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[1] We present a 2-D Contact Dynamics discrete element model for simulating initiation
and motion of rock avalanches, integrating hillslope geometry, Mohr-Coulomb rock
behavior, pore pressure before avalanche triggering, and avalanche trigger. Avalanche
motion is modeled as a dense granular flow of dry frictional and cohesive particles. On the
basis of granular physics and shear experiments, we review some of the theories for the
unexpectedly long runout of rock avalanches. Different causes are evoked, according to
the strength (strong or weak) of the slip surface relative to the bulk. ‘‘Mechanical
fluidization’’ and ‘‘acoustic fluidization’’ theories state that agitation of rock particles
reduces frictional strength, increasing runout. Conversely, granular mechanics suggests
that, as ‘‘shear-strain’’ rate increases, granular material becomes more agitated, more
dissipative, and more resistant. Another theory states that dynamic fragmentation of clasts
creates an isotropic pressure that drives longer runout. In contrast, granular mechanics
suggests that fragmentation may induce fluidization and strengthening of the granular
material, while particle size reduction (among others) induces weakening of the granular
flow and enhances long runout. Runout is also enhanced for column-like rock masses
collapsing from steep hillslopes. Long runout may also be linked to thermal weakening
mechanisms at the slip surface (e.g., thermal pressurization, and shear melting), which
may lower drastically the shear strength. The model is illustrated with a hypothetical
example of a rain-triggered avalanche, mobilizing shallowly dipping layers. Several
phases are identified, including slope failure, avalanche triggering resulting from slip
weakening, and avalanche motion in which rocks are folded and sheared.

Citation: Taboada, A., and N. Estrada (2009), Rock-and-soil avalanches: Theory and simulation, J. Geophys. Res., 114, F03004,

doi:10.1029/2008JF001072.

1. Introduction

[2] Large bedrock landslides may evolve into avalanches,
which are among the largest surface processes observed in
hillslope areas [Cruden and Varnes, 1996; Densmore et al.,
1997]. Understanding avalanches is a concern among geo-
scientists and engineers, because of their impact on land-
scape morphology and geological hazard estimates.
Numerical simulations can provide a valuable insight into
the physical mechanisms underlying avalanche triggering
and motion for these purposes.
[3] To simulate landslides that evolve into avalanches,

two central questions must be dealt with: when does the
sliding mass become unstable, and how does the unstable
mass move to its new equilibrium position. The first
question, the stability and deformation of the landslide
before failure, is traditionally studied using ‘‘limit equilib-
rium’’ and ‘‘finite element’’ methods. However, both meth-
ods become inappropriate when the landslide becomes
unstable. Thus, a different philosophy must be adopted to

study the second question: the motion of the sliding mass.
To study the motion, either of two different approaches are
usually adopted: the continuum approach, and the discon-
tinuum approach.
[4] The continuum approach, developed using the for-

malism first introduced by Saint-Venant in 1850, considers
the sliding mass as a continuum material, and it is generally
based on a depth-integrated version of the Navier-Stokes
equation [e.g., Savage and Hutter, 1991; Douady et al.,
2002]. This approach treats the avalanche as a single-phase
flow, and, in addition to the depth-integrated conservation
equations, a depth-averaged rheology must be assigned to
the sliding mass (e.g., Bingham fluid rheology). However,
for most geomaterials, the rheology under dynamic con-
ditions is not known a priori, nor can it be measured
experimentally, and therefore, the rheological choice must
be conjectural.
[5] The discontinuum approach considers the sliding

mass as a collection of distinct elements that interact
through contact forces, and is based in the time integration
of the equations of motion of individual particles. In the
discontinuum approach, the sliding mass can be heteroge-
neous, since different ‘‘species’’ of particles can be used in
the same model. Here, the user does not choose the
rheology of the bulk, but, rather, the behavior of the
contacts between particles; the rheology of the bulk results
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naturally from ‘‘contact-scale’’ interactions. However, the
rheology of the bulk might not be representative of the real
material, in particular when the real material is not suffi-
ciently ‘‘granular.’’ Two well known methods developed
with this philosophy are ‘‘Molecular Dynamics’’ [Cundall
and Stack, 1979] and ‘‘Contact Dynamics’’.
[6] In spite of the diversity of methods to simulate land-

slides and avalanches, and of the differences between them,
several fundamental questions remain open; for instance,
how does a landslide evolve into an avalanche, and what are
the mechanisms underlying the unexpectedly long-runout
distance of avalanches? The goals of this paper are as
follows: (1) to revisit, in the light of results from granular
dynamics and high-velocity shear experiments, some of the
possible causes for the long runout of avalanches and (2) to
present a numerical model for the simulation of granular
avalanches that integrates the initiation and motion phases.
[7] In our model, the sliding mass is approximated by a

collection of particles simulated by means of Contact
Dynamics. We adopt the two following simplifying assump-
tions: (1) Prior to avalanche initiation (i.e., in quasistatic
conditions), rocks and soils may be modeled as cohesive
granular material subjected to gravity and pore pressure
forces. (2) During the avalanche motion (i.e., in dynamic
conditions), the material may be modeled as a dense flow of
dry frictional and cohesive particles.
[8] Using granular physics, we briefly review and discuss

some of the theories that try to explain the long runout of
rock avalanches in terms of the dynamic behavior of the
bulk. Additionally, we show that thermal weakening postu-
lated for earthquake faults may be potentially active along
the slip surface of rock avalanches. Thus, we suggest that
long runout may result from several causes, which are
linked either to granular processes in the bulk or to dynamic
weakening mechanisms at the slip surface.
[9] Our conceptual model is illustrated by simulating a

hypothetical example of a rain-triggered avalanche, which
mobilizes gently dipping strata. The numerical experiment
raises the water table until the tilted layers become unstable.
This permits analysis of the whole avalanche sequence from
initiation to deposition in terms of deformation mechanisms
in the granular assembly and forces applied at the bound-
aries. The model also simulates the macroscopic structure of
the deposit.
[10] The outline of the paper is as follows: the ‘‘discrete

element’’ approach is presented in section 2; the conceptual
model for simulating rock avalanches is presented in section 3;
section 4 analyses weakening mechanisms operating from
initiation of motion onward; the hypothetical example of
an avalanche triggered by rain is presented in section 5; the
analysis of the simulation is presented in section 6; and
last, the main findings are summarized and discussed in
section 7.

2. Discrete Element Methods

2.1. ‘‘Soft Particle’’ Versus ‘‘Hard Particle’’ Models

[11] Discrete element methods (this is, methods that use
the discontinuum approach) can be classified in two main
groups: those that use ‘‘soft particles’’ and those that use
‘‘hard particles.’’ Soft particle methods (e.g., Molecular
Dynamics [Cundall and Stack, 1979]) consider the particles

as being deformable at the contacts. To simulate contact
deformation, particles are allowed to overlap one another,
and contact forces are calculated as a function of the small
overlap distances. In order to follow the evolution of contact
deformations, and to ensure numerical stability, these meth-
ods require very small time steps. Such high resolution
cannot be avoided when the elastic deformation of the
particles is of primary importance (e.g., when studying
transmission of sound waves through a granular material);
nevertheless, for simulating processes involving very large
plastic strains, which is generally the case with surface
processes, these methods are time consuming.
[12] Hard particle methods (e.g., Contact Dynamics)

consider particles as being perfectly rigid. Here, contact
forces are calculated in order to verify certain kinematical
constraints, such as the noninterpenetrability of particles
and Coulomb friction. Because of the different formulation
of the equations of motion and contact laws, these methods
do not require following the evolution of contact deforma-
tions in order to maintain numerical stability, do not
introduce elastic repulsion potentials, nor damping coeffi-
cients, and do not need to smooth (i.e., regularize) the
contact laws (e.g., the Coulomb friction law). Thus, these
methods are faster than the soft particle methods and are
well adapted to study granular materials at large plastic
strains (e.g., beyond the scale of elastic deformations).

2.2. Contact Dynamics Method

[13] The simulations presented in this work are based on
the Contact Dynamics (CD) method, which is suitable for
simulating the mechanical behavior of large assemblies of
rigid particles. The CD method was initiated by Moreau
[1988, 1994, 1999] and Jean [1995, 1999] using concepts
from nonsmooth (i.e., nonregular) dynamics and convex
analysis. Since then, it has been used to study the behavior
of granular materials [Moreau, 1993; Radjaı̈ et al., 1996;
Daudon et al., 1997; Chevoir et al., 2001; Azéma et al.,
2007; Staron and Hinch, 2007]. For cohesionless particles,
the CD method is based on the implicit time integration of
the equations of motion, the nonsmooth formulation of
impenetrability and Coulomb friction, and the dissipation
of energy by means of a restitution coefficient. An intro-
duction to the CD method is given by Taboada et al.
[2005b] and Pöschel and Schwager [2005].
[14] In order to simulate surface processes, we introduce

cohesion in the framework of the CD method; the idea is to
mimic cohesion by cementation, as observed in soils and
rocks. Our model incorporates the following two features:
(1) The strength of a cohesive contact depends on three
contact laws defining local thresholds for applied forces
(traction and shear) and torque. (2) The kinetics of contact
gain and loss are governed by a creation distance D and an
elliptic zone of weak extension to represent the cementing
material. In all the simulations presented in this paper the
restitution coefficient was set to zero, as is the case for most
geomaterials.
2.2.1. Strength of a Cohesive Bond
[15] The strength of a cohesive bond depends on three

contact laws defining the threshold forces and torques that it
can resist. The three contact laws represent the three relative
degrees of freedom between particles: separation, which
implies relative velocity in the direction normal to the
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contact; sliding, which implies relative velocity in the
direction tangential to the contact; and rolling, which
implies relative angular velocity between particles.
[16] The normal interaction is defined by the so-called

Signorini graph, relating the relative normal velocity Un and
the normal force N (Figure 1a). The Signorini graph
expresses the impenetrability of particles through the two
following mutually exclusive conditions:

Un ¼ 0 and N � �Fa

Un > 0 and N ¼ �Fa;
ð1Þ

where we attribute positive values to compressive forces, Un

is considered positive when particles move away from each
other, and �Fa is the largest tensile force that can be
supported by a cohesive bond. The tensile threshold �Fa is
given by

Fa ¼ sext‘; ð2Þ

where sext is the tensile strength and ‘ is the average
diameter of the particles in contact.

[17] The tangential interaction is represented by the Cou-
lomb friction law, relating the relative tangential velocity Ut

and the tangential force T (Figure 1b). The Coulomb friction
law implies the three following excluding conditions:

Ut > 0 and T ¼ �Tmax

Ut ¼ 0 and � Tmax � T � Tmax

Ut < 0 and T ¼ Tmax;
ð3Þ

where Tmax is the largest shear force that can be supported
by a cohesive bond. The shear threshold Tmax is propor-
tional to the normal force N and is given by

Tmax ¼ ms Fa þ Nð Þ; ð4Þ

where ms is the coefficient of sliding friction.
[18] Full cementation requires also torque transmission at

the contacts. By analogy with the Coulomb friction law, the
rolling friction law relates the relative angular velocity w and
the contact torque G (Figure 1c). The rolling friction law
implies the three following mutually exclusive conditions:

w > 0 and G ¼ �Gmax

w ¼ 0 and � Gmax � G � Gmax

w < 0 and G ¼ Gmax;
ð5Þ

where Gmax is the largest torque that can be supported by a
cohesive bond. The torque threshold Gmax is proportional to
the normal force N and is given by

Gmax ¼ mr‘ Fa þ Nð Þ; ð6Þ

where mr is the coefficient of rolling friction. Rolling
friction is a consequence of flexure at the scale of the
cohesive bond; the parameter mr can be interpreted as
the arm of the torque that opposes flexure, normalized by
the mean diameter of the particles in contact ‘. Thus, in our
model, the strength of a cohesive bond depends on three
parameters: sext, ms, and mr.
2.2.2. Kinetics of Contact Loss and Gain
[19] Cohesive bonds are modeled initially between all

grains such that the gap d (i.e., the distance between their
two closest material points Pi and Pj) is belowD (Figure 2a).
A cohesive bond persists as long as the point Pj is located
inside a small elliptical zone fixed to disk i (Figure 2b).
Contact rupture leads to an irreversible loss of tensile
strength (debonding) and the contact turns to purely fric-
tional behavior.
[20] The creation distance D and the size of the elliptic

zone (i.e., the size of its axes �n and �t) are small compared
to the size of the particles. These three lengths control the
scale of strain softening and the energy dissipated during the
rupture of a cohesive bond.

