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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).
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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.

http://dx.doi.org/10.1016/j.epsl.2011.09.023
mailto:o.roche@opgc.univ-bpclermont.fr
mailto:m.attali@opgc.univ-bpclermont.fr
mailto:mangeney@ipgp.fr
mailto:alucas@caltech.edu
Unlabelled image
http://dx.doi.org/10.1016/j.epsl.2011.09.023
Unlabelled image
http://www.sciencedirect.com/science/journal/0012821X


376 O. Roche et al. / Earth and Planetary Science Letters 311 (2011) 375–385
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 the flows
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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Fig. 1. Experimental device and deposit morphologies. (a) Apparatus. (b) Geometrical parameters of the initial granular column (dashed line) and of the final deposit (gray).
(c) Deposit shapes at increasing a=hi/ri. Cases (c1–3) were identified in earlier studies involving dry coarse particles. Corresponding values of a in our study are shown for the
coarse and fine particles in case of dry columns. (c1) Truncated cone, (c2) cone, (c3) “Mexican-hat” characterized by an inflection point (i) so that the deposit surface is con-
cave-upward and then convex-upward downstream (Lajeunesse et al., 2004), and (c4) cone-and-ridge where (C) and (R) denote the central cone and the circular ridge, respec-
tively. In (c4), the deposits exhibit up to three distinct ridges. In all cases, the central area above the porous plate is horizontal when the granular column is fluidized.
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while others successfully simulate experimental data (Lacaze et al.,
2008). On the other hand, thin layer depth averaged models repro-
duce quantitatively the experimental run-out using an effective fric-
tion angle of ~30° (Kerswell, 2005; Mangeney-Castelnau et al.,
2005), just a few degrees higher than the friction angle of the material
involved. Higher friction coefficients have to be used because this ap-
proach overestimates driving forces related to pressure gradients
(Mangeney et al., 2006). Analytical solutions of the thin layer equations
by Lucas and Mangeney (2007), based on the works of Mangeney et al.
(2000) and Kerswell (2005), predict that n is independent of the mate-
rial properties and of the slope of the topography while λ is inversely
proportional to the difference between the tangent of the effective fric-
tion angle (δ) and the tangent of the bed slope angle (θ) so that

r� ¼ αa
tanδ− tanθ

; ð5Þ

where α is a constant and, according to Eq. (4), λ=α/(tanδ−tanθ).
Note that Eq. (5) results from thin layer equations that are strictly
valid for small a (b1) and dry granular flows with constant friction
angle (Mangeney et al., 2010; Mangeney-Castelnau et al., 2005), so its
applicability at large a and to fluidized flows is an open question. Fur-
thermore, no experimental validation of Eq. (5) for materials with dif-
ferent friction angles has been provided yet. Here we investigate this
issue by considering both fluidized and dry flows characterized by dif-
ferent mean effective friction (i.e., δ) and by small to high initial aspect
ratios. We use Eq. (5) as an empirical relation in order to estimate the
mean effective friction over theflowduration, even though the real fric-
tion coefficient may vary with flow properties (Pouliquen and Forterre,
2002) or with time (as in initially fluidized flows).

3. Experimental procedure and dimensional issues

Our experimental apparatus consists of a vertical perspex cylinder
that contains the granular material before release, located at the center
of a horizontal smoothwooden plane of size 3×3 m2 (Fig. 1). The cylin-
der has a radius ri=2.1–4.6 cm and hi varies from 1.1 to 64.5 cm, so that
a is in the range 0.24–30.7. The cylinder is lifted rapidly, during 5–10% of
the flow duration, so that spreading of the granular column is negligible
when the cylinder is completely removed. This is done by means of a
counterweight, thus ensuring release at consistent speed, and the gran-
ular material then spreads radially on the plane until it comes to halt.
Moisture effects are reduced as much as possible as the particles are
dried in a fluidization rig and then transferred rapidly into the cylinder.
The final deposit is characterized by a run-out distance, rf, and a central
height, hf. The distance rf is measured along eight lines, drawn from the
center of the plane at 45° to each other, in order to determine a mean
flow run-out. Experiments are recordedwith a high speed video camera
at 50–100 frame/s to allow for analysis of the column collapse processes
and of the flow kinematics.

