerical model is easily extendable to a different geometry, that is, the three-dimensional flow of a mass
along an incline [Manzella and Labiouse, 2009; Mollon et al., 2012], which allows to study the lateral spreading
of an avalanche. The extension of our model to three dimensions requires, however, to adopt a more accu-
rate description of bonds (for instance, by considering Euler-Bernoulli beams, as in Carmona et al. [2008]),
allowing them to fail not only in elongation but also in bending and torsion, which introduces many more
control parameters to the model. Taking these modes of failure into account might reduce locally the friction
between bonded sliding particles and avoid obtaining unrealistically shaped blocks, but it should not mod-
ify the qualitative influence of material strength that we have evidenced in this study. The influence of such
a fragmentation on effective friction will be the object of a further publication. Having added tensile bonds
in the material would also allow us to start from a stable slope and study the effect of a sudden destabilizing
perturbation (for example, a local loss of rigidity in the column), which is more realistic than the spontaneous
collapse of a vertical column.

Appendix A: Numerical Methods
The Verlet algorithm is used to implement time integration of Newton’s equations of motion: knowing the
position of a particle at times t and t − Δt and its acceleration a at time t allows us to compute its position at
time t + Δt:

r(t + Δt) = 2r(t) − r(t − Δt) + Δt2a(t) (A1)

By using this approximation, the numerical error at each time step is of the order of Δt4. The acceleration of
the particle can be computed from the sum of all forces that it experiences:

a(t) = g + 1
m

∑
contacts

F(t) (A2)

The same method is applied to integrate the equation for rotational motion: 𝜃(t) being the angular position
of the particle,

𝜽(t + Δt) = 2𝜽(t) − 𝜽(t − Δt) + Δt2

I

∑
contacts

(t) (A3)

with I = 2
5

mR2 the moment of inertia of the particle and  the torque of each contact force acting on the
particle.

In order to compute adequately each collision between particles, the iterative time step is chosen as
Δt = 𝜏c∕100, with 𝜏c the typical duration of a collision between particles:

𝜏c = 𝜋

√
m0∕kn√
1 − 𝛽2

with 𝛽2 = 𝛾2

4 m0 kn
(A4)
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In a collision between particles i and j with respective angular velocities 𝛀i and 𝛀j , the sliding velocity at the
contact point is defined as

vij
s = vij −

(
vij ⋅ nij

)
nij + Rj𝛀j − Ri𝛀i (A5)

with vij = vj − vi the relative velocity between particles.

The coefficient of restitution for a collision between two particles of identical radii can be expressed as [Schäfer
et al., 1996]

e = exp

[
−𝜋 𝛽√

1 − 𝛽2

]
(A6)
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