3. Simulation of Rock-and-Soil Avalanches Using
Granular Materials

[21] The term ‘‘rock-and-soil avalanche’’ encompasses a
large variety of surface processes that share the following
common features [Heim, 1932; Legros, 2002; Strom, 2006]:
(1) high velocity (between 5 and 300 m/s), (2) large
volumes (typically >105 m3), (3) long runout (generally

Figure 1. Graphs defining the contact laws of a cohesive
bond. (a) Signorini graph illustrating the relation between
the relative normal velocity and the normal contact force.
(b) Mohr-Coulomb friction law relating the relative
tangential velocity and the shear force; the shear rupture
envelope is shown on the right. (c) Relation between the
relative angular velocity and the torque at a cohesive
contact; the torque failure envelope is shown on the right.

F03004 TABOADA AND ESTRADA: THEORY AND SIMULATION OF ROCK AVALANCHES

3 of 23

F03004



defined in terms of the travel angle or fahrböschung), (4)
comminution of the rock-and-soil mass (although this condi-
tion is not always fulfilled), and (5) lack of mixing of different
lithologies from the slope failure to the resultant debris deposit
(although this condition is not always fulfilled).
[22] Various scale laws have been proposed relating some

of these features. For example, it is universally found that
the travel angle decreases as avalanche volume increases.
This correlation suggests that there is some mechanism that
reduces friction as the size of the avalanche increases. Given
the similarities between rock-and-soil avalanches and ‘‘rock
avalanches,’’ both terms will be used synonymously.
[23] Rock avalanches may originate, among others, from

large rockslides or cliff falls, or from the collapse of steep
hillslopes [e.g., Cruden and Varnes, 1996; McSaveney and
Davies, 2006]. Regardless of the geological setting, the
initial bedrock failure occurs along a surface of rupture,
which is generally located along a preexisting weak zone
such as a bedding plane, a weak layer, or a master joint.
During initiation, a surface of rupture may be subjected to
shearing or tensile stresses, depending on the initial dis-
placement field of the unstable mass.
[24] Schematically, all these processes involve mobiliza-

tion of rock and soil materials (i.e., the bulk) over an
interface termed the slip surface. The slip surface is com-
posed of the surface of rupture and an adjoining surface
located downslope, termed the surface of separation, which
corresponds to the part of the original ground surface
overlain by the avalanche deposit.
[25] The dynamics and deformation of a rock avalanche

are partly controlled by the relative strengths of the slip
surface and the bulk. If the slip surface is much stronger
than the bulk, then the shear strain will be mostly distributed
within the bulk; conversely, if the slip surface is much
weaker than the bulk, then the shear displacement will
mostly concentrate along the slip surface. If the substrate
is weaker than the mobilized materials then the slip surface
may shift from the original ground surface to another
interface located beneath.

[26] The following sections describe our conceptual mod-
el for the simulation of rock-and-soil avalanches by means
of a discrete element approach. The procedure for the
construction of a granular hillslope model is presented, as
well as the hypotheses concerning the behavior of both the
bulk and the boundaries. The role of pore water pressure
in the bulk, prior to and during the avalanche, is also
considered.

3.1. Hillslope Granular Model

[27] We assume that the initial state of a hillslope can be
simulated as a 2-D granular model constructed from a
geological cross section (Figure 3). The orientation of the
section parallels the direction of mobilization of the poten-

Figure 2. (a) Criterion for the creation of a new contact
between two grains (i and j) defined according to a
threshold distance D. (b) Small elliptical zone in which
cohesive bonding persists.

Figure 3. Granular models constructed from a geological
cross section across a potentially unstable hillslope. (a)
Cross section; (b) granular model in which the slip surface
is located along granular interfaces; (c) granular model in
which boundaries are defined along the presumed slip
surface. Here 1, potentially unstable rocks; 2, stable
bedrock; 3, weak sediments; 4, potential slip surface; 5,
granular material modeling rock; 6, granular material
modeling sediments; 7, boundaries of the granular model;
8, boundaries of the granular domains; 9, avalanche debris.
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tial landslide. The geological structure is constructed by
dividing the hillslope area into granular domains (e.g.,
layers) with varying properties.
[28] The granular model is bounded by a set of lines

representing the physical boundaries of the system. In
principle, the boundaries may be located in the rock volume
underlying the slip surface, in which case the slip surface is
located along a granular interface (Figure 3b); this choice
allows for erosion and entrainment of granular material
located beneath the initial slip surface. However, boundaries
can also be defined along the presumed slip surface of the
landslide (Figure 3c); this choice reduces the number of
particles in the system, and facilitates the introduction of
specific shear stress laws along the slip surface during
sliding motion.
[29] The modeling of the slip surface by a set of line

segments is consistent with field observations indicating
that this interface is very narrow compared with the average
avalanche thickness. For example, in the Vaiont rockslide in
Italy and the Jiufengershan rock-and-soil avalanche in
Taiwan the thickness of the slip surface was submillimetric
to centimetric [e.g., Chang et al., 2005a; Veveakis et al.,
2007]. These are similar to estimated thicknesses of shear
bands in rocks and soils, which roughly involve between 10
and 200 average size particles [Vardoulakis, 2002a; Rempel
and Rice, 2006].
[30] Inception of motion is controlled by the slip surface

geometry, the slip surface strength, and a triggering mech-
anism. Some of the most common natural landslide triggers
are intense rainfall, rapid snowmelt, water level change,
earthquake shaking, and foothill erosion. These triggers can
be simulated in a granular model by considering simplifying
hypotheses. For example: the first three triggers involve
pore water pressure and groundwater flow, which can be
simulated by applying buoyancy and seepage forces on
particles (see section 3.4); earthquake shaking may be
introduced by imposing a velocity field along the bounding
lines; and foothill erosion may be introduced by eliminating
particles according to given criteria (e.g., particles located
within a mobile window that simulates erosion).

3.2. Bulk

3.2.1. Strength
[31] Quasistatic strengths of rocks and soils may be char-

acterized by the Mohr-Coulomb behavior law [Goodman,
1989]. Mohr-Coulomb behavior is defined by an angle of
internal friction and cohesion, which are specified for both
maximum and residual strengths. These parameters control
the shear strengths of geomaterials, at initial failure and for
large strains, respectively. Similarly, granular materials
deformed in quasistatic conditions also show Mohr-Coulomb
behavior at macroscopic scale [e.g., Taboada et al., 2006].
However, the macroscopic strength parameters (i.e., those of
the particle set), are essentially different from the micro-
scopic strength parameters (i.e., those of the contacts). Thus,
the strength parameters at the contact-scale ms, mr, and sext,
must be carefully selected in order to match the strength
properties of rock materials in the hillslope. This calibration
process is a common exercise when dealing with granular
materials, and it consists of performing numerical shear tests
on a granular sample. This parametric analysis allows
investigation of the nontrivial relationship between micro-

scopic and macroscopic strength properties [Estrada et al.,
2008].
[32] Sliding along discontinuities that cut across the hill-

slope granular model (e.g., interlayer sliding) is controlled
by the shear strength along interfaces between adjacent
granular domains (e.g., the bedding planes). Strong inter-
faces are simulated by defining high frictional and cohesive
contacts, whereas weak interfaces are simulated by defining
low-friction and cohesionless contacts. Note that the mac-
roscopic friction along a granular interface cannot be set to
zero, even if the contacts between particles are frictionless.
For disordered granular packings, the lowest macroscopic
friction angle lies between 4� and 7� [Taboada et al., 2006].
This minimum friction angle results from the inherent
roughness of granular shear zones, which tends to resist
sliding even for frictionless particles. The dynamic behavior
issues of rocks and soils involved in an avalanche are
discussed in section 4.
3.2.2. Scaling Principles for Granular Materials
[33] Simulation of rock avalanches as granular material

raises the following questions concerning the scaling of the
model: (1) What kind of particle assembly should be
selected to simulate geomaterials? (2) What is the physical
meaning of the particles in the model, in particular, during
motion? (3) What is the effect of changing particle sizes?
[34] As regards the first question, two simple rules may

be proposed for generating granular assemblies that are
adequate for simulating geologic materials. Firstly, the
distribution of particle sizes should be wide and even (i.e.,
well graded), in order to introduce disorder and avoid
‘‘crystallization’’ of the particle set and to account for
geometrical similarity with particle-size distributions in a
rock avalanche. Disordered granular assemblies have a
relatively isotropic behavior, as observed, to a certain
extent, in many rocks and soils. Secondly, the pore volume
should be low. Many geomaterials are dense granular
assemblies and exhibit brittle behavior, tending to localize
deformation along dilatant shear bands.
[35] As regards the second question, particles in a gran-

ular model do not represent true particles in a rock ava-
lanche, which are generally much smaller. The scale of
particles in the model is selected according to the scale of
structures and processes to be simulated; these determine
the macroscopic resolution scale. In granular physics, the
smallest particle set with homogeneous mechanical proper-
ties is named the ‘‘representative elementary volume’’
(REV). For an accurate simulation, the REV should be
smaller than the macroscopic resolution scale. This criterion
imposes a maximum size to the particles in the model. In
practice, the scale of particles should be at least 1–2 orders
of magnitude smaller than the macroscopic resolution scale.
[36] As regards the third question, we may reasonably

expect that, for homothetic particle sets that share common
strength properties, the simulation results at the macroscop-
ic resolution scale are similar. This scaling attribute is linked
with the definition of the contact strength thresholds, which
involves a length scale given by the average diameter of the
particles in contact (see section 2.2).

3.3. Boundaries

[37] The strength parameters at line-disk contacts must be
calibrated in order to match the macroscopic strength
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defined for each line segment. The line segments that bound
granular materials are intrinsically smooth (i.e., there are no
asperities as in granular shear bands that cut across the
bulk). Thus, the relations that link contact-scale and mac-
roscopic friction and adhesion along a line segment are
straightforward. On the one hand, because of the absence of
asperities, the macroscopic friction coefficient is the same as
the sliding friction coefficient at line-particle contacts. On
the other hand, the contact and macroscopic adhesions are
roughly proportional to each other, since contact adhesion is
proportional to particle diameter. For dense granular materi-
als, both adhesion parameters are approximately equal.
[38] In dynamic conditions, the shear strength along an

interface may lower during the sliding process, according to
specific weakening mechanisms. Weakening behavior can
be incorporated in the model, because the shear strength
along a smooth interface can be set to any value including
zero, in contrast to the shear strength of the bulk. These
issues are discussed in detail in section 4.3.