The study deals with the spreading of both dry and initially fluidized
granular columns. In the latter case, air is injected into a wind box and
then passes through a porous plate of mean pore size of 20 μm and on
which the granular material rests. The air flow rate is controlled by a
flowmeter at 1 bar (105 Pa) and does not vary while the column is col-
lapsing as pressure changes of a few thousands of Pa (estimated from
hi) are negligible compared to the ambient pressure. The granularmate-
rial in the cylinder is fluidized when the air velocity, equivalent to the
mean volumetric flow rate divided by the cross sectional area of the cyl-
inder, is equal to theminimumfluidization velocityUmf (Table S2, supple-
mentary material), as classically defined for gas-fluidized systems
(Geldart, 1986). At that stage, the drag generated by the upward intersti-
tial air flow counterbalances the weight of the particles, thus promoting
associated high interstitial air pore pressure and negligible intergranular
friction. Note that, thoughfluidized, the granular column is not expanded.
Once the column is released, the subsequent flow defluidizes while the
pore pressure diffuses as no air is provided from the horizontal plane,
and in consequence internal friction increases. The flow, however, has a
mean friction (i.e., averaged on the flow duration) lower than that of a
dry (i.e., initially non fluidized) equivalent. The air flux passes through
the porous plate during the column collapse and is turned off after the
flow has stopped.

The particles are “fine” (d~75 μm) and “coarse” (d~330 μm) well
sorted glass beads whose characteristics are presented in Table S2.
The flow dynamics depends on the pore pressure number, Pr= tf/td
(Iverson and Denlinger, 2001), where tf is the characteristic flow du-
ration and td=h2/D is the pore pressure diffusion timescale, with h
the typical flow height, and D the diffusion coefficient (values from
Montserrat et al., 2007). Note thatwe choose tf=rf/(ghi)1/2 (in contrast
to Iverson and Denlinger, 2001, who consider tf=(rf/g)1/2), based on
Eqs. (4) and (5) of Mangeney et al. (2010), where g is the gravitational
acceleration. For typical values hi=10–50 cm, rf=10–40 cm, and
h=0.5–1.5 cm, Pr for the coarse particles (Pr~O(102)) is high and
two orders of magnitude larger than for the fine ones (Pr~O(1)).

image of Fig.�1
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These values of Pr indicate that pore pressure diffusion is fast compared
to the flow duration for the coarse particles, and in consequence inter-
granular friction is reacquired very rapidly. In contrast, the pore pres-
sure diffusion timescale is similar to the duration of the flows of fines,
which have negligible internal friction for most their propagation
(Roche et al., 2008, 2010). This leads to two distinct flow behaviors, as
described hereafter.

4. Results

4.1. Flow and deposit characteristics

4.1.1. Experiments with coarse particles
Experiments involving the dry coarse particles reproduce the results

of previous studies described in Section 2.1. They reveal, however, that a
wave forms at the flow surface at aN~7–8 (Fig. 2). This wave travels
downstream and overtakes the flow front, thus leading to a brief accel-
eration just before the front stops abruptly (Fig. 3). This late acceleration
follows the three emplacement phases typical of flows at lower a (i.e.,
acceleration, constant velocity, and deceleration; Lajeunesse et al.,
2004; Lube et al., 2004). The amplitude of the wave grows as the top
of the column falls vertically, is maximum just after the column height
has decreased to about that of the flow, and then decreases. The wave
forms after the cylinder is completely removed, but its initiation due
to disturbance caused by lifting cannot be excluded. Our experiments
reveal a new deposit morphology at high a, in addition to those
reported in earlier studies (Fig. 1). It appears at aN8–9, thus suggesting
0 ms

42 ms
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630 ms
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W

Fig. 2. Collapse of a dry column of coarse particles (a=16.7). (a) Snapshots at different tim
marks 2 cm apart on the plane. A wave (W) travels at the flow surface, and the final depo
As a increases, the height of the depression decreases and approaches zero at aN18–19,
aN24–25. (b) Top and side view of the deposit.
a link with the formation of the wave. This morphology resembles a
pronounced “Mexican-hat” but its surface slope is locally positive
downstream as it consists of a depression delimited by a central cone
and a circular ridge located approximately half way between the front
of the deposit and the cone. Therefore, it is referred to “cone-and-
ridge” deposit hereafter.

