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We present the results of laboratory experiments on the emplacement of gravitational granular flows gener-
ated from axisymmetrical release of columns of fine (~75 μm) or coarse (~330 μm) particles initially fluidized
with air. Internal friction is first negligible in the granular columns and then increases as pore pressure dif-
fuses within the propagating flows, which are thus characterized by a mean friction lower than that of dry
(i.e., non fluidized) flows. For columns of height-to-radius ratios a≈0.2–30, we identify the modes of flow
propagation and the scaling laws that characterize the morphology of the resulting deposits. Here we show
that the normalized run-out distance of the initially fluidized flows scales as a power law of a (i.e., λan),
thus demonstrating that this scaling law is not only typical of dry granular flows, as claimed in the literature.
Fluidization reduces contacts between the grains and thus effective energy dissipation. Its effect increases the co-
efficient λ compared to dry flows but it has no influence on the exponent n that decreases from 1 to 1/2 at in-
creasing a, mainly due to axisymmetrical spreading as shown by earlier works on dry coarse particles, except
for the initially dry flows of fine particles at aN~2 as it decreases to ~2/3. In this latter case the flows could expe-
rience (partial) auto fluidization as their normalized flow run-out is equal to that of their initially fluidized coun-
terparts at aN~4. The autofluidizationmechanism, supported by other recent experimentalworks, is particularly
appealing to account for the long run-out distance of natural dense gas–particle mixtures such as pyroclastic
flows. At high a, fluidization also affects the generation of surface waves with clear signatures on the deposits.
We compare our experimental results with published data on Valles Marineris landslides (Mars) whose em-
placement mechanisms are controversial. These natural events are characterized by values of λ higher than
that of the laboratory flows, including those with low friction. This shows that some mechanism and/or scale
effects promoted energy dissipation for the VM landslides that was significantly smaller than for typical dry fric-
tional granular materials, as suggested by Lucas and Mangeney (2007).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Gravity driven granular flows are common events at the surfaces
of the Earth and of other planets. They consist of solid particles com-
monly mixed with an interstitial lighter fluid (liquid or gas) that may
interact with the grains and decrease the intensity of their contacts,
thus reducing energy dissipation and favoring propagation. Examples
include subaerial or subaqueous rock avalanches (i.e., landslides),
snow avalanches, debris flows, and volcanic phenomena such as

pyroclastic flows and debris avalanches. Their volumes are up to
~1011 m3 in terrestrial subaerial environments and up to ~1013 m3 for
submarine and extraterrestrial events (see references in Legros, 2002).
These granular flows can travel distances up to several kilometers, so
that subaerial flows on Earth represent important natural hazards. As
discussed extensively in literature, long flow run-out distance can have
various causes, including a lubrication layer generated by an air cushion
(Shreve, 1968) or basal melting (De Blasio and Elverhøi, 2008; Goren
andAharonov, 2007),fluidization by afluid of internal or external source
(Hungr and Evans, 2004), acoustic fluidization (Collins and Melosh,
2003), destabilization of a loose granular substrate (Iverson et al.,
2011; Mangeney, 2011; Mangeney et al., 2007, 2010), or friction reduc-
tion caused by segregation effects (Linares-Guerrero et al., 2007; Phillips
et al., 2006; Roche et al., 2005). Predicting the run-out distance of geo-
physical granular flows is crucial for hazards assessment and requires
identifying the control parameters, which represents a challenging issue.
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Severalmethods are proposed in literature to describe quantitatively
the run-out distance of gravitational granularflows and to assess the de-
gree of energy dissipation. The ratio of the run-out distance over the ver-
tical fall height, known as the Heim coefficient, has been long assumed
to represent the inverse of a mean effective friction coefficient (i.e., rep-
resentative of the mean energy dissipation during the flow if a simple
Coulomb frictional behavior is assumed). This ratio, however, increases
with the volume of the deposit (e.g., Hayashi and Self, 1992; Legros,
2002;McEwen, 1989), as confirmed by analytical and numericalmodel-
ing of granular collapse (see Eq. (5) of Lucas and Mangeney, 2007;
Staron, 2008; Staron and Lajeunesse, 2009), and hence is not appropri-
ate to describe the mean effective friction. Instead, Lucas andMangeney
(2007) propose to use the ratio of the run-out distance over the initial
thickness of the released mass, which eliminates the artificial volume
dependence and therefore reflects more accurately the inverse of the
mean energy dissipation during the flow. The high values of this ratio
(typically ~10) that characterize many large natural landslides suggest
an effective friction significantly smaller than what would be expected
frompurely dry granular flows, as confirmed by back analyses of natural
landslides (e.g., Kuo et al., 2009; Lucas and Mangeney, 2007; Pirulli and
Mangeney, 2008).