3.4. Pore Water Pressure Prior to Avalanche
Triggering

[39] Fluids in permeable hillslope rocks have a major
influence on slope stability, since they modify the internal
stresses within the hillslope. It is generally assumed that the
pore water pressure carries part of the normal stress, and
consequently the effective normal stress and the shear
strength decrease as the groundwater table rises. These
stress variations can occur while the hillslope is in quasi-
static conditions, and they may induce landsliding.

[40] The pore water pressure distribution in a hillslope
can be determined using numerical or analytical groundwa-
ter flow solutions [e.g., Bear, 1988]. The effect of pore
water pressure can be introduced in the granular model by
considering the combined effect of buoyancy and seepage
forces applied on the 2-D disks [e.g., Mourgues and
Cobbold, 2003]. Buoyancy forces result from submersion
of a particle under fluid, while seepage forces are due to
frictional drag exerted by the pore fluid moving through the
interconnected pore network [Mitchell and Soga, 2005]. In
this approach, each disk is subjected to an additional
volume force Fp that is proportional to both the pore water
pressure gradient rp and the volume of the particle V
(Figure 4)

Fp ¼ rp V : ð7Þ

This force results from integrating the pore water pressure
over the particle surface, and it is applied at the center of
mass of the particle. Thus, it should be interpreted as a
contact force proportional to the volume of the particle. The
buoyancy force is represented by an updipping vector, while
the seepage force is oriented in the average flow direction
(e.g., downslope). Thus, the seepage force may contribute to
the destabilization of the hillslope.

3.5. Pore Water During Avalanche Motion

[41] Dynamic shearing and fragmentation of materials
during a rock-and-soil avalanche induces dilatancy [e.g.,
Pollet and Schneider, 2004]. For instance, an average
expansion value of 	20% was calculated for the Jiufenger-
shan rock-and-soil avalanche, whose debris deposit is up to
100 m thick [Chang et al., 2005a].
[42] As a general rule, dilatancy reduces pore water

pressure in the bulk. Dilatancy increases during avalanche
motion as rock material is sheared and fragmented. The
newly created voids in between rock fragments are not
completely filled with groundwater and the material may be
considered as unsaturated. In our conceptual model, we
assume that the effect of pore water pressure in the bulk is
negligible during rapid avalanche motion, and accordingly,
the avalanche may be modeled as a dense granular flow of
dry frictional and cohesive particles.

4. Long Runout of Rock Avalanches

[43] While a large number of theories have been ad-
vanced to explain the long runout of large rock avalanches,
the subject is still a matter of debate [Hungr, 2006]. These
theories may be classified into two groups, depending on
the physical mechanism that is put forward. In the first
group, the long runout is explained in terms of physical
processes occurring within granular rock material in the
bulk, such as mechanical fluidization, acoustic fluidization,
or dynamic fragmentation [e.g., Campbell, 1989; Collins
and Melosh, 2003; McSaveney and Davies, 2006]. In this
case, the avalanche may propagate over a rough surface,
without a need to invoke lowered basal friction. Conversely,
in the second group, the long runout is inferred to be the
consequence of mobilization over a slip surface with very
low shear strength. Several theories have been proposed to
explain the causes of the lowering of the shear strength,

Figure 4. Volume forces applied at the center of mass of a
particle located below water table. W is the particle weight,
Fp is the net force exerted by the pore fluid on the particle,
Fb and Fs are the buoyancy and seepage forces exerted by
the pore fluid on the particle, b is the slope of the granular
layers, and hw is the water table height above sliding plane.
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most of which invoke specific mechanisms of dynamic
weakening (i.e., the shear strength decreases as the dis-
placed mass accelerates downslope).
[44] Detailed analysis underlying the unexpectedly long

runout of rock avalanches is outside the scope of this paper.
Nevertheless, in this section we discuss the reliability of
some of the main theories that try to explain long runout, in
the light of granular mechanics, thermomechanical models,
and high-velocity friction experiments [e.g., Di Toro et al.,
2004; Pouliquen et al., 2005; Rice, 2006]. Firstly, we
describe the rheology of dense granular flows in terms of
an empirical friction law based on experimental and numer-
ical simulations. Next, we analyze the hypotheses underly-
ing the mechanical fluidization, the acoustic fluidization,
and the dynamic fragmentation theories, among others.
Last, we review mechanisms that may be at the origin of
dynamic slip surface weakening, and, in particular, those
involving frictional or viscous heating.

4.1. Rheology of Dense Granular Flows

[45] The shear strength of dense granular flows has been a
matter of study for many years, using a great variety of
devices and loading conditions [Groupement de Recherche
Milieux Divises, 2004]. Experimental and theoretical results
show that the coefficient of friction of a sheared granular
material varies with the mean ‘‘agitation’’ of its particles.
The coefficient of friction m can be expressed as a function
of a dimensionless inertial parameter I. Thus,

m Ið Þ ¼ t=P; ð8Þ

where t is the shear stress and P is the confining pressure.
The inertial parameter I is defined as

I ¼ _gd
ffiffiffiffiffiffiffiffi
r=P

p
; ð9Þ

where _g is the shear strain rate, d is the average particle
diameter, and r is the particle density [Da Cruz et al., 2004;
Iordanoff and Khonsari, 2004; Rognon et al., 2007]. The
inertial parameter is interpreted as the ratio between a
microscopic timescale (d

ffiffiffiffiffiffiffiffi
r=P

p
) and a macroscopic time-

scale related to the strain rate (1/ _g). The microscopic

timescale represents the average time for microscopic
rearrangements of unstable particles that pass over the crest
of other particles and fall into the next hollow space, as a
result of average contact forces (i.e., confining pressure).
The macroscopic timescale represents the average time for
shearing the granular material a unit value.
[46] The following three granular flow regimes may be

distinguished according to the value of the inertial param-
eter I: (1) Low values of I (]10�3) correspond to quasistatic
flows since macroscopic shear is slow compared to micro-
scopic rearrangements. (2) Intermediate values of I (10�3 ]
I ] 0.5) correspond to dense granular flows in which the
granular material flows like a liquid, showing large force
networks and collective motions. (3) Higher values of I
(^0.5) correspond to collisional granular flows in which the
medium behaves as a dissipative gas, where particle inter-
actions are dominated by binary collisions.
[47] Numerical and experimental results suggest that

natural granular flows including rock-and-soil avalanches
occur in the dense regime (e.g., with solid concentrations
well above 50% by volume), and not in the collisional
regime [Campbell, 2006]. Natural granular flows apparently
cannot generate large enough shear rates and granular
temperature to support the material at small concentrations.
[48] The coefficient of friction m increases asymptotically

as a function of the inertial parameter I, from a quasistatic
value mq to a maximum value mk for the collisional flow
regime (i.e., when the granular material is strongly agitated)
(Figure 5) [Forterre and Pouliquen, 2008]. Actually, the
friction coefficient m measures the ability of a granular
material to dissipate mechanical energy by means of inelas-
tic collisions and contact friction. Nevertheless, according to
numerical simulations, the friction coefficient may eventu-
ally decrease when reaching the collisional flow regime.
[49] In practice, the friction coefficient m(I) of rock

material during an avalanche cannot be measured. Addi-
tionally, the inertial parameter I presumably varies in space
and time as a consequence of comminution, heterogeneous
shearing, and stress variations. Thus, the function m(I) for a
granular model cannot be calibrated with respect to field data,
yet it is inherent to sheared granular materials (i.e., the fric-
tion coefficient m in the dynamic regime is always empirical).

4.2. Theories on the Dynamic Behavior of the Bulk

4.2.1. Mechanical Fluidization
[50] Mechanical fluidization is one of the early theories

that were proposed to explain the long runout of rock
avalanches in terms of bulk granular behavior [e.g., Davies,
1982; Campbell, 1989]. It is based on two hypotheses
concerning the kinematics and the dynamics of granular
flows. The hypothesis on kinematics assumes that the bulk
of material rides on a thin layer of highly agitated particles
of low concentration. The hypothesis on dynamics assumes
that the friction angle of a rapidly shearing dry granular
material will decrease as a function of increasing velocity
(i.e., agitation generates dynamic interactions and fluidiza-
tion of the granular material, forcing particles away from
each other and reducing frictional stress).
[51] The hypothesis on kinematics is partly consistent

with some numerical and experimental results on granular
flows (see section 4.2.4); a transient basal layer of agitated
particles subjected to intense shear may be present near the

Figure 5. Sketch illustrating friction coefficient m as a
function of the inertial parameter I.
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front of granular flows, although the layer flow regime is
apparently dense and not collisional. Conversely, the hy-
pothesis on dynamics is not consistent with the empirical
law presented in the previous section, which suggests that
the friction coefficient in a granular flow increases as a
function of the shear strain rate _g. The key point is that
fluidization or agitation resulting from rapid shearing may
induce strengthening of granular materials, and not weak-
ening as required by this theory. Mechanical fluidization
was challenged by early experimental and numerical results
on granular flows: flume experiments from Hungr and
Morgenstern [1984] suggested that the dynamic friction
angle increases with speed, while numerical simulations
from [Campbell et al., 1995] suggested that the granular
mass is completely shearing and that the apparent friction
coefficient is an increasing function of shear rate.

4.2.2. Acoustic Fluidization
[52] The acoustic fluidization theory for long runout of

rock avalanches is also based on two hypotheses concerning
the kinematics and the dynamics of granular flows [Collins
and Melosh, 2003]. The hypothesis on kinematics assumes
that acoustic waves with wavelengths comparable to ava-
lanche size may propagate through the granular material,
generating random vibrations of groups of particles orga-
nized into waves; acoustic waves may result from large,
high-frequency pressure fluctuations generated during the
initial collapse and subsequent flow of a mass of rock
debris. The hypothesis on dynamics assumes that pressure
fluctuations linked to acoustic waves may locally relieve
overburden stresses in a flowing rock mass, reducing the
frictional resistance to slip between fragments and facilitat-
ing rapid fluid-like flow.
[53] The hypothesis on kinematics is partly consistent

with experimental results from vertically vibrated granular
systems of macroscopic identical spheres, which show
fluidized and crystallized particle layers organized into
waves [e.g., Perez et al., 2008]. However, the extremely
widely graded particle size distribution in rock avalanches
probably generates acoustic waves with varying amplitudes
and wavelengths (i.e., white noise), as suggested by sound
and seismic frequencies emitted from rock avalanches.
Thus, particle motion is probably random, and not well
organized into waves of a given wavelength as assumed in
this theory. The hypothesis on dynamics is not consistent
with the frictional behavior of granular materials since
random vibrations are a form of agitation that induces
strengthening of the granular material, and not weakening
as required by this theory. Moreover, transient pressure
fluctuations are dampened rapidly as a result of friction
and inelastic collisions. Note that the friction coefficient
characterizing shear strength is defined over a macroscopic
time interval, which is much greater than the period of a
vibrational cycle.