Initial fluidization of the columns of coarse particles has little in-
fluence on the collapse processes. The central part of the deposits,
however, is horizontal above the porous plate where the material is
continuously fluidized. The flow kinematics are almost the same as
that of the initially dry cases. At high a, however, the front accelerates
right after release more strongly than for the dry flows (Fig. 3). It sub-
sequently propagates at nearly constant speed, and then slightly ac-
celerates and finally decelerates abruptly before it stops. Note that
initial fluidization slightly increases the flow run-out, as discussed
hereafter.

4.1.2. Experiments with fine particles
Experiments with initially dry fine particles also reveal a traveling

wave at the flow surface. Compared to the coarse particles, it appears
at smaller aspect ratios a~4–5 and leads to the formation of a ridge at
a~6–7 (Fig. 4a). A major difference with the coarse particles is that up
to 4–5 successive shock waves form as a increases, at increasing dis-
tance from the initial column (Fig. 4b). Thesewaves result in a non uni-
formflow frontpropagationwith transient acceleration anddeceleration
phases, particularly at high a (Fig. 3b). They form at nearly constant rate
once the flow front decelerates while the material behind it propagates
C

CR

es after release. Note the black mark at the base of the uplifted cylinder and circular
sit consists of a central cone (C) and of a circular ridge (R) that delimits a depression.
whereas that of the ridge increases and becomes close to that of the central cone at
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at a higher velocity. Each shock wave propagates at nearly constant ve-
locity, then decelerates and is overtaken by the wave generated after it.
In most cases, the wave grows in amplitude, then plunges, brakes, and
sometimes splashes. The deposit morphologies are the same as for the
coarse particles, but generally with lower transitional aspect ratios
(Figs. 1c and 5). However, the surface of the cone and “Mexican-hat” de-
posits has a ripply structure resulting from late small surface flows, and
cone-and-ridge deposits exhibit up to three distinct concentric
ridges whose number increases and position is located downstream
as a increases. At very high a (N18–20), the deposits viewed from
above are no longer regular disks as their edges are lobate and diffuse
(Fig. 5).

Initialfluidization has a strong influence on the column collapse pro-
cesses, in contrastwith the coarsematerial. It facilitates the formation of
the surface waves, as up to 5–6 shock waves form and as the first wave
appears at a~3–3.5, lower than for the initially dry flows (Fig. 4c). In
most cases at high hi (N~40–45 cm), a dilute and thin basal surge
spreads radially very rapidly once the cylinder is lifted. The surge then
decelerates and stops and, after a while, is overtaken by the first wave
(Fig. 3b). As for the initially dry flows of fines, successive shock waves
form at increasing distance from the initial column, but, at given initial
conditions, appear earlier and commonly last longer. The deposits have
morphologies similar to that of the initially dry cases, though the area
above the porous plate is horizontal (Fig. 5). They exhibit up to three
ridges at aN~10 and their front is lobate for aN14–15. Interestingly, at
high a, the duration and run-out of the initially dry and fluidized
flows of fines are very close, as discussed hereafter.

4.2. Scaling laws

The scaling laws of type λan (Eq. (4)) determined in the present
study for the normalized flow run-out, deposit height, and position
of the ridges, as well as the deposit aspect ratio are reported in
Table 1. Not surprisingly, the scaling laws of the normalized flow
run-out for the dry coarse material are similar to those determined
in earlier studies (Lajeunesse et al., 2004; Lube et al., 2004), though
r* at given a is generally slightly larger than reported previously
(Fig. 6, see λ values in Tables 1 and S1). Our experiments, however,
reveal that when flow friction is reduced through initial fluidization,
the scaling laws have the same form as that of these dry flows be-
cause n=1 and n=1/2 at low and high a, respectively (except for
the initially dry fine particles as discussed hereafter). The run-out in-
crease caused by initial fluidization compared to the dry material is
reflected essentially by an increase of the coefficient λ, of only 6–9%
for the coarse particles but of 39–77% for the fines. For the fluidized
fine particles, transition to the second regime (n=1/2) occurs at
a~1.1, lower than a~1.6 observed for the other cases, and a third regime
is identified at aN~17. For the dry fine particles at aN~2, the scaling law
is different from the other cases because n~2/3, and we highlight that
the data dovetail those of the initially fluidized fine particles at aN~4.

