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[1] The partial fluidization model developed by Aranson
and Tsimring (2002) is used to simulate the spreading of a
2D circular cap of granular material over an erodible bed
made of the same material. Numerical results show that the
presence of even a very thin layer of granular material lying
on the solid bed strongly increases the mobility of granular
flows. Furthermore, as the thickness of the granular layer
increases, the dynamics of the flowing mass changes from a
decelerating avalanche to a traveling wave. Numerical
simulation suggest that surges are generated if enough
mass is entrained, increasing the energy of the flowing
material and balancing the energy lost by friction.
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1. Introduction

[2] Dense granular flows driven by gravity, such as
landslides or avalanches, participate in the evolution of
the surface of the Earth and other telluric planets. They
also represent natural hazards that are a threat to many
populations and infrastructures. However, natural granular
flows are still poorly understood. In particular, the origin of
the high mobility of avalanches or the occurrence of surges
during their propagation along the slope are challenging
questions. Numerical models as well as laboratory experi-
ments on granular flows have been able to reproduce several
geomorphological features or scaling laws observed in
terrestrial or Martian avalanches [see, e.g., Pudasaini and
Hutter, 2007; Mangeney et al., 2007]. However when
compared quantitatively to field observations, experimental
as well as numerical results fail to explain the high mobility
of geophysical gravitational flows that can travel very long
distances even on small slopes [Davies and McSaveney,
1999; Lucas and Mangeney, 2007].
[3] Fundamentally different mechanisms were employed

to explain the high mobility of gravitational flows, e.g.,
upward current of air, hovercraft action at the base, melting
of rock, fluidization induced by the presence of fine dust,
acoustic fluidization, frictional heat, hydroplanning, grains
fragmentation, polydispersity or the potential presence of

water or air within the granular mass (see Legros [2002] and
Pudasaini and Hutter [2007] for reviews).
[4] Among these processes, the erosion of material

already present on the underlying solid topography is
expected to play a significant role in the mobility of debris
or snow avalanches and overall dynamics of transportation
[McDougall and Hungr, 2005; Sovilla et al., 2006]. In
geological context, the entrainment of the substrate by the
flowing mass could either accelerate or decelerate the flow
(i.e., increase or decrease its mobility) depending on the
nature and on the consolidation of the erodible material as
well as on the topography of the bedrock and on the
dynamics of the flow.
[5] When static granular material is entrained into motion

by the flowing material, no-flow and flowing zones not only
coexist but exchange mass and momentum. A theoretical
description of these processes is still lacking even for much
simpler configurations involving dry granular flows in
laboratory experiments. In the case of the spreading of a
three-dimensional granular cap released on an inclined bed,
Pouliquen and Forterre [2002] show that the presence of a
shallow erodible bed build-up of the same granular material
induces triangular shaped traveling waves propagating at a
constant velocity downslope. Triangular shaped quasi-one-
dimensional waves have also been observed and studied
theoretically when a perturbation is imposed at the top of a
thin granular layer over an inclined plane [Mallogi et al.,
2006, Aranson et al., 2006]. However, no systematic studies
of the transition between granular flows leaving a deposit on
the slope and the generation of traveling waves have been
performed.
[6] Classical depth-averaged thin layer models fail in

simulating triangular shaped waves traveling over an
erodible bed when entrainment is not taken into account
[Pouliquen and Forterre, 2002]. When introduced in nu-
merical depth-averaged models, entrainment is generally
approximated on the basis of questionable phenomenolog-
ical laws or closure relations [Bouchut et al., 2007]. Fur-
thermore, this approach is only valid when the granular
material is well divided into a thin surface flow and a static
layer. However, in many important situations, the granular
material remains in a multiphase state when part of it is
fluidized while another part is solid.
[7] Aranson and Tsimring [2002, 2006] introduced an

approach that does not involve depth-averaging, and
describes explicitly the static/flowing transition through an
order parameter related to the fraction of static contacts
between the grains. This partial fluidization model has been
shown to be able to reproduce a large spectrum of exper-
imental results [e.g., Aranson et al., 2006] and has been
calibrated with molecular dynamics simulations [Volfson et
al., 2003].
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