4.2.3. Dynamic Fragmentation
[54] The dynamic fragmentation theory proposes a dif-

ferent explanation for the unexpectedly long-runout dis-
tance of large rock avalanches [McSaveney and Davies,
2006]. This theory is based on two hypotheses concerning
the dynamics of avalanche motion. The first hypothesis
assumes that some kinetic energy is ‘‘consumed’’ in clast
elastic strain to be released very rapidly upon clast frag-
mentation, creating an isotropic clast pressure within the

avalanche interior, as breaking clasts interact with surround-
ing clasts. Fragmenting clasts may be considered as a highly
agitated granular phase (e.g., ‘‘bubbles of heavy vapor’’)
flowing across a moderately persistent network of particles
characterized by enduring contacts and a force network
(e.g., a ‘‘granular liquid’’). In other words, a rock avalanche
may be imaged as a biphased granular material consisting of
a dense granular flow and an interstitial granular gas. The
second hypothesis assumes that the pressure from fragmen-
tation resists part of the confining pressure, reducing normal
contact forces in the force network, and driving longer
runout without a need to invoke a lowered macroscopic
friction coefficient.
[55] These hypotheses may be examined in the light of

results from granular physics. For this, we recall some
general features concerning the distribution of contact
forces within shearing granular samples in quasistatic and
dense flow regimes. For instance, the larger contact forces
in the force network are mainly supported by chain-like
groups of particles that are roughly oriented parallel to the
major principal stress s1, and constitute what is known as
the strong network. Conversely, the weak network carries
small forces and it is roughly oriented parallel to the minor
principal stress s3. The principal stress axes are oriented
obliquely in relation with the shear direction (e.g., in simple
shear they are oriented at 45� from the shear axis).
[56] To our knowledge dynamic fragmentation of clasts

during a rock avalanche has not yet been modeled. How-
ever, simulations of shear tests on granular samples per-
formed at low strain rates may give some insights on failure
and fragmentation mechanisms in granular flows [e.g.,
Taboada et al., 2005b]. During shearing, the principal
stresses show fluctuations and instabilities that result from
reorganizations in the contact force network. The principal
stress s1 presents cyclic variations, each cycle showing the
following three successive phases (Figure 6): a steady stress
increment, a short stress drop, and a transient unstable phase
characterized by high-frequency fluctuations and high com-
pressional peaks. As explained forward, the granular flow
regimes during the three phases may be considered as
dense, transitional, and collisional, respectively. The first
phase is associated with dilation in the granular mass
resulting from rigid body rotations of the strong force chains
(i.e., interval [t1, t2], Figure 6). Conversely, the two subse-
quent phases are associated with a sharp contraction of the
granular material; the highest compressional peaks are
produced when contraction reaches a maximum value.
The drop in s1 results from buckling of the strong force
chains and shear failure at the more highly stressed contacts
(i.e., time t2), and the consecutive collapse of nearby
particles in the force network. The transient unstable phase
results from agitation and multiple collisions between
particles in the collapsing zone, suggesting that the granular
material is locally fluidized (i.e., time t3). The failure
mechanism of a strong force chain involves the lateral
ejection of unstable particles in the chain; the average
direction of ejection is perpendicular to the force chains
(i.e., parallel to s3). Expelled particles generate additional
agitation in the surrounding area, therefore increasing
‘‘granular temperature.’’ The kinetic energy of both collaps-
ing and expelled particles is partly transferred to nearby
grains and progressively dissipated by collisions, depending
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on restitution coefficients. After the unstable phase, contact
forces reorganize into a new network and a new stress cycle
begins (i.e., time t4). A similar process has been observed in
numerical simulations of compaction bands, in which
crushing events are well correlated with stress drops and
high-frequency stress fluctuations [Marketos and Bolton,
2005].
[57] The following two fundamental questions concerning

dynamic fragmentation within dense granular flows are
discussed: (1) Where and how does fragmentation occurs?
(2) What is the effect of fragmentation on contact forces and
shear stress?
[58] As regards the first question, fragmentation of clasts

during an avalanche may involve fractures and cracks of
varying sizes and orientations, which break up the rock into
fragments with a very large size distribution [e.g.,McSaveney
and Davies, 2006; Carmona et al., 2008]. Tensile splitting
fractures may be quite abundant because of the low exten-
sional strength of rock materials; these fractures may be
disposed radially around the force chain axis [Taboada et
al., 2005a], and as in Brazilian tests, they may initiate in the
clast cores and propagate toward the contact points between
clasts. The dynamic or high-energy breakage of clasts pre-

sumably induces the collapse of nearby particles in the force
network and the ejection of rock fragments in the s3 direc-
tion, as occurs in shear tests described previously. The
threshold for dynamic fragmentation is a function of the
mechanical strength of rocks and it imposes an additional
constraint on the stability of strong force chains.
[59] As regards the second question, two scenarios may

be proposed:
[60] 1. A first scenario consists in supposing that failure

of strong chains during shearing is likely to generate similar
effects on a granular material regardless of the specific
failure mechanism (ejection, fragmentation, or crushing of
particles). Under this supposition, it may be inferred that
dynamic fragmentation induces cyclic stress and volumetric
strain variations as illustrated in Figure 6. In particular,
dynamic collisions of collapsing particles and expelled rock
fragments may generate a transient unstable phase in the
nearby granular material, enhancing agitation and fluidiza-
tion (i.e., a collisional flow regime). The increase in
granular temperature may induce, in turn, an increase in
granular pressure and friction coefficient m, the latter
possibly approaching a saturation value mk (see Figure 5).
According to equation (8), shear stress t in a sheared

Figure 6. Sketch illustrating cyclic variations in stress s1 and volumetric strain DVs in sheared granular
material and deformation of a small volume of particles at four successive times (see text for
explanation). Here [t1, t2] is the steady stress increment and dilation of granular material; t2 is the failure
of strong force chains resulting from lateral ejection of particles and collapse of nearby particles in the
force network, entraining stress drop and contraction of granular material; t3 is the transient unstable
phase resulting from agitation in the collapsing zone, suggesting that granular material is locally
fluidized; and t4 is the reorganization of contact forces into a new network and beginning of a new stress
cycle. Dark and light gray particles belong, respectively, to the strong and weak networks, whereas
fluidized particles are indicated by a middle gray shading. Particle velocities during the failure and
unstable phases are indicated by arrows, and average stresses are indicated by thick arrows.
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granular material increases during the transient unstable
phase, since t is proportional to both pressure and friction.
Thus, the unstable phase of dynamic fragmentation is likely
to strengthen a sheared granular material and slow down
granular flow.
[61] 2. An alternative scenario based on the hypotheses of

the dynamic fragmentation theory consists in supposing that
fragmentation produces an interstitial granular gas at a given
pressure, which flows across a dense granular flow. The
coexistence of two granular phases requires that enduring
contacts between particles in the force network are strong
enough to prevent fluidization of the entire granular mate-
rial. Note that particle agitation diffuses from the ‘‘high-
temperature’’ granular gas toward the ‘‘cooler’’ particles in
the force network. The coexistence of a granular liquid and
a granular gas is a subject of debate and specific numerical
simulations are required to analyze this flow configuration.
The stress tensor in a biphased granular material (BGM)
may be obtained by adding the stress tensors of each
individual phase, provided that each phase involves exclu-
sive particle and contact sets. Thus, the shear stress and
confining pressure in a BGM should be somewhere in
between the corresponding values for a dense flow and a
totally fluidized medium. Accordingly, an interstitial gran-
ular gas is likely to strengthen and slow down a dense
granular flow, in contradiction with the second hypothesis
of the dynamic fragmentation theory.
[62] Contrastingly, there are two conditions linked to

dynamic fragmentation that may weaken a granular material
in comparison to an equivalent material composed of
particles that do not fragment, enhancing long runout; they
are as follows: (1) The reduction of particle size due to
fragmentation may reduce the coefficient of friction, since
the microscopic timescale for particle rearrangements and
the inertial parameter are both proportional to average
particle size (see section 4.1). (2) The axial stress thresholds
for dynamic fragmentation or crushing of particles located
in strong force chains may be lower than the thresholds for
‘‘buckling’’ of strong force chains in an equivalent non-
fragmenting material.
[63] The second condition is presumably satisfied for a

certain proportion of force chains (i.e., those showing
particle fragmentation), which depends on confining pres-
sure, geometry of particle chains, and particle shapes and
strengths; thus, average deviatoric stresses in a fragmenting
granular material (which depend on average forces in the

strong force network), ought to be lower than in an
equivalent nonfragmenting material, reducing shear stress.
Nevertheless, these inferences are not conclusive, since they
are based on partial knowledge of mechanics of dynamic
fragmentation during a rock avalanche; detailed simulations
of rock fragmentation under avalanche shear conditions are
required to draw definite conclusions on this theory.
4.2.4. Insights From Numerical and Experimental
Models
[64] Several features and mechanisms that are at the

origin of the long runout of rock avalanches may be put
forward, in the light of numerical and experimental models
[e.g., Lajeunesse et al., 2005; Staron and Hinch, 2007].
These models consider, in particular, dry granular flows of
cohesionless frictional materials that spread over a frictional
(rough) horizontal plane. The mechanisms that are identi-
fied point out that frictional dissipation is not in contradic-
tion with high mobility and long runout of granular flows.
[65] Long runout is enhanced for column-like rock

masses that collapse from steep hillslopes and that show a
large aspect ratio at the initial state (i.e., the ratio between
height and width). In these circumstances, the spreading
dynamics is controlled by the initial geometry of the rock
mass rather than by the details of the interactions between
rock fragments. For vertical cliffs, the sideways spreading
of the grains is initiated by the free-fall dynamics of the rock
mass. The stage of vertical acceleration is followed by a
‘‘conventional’’ horizontal granular flow characterized by
the propagation of a horizontal mass wave. This mass wave
transmits kinetic energy from the rear of the flow where
vertical motion prevails, toward the front of the flow where
horizontal motion prevails.
[66] Particle motion in a rock-and-soil avalanche varies

over both time and space at a variety of scales. Numerical
and experimental models of granular avalanches have been
used to analyze granular motion in simplified configurations
[e.g., Lajeunesse et al., 2005; Friedmann et al., 2006;
Staron and Hinch, 2007; Taberlet et al., 2007]. Results
from these models suggest that granular motion over a
rough horizontal plane may show three flow regimes with
differing velocity profiles as a function of depth. The
location of the three flow regimes relative to the tip of the
granular flow as well as the corresponding velocity profiles
are illustrated in Figure 7. The velocity profiles are defined
for successive times, at a vertical axis z fixed to the basal
surface.