Our experiments on initially dry fine particles reveal that the scaling
laws of the normalized central height of the deposit are similar to that of
dry coarse material (Fig. 7). However, the height of the deposit, hf, is
slightly smaller than hi at ab~0.7, possibly due to compaction related
to moderate lateral spreading of the granular pile once released. Note
that at ~1bab~10, h* for the fine particles is higher than for the coarse
ones because of higher values of hf, possibly due to moderate ambient
moisture and related mild cohesion effects. Nevertheless, corrected hf
values lead to h* values comparable to that of the coarse material (see
inset in Fig. 7). Initial fluidization causes decrease of the deposit height,
so that h* is smaller than in the dry cases. New scaling laws are identi-
fied for the coarse particles as n=1/3 and n=−1/2 at a below and
above ~5, respectively, despite scatter of the data. Note that for the
fine particles, h* is randomly distributed in the narrow range ~0.1–0.2.

We also report new data on the geometrical characteristics of the
deposits. The deposit aspect ratio, hf/rf, decreases from O(10−1) to O
(10−2) at increasing a (Fig. 7). For both the fine and coarse dry mate-
rials, scaling laws of type hf/rf=βam reveal that m=1/2 and then
m=−1/2 as a increases. When the material is initially fluidized, the
deposit aspect ratio is up to one order of magnitude lower than in
the dry cases because the central height is much reduced. For the
fine particles, the hf/rf data reveal a single trend as n=−0.4. This con-
trasts with h*=hf/ri but can be explained as hf actually varies very few
and is negligible compared to rf that is much larger than ri, thus leading
to a good trend for the hf/rf data. For the coarse particles, n=−0.15, and
then n=−1 at high a as for the initially dry fine particles. We also re-
port the normalized position of the ridges, (rr-ri)/ri=γal, in the deposits
of fine particles. The data reveal scaling laws with l~1/3, except for the
most inner ridge in case thematerial is initially dry as l~1/2 (Fig. 8).We
acknowledge, however, that the data are scattered.

5. Discussion

5.1. Characteristics of the experiments

5.1.1. Wave generation process
Our experimental results bring new information on the collapse

mechanisms of granular columns and on the characteristics of their
resulting deposits. A surface wave forms in initially dry or fluidized
flows of coarse (at aN7–8) or fine (aN3–5) particles. This wave de-
velops at aspect ratios atwhich “Mexican-hat” deposits arewell defined
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and just below those at which cone-and-ridge deposits form. In fact,
video analyses confirm that an inflection point or a ridge appears as
the rear part of the wave stops abruptly. Note that a similar wave
with a related ridge is predicted by discrete and shallow-water numer-
ical simulations of granular column collapse (Larrieu et al., 2006, their
Fig. 2; Staron and Hinch, 2005, their Fig. 13; Staron and Hinch, 2007,
their Fig. 11) and observed in experiments on granular collapse over in-
clined beds (Hogg, 2007, his Fig. 6). A more complex configuration is
revealed in our experiments at high a with fine particles as several
shock waves and ridges form. The ridges most probably result from
the first waves that stop abruptly, as confirmed by their proximal to in-
termediate position in the deposits. They are then overridden by the last
waves that travel the larger distances and do not lead to any distinct
morphology at the deposit margin. In flows of initially fluidized fine
particles, the early stage surges at high columnheightmost probably re-
sult from the rapid release of the basal pressure (proportional to hi)
once the cylinder is lifted. Interestingly, these surges resemble the fea-
tures generated as a vertical granular jet impinges a horizontal solid
surface and generates high pressure (Boudet et al., 2007).