Recent experimental works on flows generated from dry granular
column collapse offer a straightforward and powerful way to quantify,
under controlled conditions, the run-out as a function of the geometrical
characteristics of themobilized granularmass. They reveal that theflows
have a run-out distance that obey a well-defined unique scaling law in-
dependently of the volume of thematerial and primarily depends on the
height-to-radius ratio of the columns (e.g., Balmforth and Kerswell,
2005; Lajeunesse et al., 2004; Lube et al., 2004). Analytical and numerical
simulations of these experiments, typically at ratios ~1, allow relating
the parameters involved in the scaling laws to the frictional properties
of the granular media and to the experimental configuration (channel
or axisymmetrical collapse) (e.g., Kerswell, 2005; Mangeney-Castelnau
et al., 2005; Staron and Hinch, 2005; Zenit, 2005). One of the key ques-
tions in prospect of using these scaling laws for interpretation of natural
events is as to whether they are a typical signature of dry granular flow
processes, as claimed in the literature (e.g., Lajeunesse et al., 2006;
Staron, 2008), or if they could also characterize flows with much less
energy dissipation.

In order to address this issue, we carried out new experiments on
axisymmetrical granular column collapse. In this paper, we investi-
gate the scaling laws of the run-out distance of flows generated
from fluidized columns and whose mean effective friction during em-
placement is significantly smaller than that of typical dry granular
materials. The geometrical configuration applies well to large-scale
granular flows generated, for instance, from cliff collapse and that prop-
agate over a rather flat and laterally unconfined topography. We stress
that low effective friction is obtained through initial fluidization but
could be achieved in nature by other means as mentioned above (e.g.,
lubrication layer, acoustic fluidization, substrate destabilization, segre-
gation effects). After analysis of the experimental flow dynamics and
deposits, experimental results are compared with natural data of
some Martian landslides whose emplacement mechanisms are con-
troversial. Then, we follow the method of Lucas and Mangeney
(2007) to discuss the dynamics of these landslides (for which the
original height-to-radius ratio is b1) in terms of effective friction in
the context of thin layer (i.e., depth-averaged) models.

2. Scaling laws of dry granular column collapse

2.1. Earlier experimental studies

The experimental investigations of Lajeunesse et al. (2004) and Lube
et al. (2004), involving dry and relatively coarse particles of typical grain
size of a few hundreds of microns to a few millimeters, show that the
deposit characteristics of flows generated from column collapse on a

horizontal plane in the axisymmetrical configuration (hereafter called
3D for convenience) are controlled primarily by the column aspect ratio

a ¼ hi
ri
; ð1Þ

where hi and ri are the height and radius of the column, respectively
(Fig. 1). Three deposit morphologies are identified at increasing a, that
is, truncated-cone generated by flank avalanches, and cone or cone
with a bulge (“Mexican-hat” of Lajeunesse et al., 2004) as thewhole col-
umn collapses (Fig. 1). Theseworks reveal scaling laws that characterize
the geometrical parameters of the deposits for a~0.5–30. The final de-
posit length, rf, and height, hf, (see Fig. 1) are used to define the normal-
ized run-out distance

r� ¼ rf−ri
ri

; ð2Þ

and the normalized deposit height

h� ¼ hf
ri
; ð3Þ

which helps to identify scaling laws of the form

r�;h� ¼ λan; ð4Þ

where the coefficient λ and the exponent n are determined by fitting
the experimental data (Table S1, supplementary material). As men-
tioned by the authors, rf−ri and hf could be normalized by hi instead
of ri, and we note that in that case r*, h*=λan−1. A notable result con-
cerning r* is that n=1 at ab1.5–3 whereas n=1/2 at aN1.5–3. This
transition may reflect influence of the axisymmetrical spreading of the
granular mass at increasing a as shown by Lajeunesse et al. (2004)
from a heuristic model. This is supported by experiments on flows in
channels (hereafter called 2D for convenience, see Table S1) for which
material spreading is unidirectional. From the compilation we present
in Table S1, we note that at high a, the exponent n is different in the var-
ious studies but it approaches one as the channel width increases so that
side effects become less important (Balmforth and Kerswell, 2005;
Lacaze et al., 2008; Lajeunesse et al., 2005; Lube et al., 2005; Mériaux,
2006). The study of Lube et al. (2004) suggests that these scaling laws
are not influenced by the particle shape (spherical, angular) or the na-
ture of the substrate (smooth, rough, erodible). In contrast, the 2D ex-
periments of Balmforth and Kerswell (2005) show that the coefficient
λ is dependent on the type of granularmaterial. Concerning the normal-
ized height in 3D experiments, h*=a (that is hf=hi) at low aspect ra-
tios as the deposits are truncated cones, whereas at higher aspect
ratios h* is either constant (Lajeunesse et al., 2004) or shows a weak
variation with a (Lube et al., 2004; Table S1). Other experimental
works in 2D explore the influence of the interstitial fluid phase and/or
of the polydispersity of the granular material (Girolami et al., 2008,
2010; Meruane et al., 2010; Phillips et al., 2006; Roche et al., 2002,
2005, 2008; Thompson and Huppert, 2007). However, they consider a
limited range of column aspect ratio (a~1–3) and do not offer the op-
portunity to identify scaling laws as described above.

2.2. Insights from analytical and numerical studies

Discrete and continuum simulations at low a reproduce quantita-
tively the values of the exponent n of the experimental scaling laws
(e.g., Kerswell, 2005; Mangeney-Castelnau et al., 2005; Staron and
Hinch, 2005; Zenit, 2005). Discrete element models, however, reveal
contrasting results as some of them significantly overestimate the
run-out distance compared to laboratory experiments (i.e., higher λ
values) when considering an intergranular friction coefficient typical
of the experimental material (Staron and Hinch, 2005; Zenit, 2005)
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