Figure 7. Sketch illustrating the kinematics of a granular avalanche that propagates over a rough
horizontal surface. (a) Avalanche surface profiles for three successive times t1, t2, and t3; (b) velocity
profiles for times t1, t2, and t3, along a vertical axis z fixed to the basal surface. Each velocity profile is
characteristic of a flow regime located at a given distance relative to the avalanche tip. Flow regimes may
be approximated by a plug flow (t1), a homogeneous simple shear flow (t2), and a a two-layered flow (t3).
Cumulative shear strain is illustrated by a vertical column, which is sheared from t1 to t3.
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[67] The first flow regime may be approximated by a plug
flow in which shear strain is concentrated near the bottom of
the granular mass (time t1, Figure 7). This flow regime is
generally observed near the front of the granular flow,
mobilizing the whole pile thickness over a thin layer of
particles. It results from high-speed advancing grains that
overlay the surface of separation.
[68] The second flow regime may be approximated by a

homogeneous simple shear flow (i.e., the velocity profile is
roughly linear), and it is generally observed upstream of the
plug flow at a varying distance of the flow tip (time t2,
Figure 7). As the granular flow slows down, the location of
this flow regime shifts progressively toward the flow tip
while the shear rate decreases.
[69] The third flow regime may be approximated by a

two-layered flow observed at the rear of the granular flow,
characterized by a flowing layer overlying a static layer. The
velocity profile is linear in the flowing layer and it shows a
lower exponential tail in the static layer (time t3, Figure 7).
According to the velocity profiles, the granular materials
near the base of the flow progressively accrete in a static
layer, while the upper grains continue to flow all through the
spreading process; as the granular flow slows down, the
thickness of the flowing layer decreases.
[70] The shear strain resulting from the three flow

regimes is illustrated by a vertical column, which is sheared
from t1 to t3 (Figure 7a). Shear strain migrates progressively
from the lowermost part of the granular flow toward the top.
Note that the total shear strain is homogeneously distributed
within the entire granular mass. Thus, the cumulative hori-
zontal displacement within the granular deposit increases
upward, favoring long runout.
[71] The succession between the three flow regimes is

closely related to the dissipation rate of kinetic energy in the
granular flow. Recall that kinetic energy dissipation rate in
the bulk may be approximated by the product of shear stress
times shear strain rate, while shear stress is defined as the
product of the friction coefficient m(I) times the confining
pressure P. Thus, energy dissipation rate is maximum in the
lowermost part of the plug flow since both shear strain rate
and shear stress reach peak values. As the lowermost grains
slow down, both shearing and energy dissipation migrate
upward, giving rise to a roughly homogeneous simple shear
flow. Note that the rate of energy dissipation for a linear
velocity profile (i.e., constant shear strain rate) increases
proportionally with depth (i.e., confining pressure). Thus,
particles located in the lower part of the granular flow are
slowed down into a static layer while those located in the
upper part continue to flow, giving rise to a two-layered
flow. This implies that the upper grains preserve kinetic
energy until the final stage of granular flow, moving large
distances along low-angle trajectories.

4.3. Theories for Dynamic Weakening of the
Slip Surface

[72] Under certain conditions, mass movements involving
sliding along a slip surface (e.g., rockslides), may transform
into avalanches [e.g., Chang et al., 2005a]. In this geologic
setting, the mechanical behavior and the geometry of the
slip surface may determine whether an avalanche triggers or
not. We advance the hypothesis that, with few rare excep-
tions, a large rockslide may transform into an avalanche

provided that the slip surface has the following two distinc-
tive features: (1) The slip surface, or at least the surface of
rupture, should exhibit dynamic weakening during trigger-
ing and motion of the landslide. (2) The geometry of the slip
surface should be curvilinear, or alternatively, the surface
of separation should be rough. Dynamic weakening of the
slip surface may induce mobilization of the bulk at high
velocity (e.g., section 6); sliding along a curvilinear slip
surface may induce deformation and comminution of the
bulk, even if sliding friction is very low (e.g., section 6);
and sliding along a rough surface of separation may induce
heterogeneous shear flow and comminution of the bulk (e.g.,
section 4.2.4).
[73] The mechanisms responsible for dynamic weakening

of the slip surface may be a function of cumulative slip,
sliding velocity and/or temperature. These three distinct
mechanical behaviors are known, respectively, as slip,
velocity, and thermal weakening.
[74] Shear forces applied at the slip surface, whether

frictional or viscous, are dissipative. Dissipative forces
transform mechanical energy into heat, plastic deformation,
and wave motion. The rate of energy dissipated by frictional
or viscous forces is defined, respectively, by the product of
slip velocity or shear strain rate times the shear stress.
Dynamic weakening implies that the rate of energy dissi-
pation decreases as shear forces become weaker.
[75] Several physical processes have been postulated as

potential sources of dynamic weakening along the slip
surfaces of landslides and earthquake faults. These mecha-
nisms are thermal pressurization of pore fluid (thermal
expansion), degradation of microcontacts by flash heating,
thermal decomposition of rock minerals, lubrication by
silica gel, and shear melting [e.g., Lin et al., 2001; Di Toro
et al., 2004; Rice, 2006; Han et al., 2007]. These all involve
heating of the shear zone and hence are plausible only under
dynamic conditions (i.e., high slip velocity). Other specific
weakening mechanisms such as the lubrication of the slip
surface by liquefied saturated soils, may also operate, in
particular, along the surface of separation of rock ava-
lanches [e.g., Buss and Heim, 1881; Hungr, 2006]. Soil
liquefaction is probably linked to other ‘‘state variables’’
related to vibrations and waves that propagate in the slip
surface area.
[76] Dynamic weakening mechanisms involving friction-

al and viscous heating have mostly been described in the
context of seismogenic faults. Thus, in the following
sections we review the main assumptions and equations
underlying these mechanisms, and we discuss their rele-
vance to the dynamics of rock-and-soil avalanches.
4.3.1. Thermal Pressurization of Pore Fluid
[77] This physical process has been proposed as a possi-

ble weakening mechanism operating at the slip surface of
rapid landslides and earthquake faults [e.g., Sibson, 1973;
Lachenbruch, 1980; Rice, 1999; Vardoulakis, 2002b; Chang
et al., 2005b; Bizzarri and Cocco, 2006]. It can be observed
experimentally in results from frictional heating of saturated
materials subjected to shearing at high rates (1 m/s)
[Wibberley and Shimamoto, 2005]. The origin of pressur-
ization is linked with the difference in thermal behavior
between the liquid and solid phases of granular materials
present in the shear zone (i.e., pore fluid has a greater
thermal expansion coefficient than fault gouge). Thus, pore
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fluid within a narrow shear zone tends to expand at a higher
rate than the solid skeleton; if the permeability of the
sheared materials is low enough (	10�19 m2), then the pore
pressure may increase considerably within the shear zone.
[78] The origin of this mechanism can be easily explained

by supposing that the shear strength tmax of frictional
granular materials within the slip surface is defined in terms
of the Terzhagi’s effective stress theory (i.e., tmax = ms(sn �
p) = ms s

0
n, where p is the pore pressure, sn is the normal

stress, and s0n is the effective normal stress). Thus, an
increase in the pore pressure induces a decrease in the shear
strength along the shear zone by reducing the effective
normal stress. In theory, this mechanism would reduce the
shear strength to a negligible value if the pore pressure
approached the applied normal stress.
[79] Simple numerical models have been proposed to

quantify the effects of thermal pressurization on the tem-
perature and the shear strength within a shear zone [e.g.,
Rice, 2006]. These models are based on two simplified
conservation equations coupled to thermal and fluid trans-
port equations for the shear zone and adjacent rocks. The
first conservation equation is an energy balance as specified
by the first law of thermodynamics

�@qh=@yþ t _g ¼ rc@T=@t; ð10Þ

where qh is the heat flux in the y direction (perpendicular to
the shear zone), r is the density, c is the heat capacity per
unit mass, T is the temperature, and t is the time. This
balance supposes that heat production may be approximated
by work done by the shear stress per unit time (t _g).
Equation (10) states that the change in temperature is
proportional to the difference between heat production and
heat flux per unit volume. The second conservation
equation specifies the conservation of fluid mass within
the shear zone

@m=@t ¼ �@qf =@y; ð11Þ

where m is the mass of fluid per unit volume of bulk
material and qf is the fluid mass flux in the y direction. This
equation states that, in a small control volume, the fluid
mass flux is compensated by the local change in the mass of
fluid.
[80] The thermal and mass transport equations are spec-

ified by Fourier’s and Darcy’s laws, respectively

qh ¼ �K @T=@yð Þ qf ¼ �rf k=h
� �

@p=@yð Þ; ð12Þ

where K is the thermal conductivity, k is the permeability,
rf is the fluid density, and h is the dynamic viscosity of
the fluid. The evolution of the temperature and the pore
pressure in the shear zone is governed by the porothermo-
plastic properties of both the solid and the fluid phases.
Both temperature and pressure in the shear zone evolve
according to well known diffusion laws. The spatiotemporal
evolutions of the diffusion processes are controlled,
respectively, by the thermal and the hydraulic diffusivity
[Rempel and Rice, 2006]

ath ¼ K=rc ahy ¼ k=hb; ð13Þ

where b is the storage capacity of the solid skeleton.

[81] The solution of these equations is sensitive to param-
eters such as the permeability and the thickness of the shear
zone. In particular, dynamic weakening is enhanced for nar-
row shear zones with very low permeability. In the case of
earthquake faults, the thickness of the shear zone is assumed
to be millimetric to submillimetric and the permeability of
fault gouge is supposed to be very low (k 	10�20 m2). The
critical slip distance for thermal pressurization in earth-
quake fault gouges typically ranges between a few milli-
meters and 5 cm. Analytical solutions for extreme conditions
(e.g., adiabatic, undrained deformation or slip on a zero
thickness plane) indicate that the shear strength decreases
exponentially to zero as a function of slip. This set of equa-
tions is valid as long as the temperature of the fluid remains
within the liquid stability range, which increases with pres-
sure. The relation between pressure and temperature at the
evaporation threshold for water is given approximately by
the following equation [Vardoulakis, 2002a]

pev � 62TKe
�4650=TK ; ð14Þ

where TK is the absolute temperature (�K) and pev is the
vapor pressure in MPa. For example, at a temperature of
220�C, the vapor pressure roughly corresponds to the total
pressure exerted by a 100 m column of rocks. Note that this
temperature is well below the melting onset for crustal
rocks.
[82] An example of a landslide that may have involved

thermal pressurization is the disastrous Vaiont rockslide
(northern Italy, 1963), which mobilized 	0.27 km3 of rocks
along a clay-rich water-saturated slip surface [Veveakis et
al., 2007, and references therein]. According to model
results, a complete loss of shear strength along the slip
surface could be achieved in 2–3 s and 	5 m slip, with
the temperature during thermal pressurization rising from
	36�C to 	70�C (well below the evaporation threshold).
[83] Thermal pressurization is possibly most significant

during avalanche initiation, and it may decrease as pressur-
ized liquids or gasses escape from the slip surface into
nearby fractures and cracks. At this point, the friction
coefficient along the slip surface may increase giving rise
to additional heat production that, in turn, may trigger other
thermal weakening mechanisms.
4.3.2. Degradation of Microcontacts by Flash Heating
[84] This mechanism was put forward as a relevant

weakening process in crustal earthquake faults [Rice,
1999], and we suggest that it may also operate at the slip
surface of thick rock-and-soil avalanches. Flash heating
induces weakening at highly stressed frictional microcon-
tacts during rapid slip, supposedly reducing the friction
coefficient [Rice, 2006]. The main assumption is that the
local shear strength tc at asperity contacts degrades with
increasing temperature. The effect of flash heating on
friction apparently is more intense at submelting temper-
atures that are close to the melting temperature of rock
minerals (e.g., 900�C). These temperatures may be reached
in the vicinity of microcontacts, even though the average
temperature in the shear zone is well below the onset of
melting.
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[85] Theoretical models suggest that severe thermal
weakening occurs if the temperature of an asperity contact
reaches a critical weakening temperature Tw during its brief
lifetime [Rice, 1999]. Asperity contacts persist for a micro-
metric slip distance Da before they are sheared away
[Marone, 1998]. The rise in temperature at asperity contacts
is enhanced by increasing the sliding velocity: higher
sliding velocities increase the available frictional heat by
reducing the brief lifetime of asperities and hence the
conductive heat loss (see equation (10)). The weakening
temperature Tw is attained when the sliding velocity reaches
a critical velocity Vw given by [Rice, 2006]