5.1.2. Possible auto-fluidization
An important result of our study is that the normalized flow run-

out of the initially dry flows of fine particles is equal to that of their
initially fluidized counterparts at aN~4 (Fig. 6). This could suggest
(partial) auto fluidization of the initially dry flows, which, according
to the results described above, would begin to act at a~2 and would
confer at aN~4 a mean degree of fluidization equivalent to that of
the initially fluidized flows, hence leading to n~2/3 instead of
n=1/2 due to changing flow dynamics. Recent air pore pressure
measurements by Roche et al. (2010) in flows resulting from the col-
lapse of dry columns of the same fine particles (at a=2, channel con-
figuration) support the idea of a possible auto fluidization process.
These reveal partial support of the weight of the grains and hence
partial auto fluidization during flow propagation. Unfortunately, we
cannot test our hypothesis on auto fluidization in the present study
because the flows are too thin to obtain any treatable signal using
the pressure measurement device of Roche et al. (2010). Assuming
(partial) auto fluidization occurs, it would not result from the inges-
tion of the ambient air by the plunging waves as proposed for flows
in rotating drums (Bareschino et al., 2008) because these waves
form only at aN6–7, but rather from shear induced differential air-
particle motion (Roche et al., 2008). We acknowledge that the trends
for the fine particles could suggest, alternatively, that initial fluidiza-
tion does not influence the flow behavior at aN4. We stress, however,
that (1) high pore pressure should be maintained for most the dura-
tion of the initially fluidized flows of fines regardless a (see Section 3),
and (2) that the trend of the initially dry flows of fines departs from
that of all other types of flows.

5.1.3. Scaling laws of the flow run-out
A key result of our experiments regarding the scaling law r*=λan

in case of initial fluidization is that, compared to the same dry
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material and at given a, the coefficient λ increases whereas the expo-
nent n is constant (except for the dry fine particles at high a whose
case is treated in Section 5.1.2). We recall that internal friction is
first negligible in the fluidized granular columns and then increases
through pore pressure diffusion in the propagating flows. In conse-
quence, the amount of increase of λ reflects a mean friction, lower
than that of the dry material and which varies inversely with the
pore pressure diffusion timescale, so that the increase in λ is almost
negligible for the coarse particles but is significant for the fines.
Hence, our study provides experimental evidence of the relevance
of Eq. (5) to describe empirically the run-out of fluidized flows.
Note that the friction angle δ in Eq. (5) is not an intrinsic property of
the material, but rather reflects the mean effective friction (i.e., related
to the mean energy dissipation) during the flow (see Section 2.2). As
predicted by Eq. (5), the reduced granular friction due tofluidization re-
sults in an increase of λ (Fig. 6).

Our analysis supports the conclusion of Balmforth and Kerswell
(2005) that states that λ is material dependent, which, in light of
Table 1
Scaling laws in the experiments of the present study.

Particle type Coarse Coarse

Initial condition Dry Fluidized

r*=(rf− ri)/ri a 1.40 a, (ab1.6) 1.48 a, (ab1.6)
a 1.82 a1/2, (aN1.6) 1.99 a1/2, (aN1

h*=hf/ri a, (ab0.7) 0.26 a1/3, (ab5
~0.7, (0.7bab7) l a−1/2, (aN5) e

∝ a−1/2, (aN7) l

hf/rf g 0.42 a1/2, (ab0.7) 0.10 a−0.15, (ab
0.27 a−1/2, (aN0.7) 0.43 a−1, (aN5

(rr− ri)/ri k

Regression coefficients are a N0.98, b 0.88, c 0.96, d 0.86, e 0.78, f 0.76, g N0.97 (except h–i 0.
our results, can be explained by the relatively large range of material
friction angle used in their study (assumed to be equal to the material
repose angle ϕ=24.5–36.5°). In contrast, this contradicts the findings
of Lube et al. (2004) based on experiments involving dry granular
materials with friction angles in a very narrow range (ϕ=30–35°).
Indeed, for this small range of friction angles, numerical simulations
show that the effective friction coefficient of the granular medium
saturates towards an almost constant value (Mangeney et al., 2006,
their Fig. 2). We note that for our initially dry flows at low a, λ for the
fine material (with ϕ=28°) is slightly higher than for the coarse one
(with ϕ=25°). This does not necessarily contradict the λ-dependence
on material properties as (1) both materials may have actually the
same friction angle (~25°) as the higher repose angle of the fine mate-
rial could result from moderate ambient moisture effects, and (2) the
fine material might experience partial auto fluidization at low a (see
Section 5.1.2), thus causing a higher normalized flow run-out.