Vw ¼ path=Dað Þ rc Tw � Tð Þ=tc½ 2; ð15Þ

where T is the initial temperature at the contact.
[86] Note that the critical velocity Vw is independent of

the confining pressure and depends exclusively on material
properties and temperature rise (i.e., in brittle rock materials
tc � 0.1G, where G is the modulus of elasticity in shear).
Considering characteristic parameters for fault gouge (ath =
0.5 mm2/s, Da = 5 mm, rc = 2.7 MPa/�C, tc = 3 GPa), and a
temperature rise of 	900�C, then the critical velocity is
Vw = 0.2 m/s. This critical velocity suggests that the degra-
dation of microcontacts by flash heating may operate along
the slip surface of a rock avalanche from avalanche triggering
onward.
4.3.3. Thermal Decomposition of Rock Minerals
[87] Thermal decomposition results from frictional heat-

ing of rock minerals within narrow fault zones that are
sheared at high velocities (i.e., 1 m/s [Han et al., 2007]).
Very low friction appears to be associated with flash heating
of an ultrafine decomposition product composed of nano-
metric particles, which exhibit degraded microcontacts.
According to experiments on simulated faults, thermal
decomposition is concentrated on both sides of the slip
surface. The thermal decomposition zone is a few milli-
meters thick, while the slip surface containing the ultrafine
particles is 2 orders of magnitude narrower.
[88] This mechanism has been described in rock ava-

lanches mobilizing carbonate rocks (e.g., calcination of
marble to create quicklime [Hewitt, 2009]), yet it can also
operate in gouges containing sheet silicate minerals con-
taining hydroxyl groups, because their decomposition tem-
peratures are lower than that for calcite decomposition. For
carbonate rocks such as marble, thermal decomposition
occurs at an average temperature higher than 550�C (peak
temperature 950�C), inducing a decrease in the coefficient
of friction from 0.6 down to 0.06. Carbonate thermal
decomposition occurs at submelting temperatures, as sug-
gested by the absence of glass and amorphous materials in
the fault zone. Calcium and Magnesium carbonates do not
melt because they thermally decompose below their melting
points. Thermal decomposition can be a useful paleother-
mometer in fault studies, and probably also in landslides.
[89] Thermal decomposition may occur along the slip sur-

face of a rock avalanche from avalanche triggering onward.
This mechanism has been observed in shear experiments for
a large range of confining pressures (1.1–13.4 MPa), and it
induces severe weakening for sliding distances ranging from
a few to several meters.

4.3.4. Lubrication by Silica Gel
[90] Rapid slip experiments performed on quartz-rich

rock samples have been interpreted to suggest that friction
may decrease drastically because of the formation of a thin
layer of silica gel [Di Toro et al., 2004]. These laboratory
experiments were conducted at ambient temperature and
humidity, at constant slip velocities, and at a confining
pressure sn = 5 MPa (i.e., overburden 	200 m). The
frictional strength in these experiments is characterized by
a transient stage for slip displacements less than 	1 m,
followed by steady state behavior. During the transient
stage, the frictional strength is slip weakening (i.e., the
friction coefficient decreases significantly over 	0.5–1 m
of slip). In contrast, the steady state frictional strength is
velocity weakening for slip velocities between 0.03 and
0.1 m/s (i.e., the friction coefficient drops from 	0.6 to 0.2).
Extrapolation of these results suggested that friction falls
toward zero as slip velocity approaches 1 m/s.
[91] A silica-gel-like material was identified in a layer of

ultracomminuted gouge, the production of which appears to
require water from the humid atmosphere and probably the
presence of amorphous silica. The mechanical behavior of
this material may be thixotropic, which means that dynamic
weakening is promoted by cumulative slip and sliding
velocity. Thixotropic materials are considered as pseudo-
plastic fluids whose apparent viscosity decreases as a
function of shear rate. However, the precise nature of this
material is conjectural: the material might also correspond
to nanoparticle-sized pieces of silica, which in the presence
of humidity have the silica crystal structure terminated by
covalent bonding to hydroxyl groups, and then covered by a
monomolecular layer of high-density ice (as is the case for
all natural quartz). The weakening mechanism for this last
material would be uncertain since the frictional strength of
gouges consisting of quartz fragments and amorphous silica
appears to be higher than measured values.
[92] These experimental results are inferred to suggest

that silica gel formation may contribute to the lubrication of
the slip surface of quartz-rich rock avalanches during
triggering and motion. The experimental protocol shows
similarities and differences with respect to typical kinematic
and overburden pressure conditions expected at the slip
surface. On the one hand, the critical slip distance and
velocity for dynamic weakening are both similar to those
expected during the early stages of very rapid landslides. On
the other hand, the confining pressure, and therefore the rate
of frictional heat production, are both greater than those
expected for most landslides. More laboratory experiments
performed at lower confining pressures, higher velocities,
and longer-slip distances, may give new insights into the
frictional properties of silica gel in the context of rock
avalanches.
4.3.5. Shear Melting
[93] Frictional and viscous heating may melt comminuted

rock along the slip surface of large landslides [e.g., Erismann,
1979; Masch et al., 1985]. For example, fused materials
(pseudotachylytes) have been observed on the slip surface
of the Jiufengershan and the Tsao-Ling rock-and-soil ava-
lanches, which are the two largest landslides triggered by
the 1999 Chi-Chi Taiwan earthquake [Lin et al., 2001;
Chang et al., 2005a, K. J. Chang, personal communication,
2003]. The pseudotachylytes in the Jiufengershan avalanche
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occur as a thin layer on the slip surface and as veins injected
into oblique cracks. The thickness of the fused layer ranges
from 1 to 10 mm. These pseudotachylytes contain typical
textures of fused material such as vesicles, glassy matrices
and flow structures. The glass content determined by
powder X-ray diffraction analysis is as much as 50 wt%.
Estimated temperatures inferred for the formation of the
pseudotachylytes range between 1100� and 1600�C. How-
ever, these results should be confirmed by complementary
melting criteria such as the thermal metamorphism of
included minerals, to avoid misinterpretation. For instance,
X-ray analysis is unable to resolve the crystal structure of
nanoparticles, which tend to agglomerate in fine particulate
masses showing gas segregation vesicles that are not gen-
erated by melting.
[94] The rheology of natural silicate melts is generally

defined by the Navier-Stokes constitutive relationship,
which postulates a linear dependence between the applied
shear stress and the shear strain rate

t ¼ h _g; ð16Þ

where h is the dynamic viscosity of the melt. The viscosity
of frictional melts that may form along the slip surface is
likely to exert a strong influence on the dynamics of the
avalanche. This parameter is mainly controlled by tempera-
ture, chemical composition, water content, and volatile and
crystal content. It is probably one of the most variable and
least well known rheological parameters of melts, since
small variations in the previously mentioned factors may
change viscosity by several orders of magnitude [Whittington
et al., 2001].
[95] A simple and widely used relation for dynamic

viscosity in terms of temperature and composition is given
by the Arrhenius-type rheology

h Tð Þ ¼ Ae B=Tð Þ; ð17Þ

where T is the absolute temperature (�K), A is a reference
viscosity and B is an activation temperature. Nevertheless,
more complex rheologies have been proposed for natural
rock melts, in order to describe both the non-Newtonian
behavior of lavas that contain crystals or gas bubbles
[Sonder et al., 2006; Lavalle et al., 2007] and the non-
Arrhenian viscosity of anhydrous and hydrous silicate melts
[e.g., Hui and Zhang, 2007].
[96] It is usually assumed that the presence of silicate

melts along a fault is likely to reduce the shear strength to
values that are much lower than those obtained for dry
friction. However, high-velocity friction experiments on dry
samples of gabbro suggest that the formation of a thin
molten layer along a shear zone may induce a substantial
increase in the shear stress up to a local peak value,
presumably due to viscous effects [Fialko and Khazan,
2005; Hirose and Shimamoto, 2005]. The peak strength is
followed by an exponential decrease down to a steady state
value well above zero (e.g., the peak and steady state
apparent friction coefficients are mp 	 1 and mss 	 0.5).
The exponential decrease is mainly due to the reduction in
the shear strain rate as the thickness of the molten layer
increases toward a steady state value (e.g., 	0.13 mm). The

peak strength and the subsequent slip weakening occur for
meter to decameter slip distances, which diminish as the slip
velocity increases.
[97] According to these laboratory experiments, frictional

melting may act as a brake to avalanche motion. The
experiments were conducted under conditions that are
similar to those expected along the slip surface of a rock
avalanche, excepted for the water content (slip rates of
0.85–1.5 m/s, shear strain rates of 	105 s�1, normal
stresses of 1.2–2.4 MPa, and displacements up to 124 m).
Note that initial melting causes rapid strengthening of the
slip surface, which restrains sliding motion and inhibits
avalanche propagation. Additionally, subsequent weakening
is not enough to generate thermal runaway and vanishing
shear resistance, in spite of the large shear displacements.
[98] We argue that viscous forces along the slip surface of

rock avalanches may be much smaller than those predicted
by the laboratory experiments of Hirose and Shimamoto
[2005], mainly because of the water content of rocks in the
field. Water has an extremely large effect on the viscosity of
molten rocks [Whittington et al., 2001]. For instance, the
viscosity of melts from igneous volcanic rocks of interme-
diate composition may decrease more than 4 orders of
magnitude, for water contents increasing from dry condi-
tions to 5 wt%.
[99] Recent studies have suggested that the viscosity of

natural rock melts may strongly decrease as a function of
shear strain rate for a wide range of temperatures [Sonder et
al., 2006; Lavalle et al., 2007]. These studies, however,
only explore the non-Newtonian rheology of (partially)
molten rocks for shear rates <30 s�1, whereas average shear
rates along the slip surface of an avalanche are 3–4 orders
of magnitude greater. Thus, new experiments are required to
determine the shear rate dependence of viscosity for very
high shear rates (	105 s�1) and high temperatures.
[100] The mechanism of shear melting should follow

other thermal weakening processes operating at submelting
temperatures. However, the occurrence of such high temper-
atures remains a paradox, since heat production is supposed
to decrease as frictional stress diminishes. One possible
explanation consists in supposing that the slip surface is not
totally planar, presenting asperities at macroscopic scale.
These asperities may be progressively abraded by friction.
Abrasion may supply additional heat into the slip surface,
contributing to the melting process. The large displacements
and velocities observed in avalanches certainly enhance
thermal weakening processes at submelting temperatures
as well as shear melting along the slip surface.

5. Hypothetical Example of an Avalanche
Triggered by Rain

[101] To illustrate our numerical model, we have chosen
to model an avalanche mobilizing shallowly dipping layers
where the stratification dips in the same direction as the
hillslope. The hillslope profile and the structure are defined
from the Jiufengershan rock-and-soil avalanche, which was
triggered by the Chi-Chi earthquake, Taiwan, 1999 [Chang
et al., 2005a].
[102] In this section, we analyze the triggering and motion

of an avalanche resulting from slip along a hypothetical
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weak layer located at depth. The hypothetical trigger is rain,
which progressively raises the water table.

5.1. Hillslope Granular Model

[103] The granular model was constructed from a detailed
geological cross section across the Jiufengershan hillslope
area [Chang et al., 2005a], and involves the geological
layers destabilized during the 1999 rock-and-soil avalanche,
as illustrated in Figure 8. The average thickness of the layers
increases toward the footslope, from 	42 m in the upslope
area to 	65 m downslope. To simplify the simulation, the
model considers a set of 5 homogeneous layers composed
of cohesive granular material. Each layer is 	13.5 m thick
and extends over 1.5 km along a slope dipping 21� to the
right. The simulation is composed of 	20,000 disks with
diameters ranging between 1 and 4 m, and the particle size
distribution is uniform by volume. This particle size distri-
bution is well adapted to simulate decametric to hectometric
structures such as folds and shear planes.
[104] The contact law is assumed to be the same for the

different layers (i.e., the mechanical behavior is homoge-
neous). The contacts between particles belonging to adja-
cent layers are considered as frictional and cohesionless.
Thus, the bedding planes have the same frictional strength
as the bulk whereas they have no tensile strength. The
particle density is 2500 kg/m3, which implies that the
average density of the bulk is 	2100 kg/m3 considering a
packing fraction of 0.84. The granular layers are bounded
by a set of lines named as follows (Figure 8): the dipping
plane (DP), which corresponds to the potential surface of
rupture of the avalanche; the frontal backstop (FB), which
corresponds to the lowermost boundary of the granular
model; and the surface of separation (SS).

5.2. Shear Strength of Granular Material

[105] We suppose that the model is composed of the
weakly weathered rocks (WWR) observed in the Jiufenger-
shan hillslope area. In Table 1 are specified the contact and
the macroscopic strength parameters for the granular mate-

rial simulating weakly weathered rock and for the lines that
bound the granular model. The effective cohesion and the
effective friction angle for the peak and the residual strength
were selected from average values obtained by means of
geotechnical shear tests [Chindao, 2001, 2002].
[106] The Mohr-Coulomb behavior of cohesive granular

material is determined by means of biaxial numerical tests
performed on a granular sample composed of 5000 par-
ticles. An example of a biaxial numerical test performed at a
confining pressure of 8 MPa is illustrated in Figure 9. The
color of particles indicates rotation in radians according to
the gray scale in the image (positive is counterclockwise).
Shortening of the sample leads to the formation of two
conjugated shear bands identified by means of particle
rotations. Macroscopic shearing involves varying micro-
scopic failure mechanisms (sliding and rolling of particles,

Figure 8. Hillslope granular model defining the initial geometry and the structure of the shallowly
dipping layers. Close-up shows disks and initial normal contact forces between particles. Normal forces
are illustrated as rectangles connecting particle centers (blue and red colors indicate compressional and
extensional forces, respectively). Each rectangle width is proportional to contact force magnitude. DP,
dipping plane; FB, frontal backstop; SS, surface of separation.

Table 1. Contact and Macroscopic Strength Parameters for

Granular Material Simulating Weakly Weathered Rock and for

the Granular Model Boundariesa

WWR DP FB SS

Contact Parameters
sext (kPa) 100 100 100 –
sres (kPa) 25 0 0 0
ms 0.3 0.3 0.7, 0.5 0.2
mr 0.1 0.1 0.1 0.1
�n, �t 0.02 0.02 0.02 0.02

Macroscopic Parameters
c0max (kPa) 88 30 70 –

f0max (�) 38.5 16.7 35 –

c0res (kPa) 13 0 0 0

f0res (�) 26.2 16.7 26.6 11.3

aWWR, weakly weathered rock; DP, dipping plane; FB, frontal backstop;
SS, surface of separation. Here sext and sres are the maximum and residual
tensile strength, ms and mr are the sliding and rolling friction coefficients
(peak and residual values are given if different), �n and �t are the
normalized size of the axes of the elliptic zone controlling cohesive
behavior (Figure 2b), c0max and c0res are the maximum and residual effective
cohesion, and f0max and f0res are the maximum and residual effective fric-
tion angle.

F03004 TABOADA AND ESTRADA: THEORY AND SIMULATION OF ROCK AVALANCHES

15 of 23

F03004



and failure of strong force chains). The sense of particle
rotation along shear bands follows mostly the shear direc-
tion (synthetic disks). Nevertheless, a small number of
particles show antithetic rotation, as a consequence of the
mechanical coupling between disks during shear. The width
of shear bands is roughly 5 to 8 times the average particle
diameter. The deformation pattern of the granular sample is
scale independent for homothetic particle sets that share
common strength properties (section 3.2.2).
[107] Figure 10 shows the stress-strain curves determined

for three biaxial tests performed at different confining
pressures (4, 8, and 16 MPa). The stress-strain curves show
plastic deformation with strain hardening and softening. The

average maximum strength is reached for an axial strain ez
between 0.01 and 0.02, while the average residual strength
is observed for large axial strains (ez > 0.04). These values
are close to the corresponding values determined in the
laboratory tests in samples from the Jiufengershan hillslope
area [Chindao, 2001, 2002]. The stress-strain curves show
stress fluctuations resulting from shear instabilities within
the samples [Taboada et al., 2005b]. Stress fluctuations
reflect particle rearrangements as a distinctive feature of
nonsmooth mechanical processes. The magnitude of stress
fluctuations decreases with particle size, while average
stresses remain constant. Note that the failure of cohesive
bonds between particles is essentially controlled by average
forces and not by stress fluctuations. The peak and residual
strengths are determined for each curve. The Mohr-Coulomb
rupture envelope forWWR is given by the line that is tangent
to the Mohr circles, for five different confining pressures
(Figure 11).
[108] The volumetric strain (DVs) of the numerical sam-

ples is globally dilatant as shown in Figure 10. Dilatant
behavior is characteristic of dense granular samples in
which dilatant shear bands initiate and propagate. The
volumetric strain increases at a high rate during the initial
deformation of the sample (strain hardening and softening);
it increases very slowly for large axial strains, and it is
slightly higher for low confining pressures. This behavior is
characteristic of dense soils and plastic deformation of
rocks; however, the values of DVs are larger than typical
values for geomaterials [Goodman, 1989; Mitchell and
Soga, 2005], because the ratio of particle size to sample
size is much greater than in soil or rock samples. The
volumetric strain shows small contraction phases which are
correlated with axial stress fluctuations (see section 4.2.3).
The total contraction during each of these phases is com-
parable with the volume of one average size particle.

5.3. Slip Surface

[109] In the example presented, the dipping plane (DP)
and the surface of separation (SS) are considered to be weak
cohesionless interfaces, whereas the frontal backstop (FB)
has the same strength as the bulk (Figure 8). The macro-
scopic friction coefficients along the two weak interfaces
are, respectively, mDP = 0.3 and mSS = 0.2 (see Table 1).
These values are consistent with friction values observed in
weak materials such as clays [e.g., Mitchell and Soga,
2005]. Note that the DP is a potential décollement level
that is weaker than the weakly weathered rocks (WWR) in
the bulk.
[110] We suppose that the shear strength along the surface

of rupture is slip weakening, as described for many of the
frictional heating mechanisms that operate along shear
zones. For simplicity, we assume that the reduction in shear
strength is defined by a step function (i.e., the shear strength
is constant for slip distances lower than a critical slip
distance Dc and drops to zero at the critical slip distance).
This approximation mimics the sharp (e.g., exponential)
decrease in shear strength as a function of slip distance,
determined from laboratory experiments and numerical
simulations (see section 4.3). The value of Dc ranges
between a few centimeters and several meters depending
on the weakening mechanism and on parameters such as the
confining pressure, the permeability of fault gouge, and the

Figure 9. Granular sample subjected to a biaxial numer-
ical test (ez � 0.01, s3 = 8 MPa). Shortening of the sample
forms two conjugated shear bands. The behavior law
corresponds to weakly weathered rock. Intensity of shading
indicates rotation in radians according to the scale in the
image (positive is counterclockwise).
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thickness of the shear zone. We have set Dc = 5 m, which is
consistent with weakening slip distances for the models of
rock avalanches with supposed thermal pressurization of the
pore fluid [e.g., Chang et al., 2005b; Veveakis et al., 2007].
Nevertheless, the dynamic behavior of the granular hillslope
has been analyzed for other threshold distances (1–10 m);
this parameter only affects the response time of avalanche
triggering and does not modify the main results of this
study.

5.4. Pore Water Pressure

[111] In our hypothetical example, we suppose that the
water table is located at a constant height above the
potential surface of rupture (Figure 4). This approximation
is frequently used in infinite slope stability analyses, in
which the surface of seepage is parallel to the slope [e.g.,
Duncan, 1996]. In this situation, the pressure gradient can
be accurately estimated by

rp ¼ gw cosb; ð18Þ

where gw = 9.81 kN/m3 is the unit weight of water and b is
the dip of the layers. The volume force Fp, which simulates
the effect of pore pressure on a particle, is perpendicular to
the slope and points upward (Figure 4). Thus, the pore water
pressure reduces the normal component of the particle
weight, decreasing the normal effective stress along the DP.
[112] In our conceptual model, we suppose that pore

water pressure in the bulk is negligible once the avalanche
is triggered and dilatant deformation initiates. This condi-
tion is introduced in the numerical approach by deactivating
the volume force Fp, once the particle has moved down-

slope a distance greater than the critical distance Dc. This
criterion is applied to all the particles located beneath the
water table. Note that the same critical distance is used to
vanish frictional strength along the surface of rupture and to
release pore water pressure at particle scale. Thus, the pore
pressure release occurs simultaneously with slip weakening
and avalanche triggering.

Figure 10. Stress-strain curves and volumetric strains for the granular sample in Figure 9, determined
from biaxial tests performed at three confining pressures (black is 4, dark gray is 8, and light gray is
16 MPa). Stress-strain curves show a well-marked peak followed by a residual strength plateau.
Volumetric strain curves show dilatant behavior.

Figure 11. Peak failure envelope for the sample in Figure 9,
obtained from five biaxial numerical tests performed at
different confining pressures. Here s0n is the effective normal
stress, t is the shear stress, and f0 is the peak effective
friction angle.
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[113] More realistic criteria for pore pressure release could
be introduced. For instance, the pore pressure release may
be a function of the local dilatancy in the vicinity of
individual particles. A local dilatancy criterion is likely to
delay the pore pressure release, therefore decreasing the
frictional strength of cohesive bonds during incipient de-
formation. Nevertheless, the specific criterion implemented
for releasing pore pressure does not have a major influence
on the final deformation of the hillslope, provided that the
avalanche is triggered before pore pressure release.

6. Simulation Results

[114] To simulate an avalanche triggered by rain we set up
a simple numerical experiment consisting of progressively
raising the height of the water table until the tilted layers

became unstable. In the initial state, the water table is
located along the dipping plane, and it remains parallel to
the granular layers as it rises. Figure 12 shows the forces
exerted on the dipping plane (DP) and on the frontal
backstop (FB) as a function of time. The shear and normal
effective forces that are applied on the particle set along these
planes are named, respectively, TDP, N0

DP and N0
FB, as

indicated in the inset. Four different stages are observed in
the mechanical behavior of the granular system. These stages
are described in detail in the following sections in terms of the
magnitude of forces at the boundaries and the kinematical
configuration of the granular layers (Figures 12 and 13).
Animation S1 is also available as auxiliary material.1

Figure 12. Normal and shear forces applied to the granular system along the DP and the FB as a
function of time (see inset). (a) Total normal force NDP, normal effective force N 0

DP, force applied by the
water pressure UDP, and water table height hw; (b) shear force TDP, normal effective force N 0

FB, and
variations in the shear and normal effective forces DTDP and DN 0

FB. Times t0, .., t5 are characteristic time
values in avalanche process (see text for explanations).

1Auxiliary materials are available in the HTML. doi:10.1029/
2008JF001072.