Another important result is that the decrease of n from 1 to 1/2
when a increases (except for the dry fine particles for which n
Fine Fine

Dry Fluidized

1.61 a, (ab1.6) 2.49 a, (ab1.1)
.6) 1.84 a~2/3, (aN1.6) 2.53 a1/2, (1.1bab17)

1.68 a0.69, (aN17) b

) c 0.84 a, (ab1) d ~0.1–0.2
~0.95, (1bab6) l

∝ a−1/2, (aN6) l

5) 0.29 a1/2, (ab1) h 0.05 a−0.4, i

) j 0.33 a−1/2, (1bab6)
0.78 a−1, (aN6)
∝ a~1/2, (1st ridge) ∝ a~1/3

∝ a~1/3, (2nd ridge)

91 and j 0.93), and k 0.66–0.91. l Arbitrary fit.
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decreases to ~2/3), as reported in earlier studies on 3D column col-
lapse of dry coarse material, is also a characteristic of initially fluid-
ized flows. The analysis of Lajeunesse et al. (2004) shows that by
approximating deposits of dry flows at high a as cones then rf/ri is
proportional to a1/2 if one assumes that hf/ri is constant (see their
Eq. (5)). In this context, we stress that r*=(3ari/hf)1/2−1 and that
ri/hf is constant only at ab~10 in our experiments (Fig. 7). This
means that the axisymmetrical spreading of the column may partly
contribute to account for the dependence of r* on a1/2 at high a, but
there exists at least another control parameter, yet to identify. We
highlight that n=1 at low a indicates that rf−ri=λhi, that is, the flow
run-out from the edge of the column is proportional to the original col-
umn height, which is the relevant typical length scale for normalizing
the flow run-out in the granular column collapse configuration (Lucas
and Mangeney, 2007; Roche et al., 2008).

5.2. Comparison with natural data and implications

We now follow the approach of Lucas and Mangeney (2007) and
compare our experimental results with data on natural granular
mass flows in order to infer their effective friction angle in the context
of the thin layer approach and discuss their emplacement mecha-
nisms. We consider the Valles Marineris (VM) landslides on Mars
whose emplacement mechanisms are controversial. The data are
from Lajeunesse et al. (2006) based on the study of Quantin et al.
(2004) after the altimetric MOLA grid (MEGDR products) and the sat-
ellite images IR-THEMIS, and independently from Lucas et al. (2011)
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after CTX and HRSC images in addition to MOLA shots (PEDR prod-
ucts) and THEMIS data sets. The run-out data of Lajeunesse et al.
(2006) define a scaling law similar to that in experiments on dry
granular flows (i.e., n~1). Recent complementary data of Lucas et al.
(2011), however, show that the trend is not as clear (see Fig. 9). Nev-
ertheless, these landslides provide a unique data set for comparison
with laboratory experiments and thin layer approaches for the fol-
lowing reasons. (1) They derive from the collapse of steep cliffs and
lay on a nearly flat substrate (1–2°), so that the granular column col-
lapse configuration is a good analog of these events. Note that the
shape of the released masses is not exactly a column but this almost
does not affect the run-out distance, even though the detail of the de-
posit morphology can be sensitive (Lucas et al., in 2011; Thompson
and Huppert, 2007). (2) The aspect ratio of the mobilized material
is small (ab1). (3) The geometrical parameters of the releasedmasses
(i.e., ri and hi) and of their resulting deposits (i.e., rf and hf) can be well
constrained thanks to the absence of vegetation and a very low ero-
sion rate since the landslides emplacement. This contrasts fundamen-
tally with terrestrial cases and explains why data for a range of a are
not available in literature. As pointed out by Lucas and Mangeney
(2007), based on the analysis of Mangeney-Castelnau et al. (2005),
though gravity acceleration on Mars is smaller than on Earth and den-
sity (and to some extent size) of the particles may be different from
that in experiments, these parameters only affect the dynamic vari-
ables so that only the flow velocity and the duration of emplacement
are gravity dependent (cf. Meruane et al., 2010). This is true if the fric-
tion coefficient is not gravity dependent, and in this context we stress
that a variable coefficient (e.g., Pouliquen and Forterre, 2002) would
not allow to reproduce the experimental scaling laws (see Section
3.2 of Mangeney-Castelnau et al., 2005).

Fig. 9 shows that the normalized run-out of the VM landslides is
higher at given a than that of our experimental flows, including those
with low friction. This result can be interpreted in two ways: either (1)
the physical mechanisms that control the emplacement of the granular
masses are length scale dependent (i.e., the forces are of different relative
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Fig. 9. Comparisonwith natural cases.Normalized run-out distance of the VallesMarineris
(Mars) landslides (Lajeunesse et al., 2006; Lucas et al., 2011) and of our experimental
flows as a function of the aspect ratio, a. Note that Lucas et al. (2011) consider landslides
whose propagation was not constrained by any topographic barrier. Effective friction an-
gles in the context of the thin layer approach are indicated. Low angles are inferred for the
VM landslides,whose data are delimited by large dashed lines corresponding toλ ~3.3 and
λ ~11.5, assuming no regional slope or a slope of 2°, respectively (numbers in bracket).
magnitude at the laboratory and natural scale), or (2) assuming scale in-
dependence, the mean energy dissipation of the VM landslides (i.e. the
mean effective friction coefficient) is lower than that of a frictional dry
granular material as proposed by Lucas and Mangeney (2007). The fol-
lowing discussion deals with the second hypothesis. The study of Lucas
and Mangeney (2007) shows from numerical modeling on real 3D to-
pography that though the gentle regional slope (up to ~2°) at Valles
Marineris can explain a run-out increase it is not high enough to account
for the natural data if one assumes energy dissipation equivalent to that
of a frictional dry granular material. In light of our experimental results,
the contribution of at least one mechanism proposed in the literature to
explain low energy dissipation in natural granular flows (see Section 1)
should be considered. In particular, friction reduction due to the pres-
ence of a fluid as proposed by Luchitta (1979), McKenzie et al. (2002),
and Quantin et al. (2004) cannot be ruled out for the VM landslides
(though some other mechanisms might have operated), in contrast to
the findings of McEwen (1989) and Lajeunesse et al. (2006).

Eq. (5) provides estimates of the effective friction angles from λ
values. First, we take into account λ values for the VM landslides
(~3.3bλb~11.5, from Fig. 9) and for our experiments at ab1.6
(n=1, Table 1). Considering our dry coarse granular flows and as-
suming δ=25–28° (cf. Mangeney-Castelnau et al., 2005), we obtain
α=0.65–0.74. With these values of α, we deduce δ=14.6–16.5°
and δ=23.7–26.6° for our initially fluidized flows of fine and coarse
materials, respectively, whereas δ=3.2°–12.6° (no regional slope)
and δ=5.2°–14.5° (θ=2°) for the VM landslides (Fig. 9). Note that
these last values of δ encompass those needed in numerical simula-
tions of flows over realistic 3D topography to fit the natural deposits
(Lucas and Mangeney, 2007; Lucas et al., 2011). Low energy dissipa-
tion in the VM landslides is confirmed as well by discrete element
models. The study of Smart et al. (2010) shows that internal and basal
friction angles as small as 5.7° and 0°, respectively, for half the travel dis-
tance are required to simulate the large run-out of these landslides. Even
if small energy dissipation is not mentioned explicitly in Staron (2008),
their discrete element models also require friction angles between the
grains lower than δ=5° to account for the landslides run-out distances
(see their Fig. 8), even though the simulations are performed on steeper
slopes. The same simulations using a friction angle δ=45° overestimate
by a factor ~2 the run-out distance of experimental granular flows (i.e.,
λ=2.5 instead of 1.2; Staron and Hinch, 2005, their Fig. 6). The work
of Lacaze et al. (2008) suggests that DEM simulations only reproduce
quantitatively experimental results with appropriate friction angles
when the experimental setup is correctly simulated (i.e., 2D planar ex-
periments have to be simulated using 3D configurations taking into ac-
count wall friction).