F03004 TABOADA AND ESTRADA: THEORY AND SIMULATION OF ROCK AVALANCHES

18 of 23

F03004



6.1. Water Table Rise

[115] In the interval [t0, t1] the water table height hw rises
linearly with time from 0 to 22.5 m. Particles located
beneath the water table are indicated in blue (Figure 13,
t1). During this stage, the behavior of the granular layers is
quasistatic and only small rearrangements in the particle
system are observed. In natural conditions, the rate at which

the water table rises is variable (0.01–1 m/h), and it
depends on the precipitation events and on the infiltration
capacity. However, the duration of this phase is generally
very long compared to the duration of the failure and
triggering phases. Equilibrium conditions require that the
total normal force NDP applied at the potential surface of
rupture is constant. NDP can be decomposed into two

Figure 13. Snapshots illustrating the kinematic state of the hillslope at characteristic times of avalanche
triggering and motion (see Figure 12 and text). Blue areas are subjected to pore water pressure in the
bulk, while the pink areas indicate pore pressure release and slip weakening along the DP.
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distinct terms (Figure 12a): the effective normal force N 0
DP

and the force UDP resulting from pore water pressure. The
rise in the water table increases the pore water pressure at
the DP, reducing the effective normal force N 0

DP. The shear
force TDP decreases linearly during this interval (Figure 12b).
The variation in shear force can be approximated by

DTDP � mDP DN 0
DP � �mDP UDP; ð19Þ

where mDP is the coefficient of sliding friction at the DP, and
DTDP and DN 0

DP are the variations in the shear and normal
effective forces applied along the DP. This relation indicates
that the applied shear stress is at the threshold value given by

tmax ¼ mDP s0
n; ð20Þ

where s 0
n is the normal effective stress. This behavior is not

surprising since the slope of the dipping plane is greater than
its friction angle (21� > 16.7�, see Table 1). During this stage,
the overall stability of the tilted layers is assured by the
normal force N0

FB applied at the frontal backstop, which
increases linearly and in the same amount as the decrease in
shear force

DN 0
FB � �DTDP: ð21Þ

6.2. Quasistatic Failure of the Hillslope

[116] In the interval [t1, t2] the water table height hw
reaches a critical value at which shear rupture of the
granular layers is initiated simultaneously along the dipping
plane and within the footslope area. At time t1 the normal
force N 0

FB reaches the compressional strength of the gran-
ular layers and it remains fairly constant during the time
interval. At this stage the limit equilibrium of the granular
layers is achieved, failure is incipient, and the landslide may
be considered as an incipient rockslide. Two conjugated
shear bands are initiated within the footslope area where
compressional stresses parallel to the hillslope are highest
(Figure 13, t2). Macroscopic plastic deformation concen-
trates around the shear bands and along the surface of
rupture DP.

6.3. Avalanche Triggering

[117] Avalanche triggering occurs during the interval [t2,
t3], when the tilted layers accelerate downslope, passing
rapidly from quasistatic to dynamic conditions (	5 s).
During this phase, the shear resistance TDP at the surface
of rupture drops drastically. The reduction in shear resis-
tance is linked with slip weakening as particle slip surpasses
the critical distance (see section 5). The area where pore
pressure is released is apparent as the color of particles
changes from blue to pink (Figure 13). In this zone, the
drop in shear resistance operates along the surface of
rupture: the frictionless area propagates from the upper
slope area toward the footslope. As the shear strength
drops to zero, the granular layers accelerate downslope
since the gravitational force component parallel to the
basal plane is uncompensated. The normal force N0

DP

increases slightly as the external forces representing pore
water pressure deactivate.

6.4. Avalanche Motion

[118] Avalanche motion takes place in the time interval
[t3, t5] and lasts roughly 35 s. The intermediate and final
state of the granular layers during avalanche motion are
illustrated in Figure 13 (times t4 and t5). Granular layers are
progressively deformed and folded as they reach the down-
slope area and override the surface of separation. The
contact forces at the boundaries show large fluctuations at
small timescales from particle collisions and intense defor-
mation of the granular layers. These fluctuations are prob-
ably not representative of stress fluctuations during a real
rock avalanche, in which particles are, on average, much
smaller. However, the average values of forces along
boundaries should be similar to those observed in the
model, showing the following trends (Figure 12): (1) The
normal force N0

DP decreases as the granular layers move
downslope. (2) The normal force N0

FB increases with the
momentum of the granular layers located on the DP. (3) The
shear force TDP oscillates around a small positive value.
[119] The normal force N0

FB stabilizes at a higher value
once the avalanche comes to rest; this result is consistent
with the drop in shear strength along the DP during the
avalanche and thickening of the granular deposit. Note that
the lowermost portion of the DP is located beneath the slip
surface, and therefore has a nonweakened shear strength.
Thus, the shear force TDP along this portion, shows low
positive and negative values during and after avalanche
motion, respectively. Negative values indicate that the shear
sense at the footslope is inverted during postavalanche
relaxation.

7. Summary and Discussion

[120] We present a discrete element simulation of a
granular avalanche that integrates initiation and motion
phases. The model is based on Contact Dynamics and
integrates the main components that control landslides,
which are as follows: hillslope and slip surface geometry;
rock materials (modeled as cohesive granular material); and
trigger (e.g., intense rain, seismic ground acceleration, or
toe erosion).
[121] Prior to avalanche triggering (i.e., in quasistatic

conditions), the behavior of granular material is defined in
terms of a Mohr-Coulomb law. The internal friction angle
and the cohesion depend on the strength parameters at
contact scale (sliding and rolling friction coefficients and
adhesion). The contact-scale parameters of the granular
material corresponding to a macroscopic strength are deter-
mined through numerical biaxial tests. The effect of ground-
water on the stability of the hillslope is introduced in the
model by applying pore water pressure forces to particles.
[122] During avalanche motion (i.e., in dynamic condi-

tions), pore water pressure in the bulk is neglected, and,
accordingly, the avalanche is modeled as a dense granular
flow of dry, frictional and cohesive particles.
[123] Rock avalanches are typically characterized by an

unexpectedly long-runout distance, whose origin is still a
matter of debate. We have reviewed some of the main
theories that try to explain the mechanical origin of long
runout in the light of granular physics. According to our
analysis, long runout appears to have many causes, which
are linked to the type of rock avalanche. From a mechanical
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point of view, the following two types of rock avalanches
are to be distinguished: (1) those for which the slip surface
is stronger than the bulk (e.g., the slip surface is rough), in
which case the shear strain will be mostly distributed within
the bulk and (2) those for which the slip surface is weaker
than the bulk (e.g., the slip surface is smooth), in which case
the shear displacement will tend to concentrate along the
slip surface.
[124] Some of the theories that try to explain the long

runout of rock avalanches mobilized over rough interfaces,
are inconsistent with the mechanical behavior of granular
materials. Two of these theories advance hypotheses stating
that agitation of granular material may reduce the frictional
strength and therefore increase the runout distance. Firstly,
the mechanical fluidization theory proposes that the bulk
rides over a thin layer of rapidly sheared particles whose
frictional strength is lowered as a consequence of agitation.
Secondly, the acoustic fluidization theory proposes that the
random vibrations of groups of particles, generated during
the collapse of a mass of rock, may relieve overburden
stresses and reduce the frictional resistance between clasts.
Conversely, many studies, experimental and numerical,
show that sheared granular materials are strain rate strength-
ening, and indicate that, as the shear strain rate increases,
granular material becomes more agitated, and hence more
dissipative and more resistant. A third theory, invokes that a
rock avalanche may be imaged as a biphased granular
material consisting of a dense granular flow and an inter-
stitial fluidized phase (i.e., a granular gas) generated by
dynamic fragmentation of clasts. The granular gas creates
an isotropic pressure that reduces normal contact forces
in the force network of the dense granular flow, driving
longer runout. Our interpretation of granular mechanics
suggests that fragmentation may locally induce transient
fluidization and strengthening of the granular material, slow-
ing down the granular flow. Contrastingly, the reduction of
particle size and the decrease in average axial stresses along
strong force chains, both resulting from fragmentation,
are likely to weaken the granular material, enhancing long
runout.
[125] According to some simple numerical and experi-

mental models of granular flows, the long runout of an
avalanche that propagates over a rough slip surface may be
controlled by the initial geometry of the rock mass rather
than by the details of the interactions between rock frag-
ments. In this setting, long runout is enhanced for column-
like rock masses that collapse from steep hillslopes and that
show a large aspect ratio at the initial state (i.e., the ratio
between height and width). Motion of a granular avalanche
over a rough horizontal plane may show three flow regimes
with differing velocity profiles: A plug flow near the front
of the avalanche, a homogeneous simple shear flow located
upstream, and a two-layered flow at the rear of the ava-
lanche, composed of a shearing layer overlying a static
layer. In this flow configuration, shear strain migrates
progressively from the lowermost part of the granular flow
toward the top. The succession between the three flow
regimes is closely related to the dissipation of kinetic energy
in the granular flow. The total shear strain is homogeneous-
ly distributed within the entire granular mass, favoring long
runout.

[126] Long runout may also be linked to dynamic weak-
ening mechanisms that affect the slip surface, many of
which have been postulated as agents that weaken seismic
faults during earthquakes. Among these mechanisms, we
suggest that those involving thermal weakening may be
relevant to the dynamics of rock avalanches. The more
significant thermal weakening mechanisms are thermal
pressurization of pore fluid, degradation of microcontacts
by flash heating, thermal decomposition of rock minerals,
lubrication by silica gel, and shear melting. All these
processes may lower drastically the shear strength along
the slip surface, from avalanche initiation onward. We
advance the hypothesis that, with few rare exceptions, a
large rockslide may transform into an avalanche provided
that the slip surface has the following two distinctive
features: (1) The slip surface, or at least the surface of
rupture, should exhibit dynamic weakening during trigger-
ing and motion of the landslide. (2) The geometry of the slip
surface should be curvilinear, or alternatively, the surface of
separation should be rough. Dynamic weakening of the slip
surface may induce mobilization of the bulk at high veloc-
ity; sliding along a curvilinear slip surface may induce
deformation and comminution of the bulk, even if sliding
friction is very low; and sliding along a rough surface of
separation may induce heterogeneous shear flow and com-
minution of the bulk.
[127] The model is illustrated with a hypothetical example

of a rain-triggered avalanche, which mobilizes shallowly
dipping layers of weakly weathered rock. The numerical
experiment progressively raises the water table until the
dipping layers become unstable. The avalanche trigger is a
simple slip-weakening criterion along the surface of rupture.
Several phases in the avalanche are identified: an initial
static phase characterized by pore water pressure increase as
a result of the water table rise, a quasistatic failure of the
hillslope at a critical water height (i.e., the rockslide stage),
avalanche triggering from the drop in shear strength along
the surface of rupture as a consequence of slip weakening,
and an extremely dynamic phase of avalanche motion in
which rocks are intensely folded and sheared.
[128] Several improvements and extensions can be intro-

duced in the numerical approach in order to achieve a more
realistic simulation of dynamic surface processes. For
example, the avalanche triggering phase may consider the
thermomechanical properties of the slip surface. These
properties may be correlated with physical parameters in
the granular system such as the frictional heat production,
the slip, and the slip rate at line-disk contacts. The frictional
heat production can be calculated from the energy dissipated
by shear forces at line-disk slipping contacts.
[129] This simulation methodology is well adapted to

investigate the morphological evolution of hillslopes sub-
jected to bedrock landslides and avalanches, taking into
account tectonic and climatic forcing as well as complex
boundary conditions such as erosion and weathering of
surface materials. This approach can be coupled with hill-
slope evolution models based on slope-dependent transport
laws [Densmore et al., 1998; Roering et al., 2001]. With
increasing computation capacity, the simulation technique
can be extended to analyze three-dimensional landslides
involving a much greater number of particles. In principle,
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geometrical similarity between model and a rock avalanche
can only be achieved by using 3-D particles.
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