6. Conclusion

Our experimental investigation on the emplacement of geophysical
granular flows complements earlier works on dry granular materials as
it addresses flows of lower friction resulting from the collapse of fluid-
ized columns. Internal friction is negligible in the initial columns and
then increases in the propagating flows as pore pressure diffuses.
Hence, initial fluidization has little influence on flows of coarse
(d~330 μm) particles because pore pressure diffuses rapidly and inter-
nal friction is reacquired almost instantaneously. In contrast, high pore
pressure is maintained for most the duration of the flows of fine
(d~75 μm) particles, thus conferring a low mean friction.

The modes of flow propagation and the scaling laws that charac-
terize the morphology of the deposits provide information on the
flow dynamics. Waves are present at the surface of the flows at high
aspect ratios (aN~3–7) and in many cases lead to the formation of
ridges in the deposits, suggesting that such structures could exist in
nature in case of similar initial conditions. The normalized flow run-
out is equal to λan, as shown in previous studies on dry flows of
coarse grains. Our results reveal, however, (1) that the coefficient λ
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varies inversely with the mean friction of the flow, thus providing ex-
perimental evidence of the relevance of the analytical law of Lucas
and Mangeney (2007, Eq. 5), and (2) that the exponent n is indepen-
dent of that mean friction. More importantly, our results show that
these scaling laws are not only typical of dry granular flows, as claimed
in the literature, but also characterize flows of low friction and thus low
energy dissipation. The decrease of n from 1 to 1/2 at increasing a (ex-
cept for the dry finematerial) reflects mainly axisymmetrical spreading
of the granular column (i.e., Lajeunesse et al., 2004). In this context, we
highlight that values of nb1 at high a in experiments on dry flows in the
channel configurationmay reflect essentially sides effects, which is sup-
ported by the fact that n approaches one when the channel width in-
creases (e.g., Balmforth and Kerswell, 2005, see Table S1). This
suggests that when axisymmetrical spreading is negligible (i.e., n=1
and rf−ri=λhi), in 2D or at low a in 3D, the flow run-out from the
edge of the column that results from a conversion of potential energy
into kinetic energy is simply proportional to the original column height,
which is the relevant length scale parameter, and varies inversely with
the mean energy dissipation (Lucas and Mangeney, 2007; Roche et al.,
2008). Note, however, that the initial width, ri, used in earlier investiga-
tions to normalize the flow run-out is useful to obtain elegant data col-
lapse and well-defined scaling laws for the column collapse
configuration (Lajeunesse et al., 2004; Lube et al., 2004).

Our study reveals that initially dry flows of fine particles could ex-
perience (partial) auto fluidization (cf. Roche et al., 2010). In this con-
text, the exponent n~2/3 at high a may result from the combination
of this effect and of axisymmetrical spreading (cf. n=1/2). Auto-
fluidization is appealing to account for the long run-out distance of
dense gas–particle mixtures such as pyroclastic flows, and this will
be addressed in detail in future investigations.

Comparison of our experimental results with published data on the
Valles Marineris (VM) landslides on Mars shows, if one assumes that
the physical processes are length-scale independent, that energy dissi-
pation for these natural flows ismuch lower than that of typical dry fric-
tional granular materials, in agreement with Lucas and Mangeney
(2007) and Lucas et al. (2011). Following Lucas and Mangeney (2007)
in the context of the thin layer approachwe determine effective friction
anglesb~15° for the VM landslides, thus suggesting that a least one
physical mechanism contributed to low energy dissipation during
their emplacement. The method applied to treat the VM landslides
data can be used as well for any type of terrestrial granular flows for
which the column collapse configuration is relevant.
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