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Experimental observations of water-like behavior of initially fluidized,

dam break granular flows and their relevance for the propagation
of ash-rich pyroclastic flows

0. Roche,' S. Montserrat,” Y. Nifio,> and A. Tamburrino®

[11 The physics of ash-rich pyroclastic flows were investigated through laboratory

dam break experiments using both granular material and water. Flows of glass beads of
60—90 um in diameter generated from the release of initially fluidized, slightly expanded
(2.5-4.5%) columns behave as their inertial water counterparts for most of their
emplacement. For a range of initial column height to length ratios of 0.5—3, both types of
flows propagate in three stages, controlled by the time scale of column free fall ~(hy/g)"",
where /o denotes column height and g denotes gravitational acceleration. Flows first
accelerate as the column collapses. Transition to a second, constant velocity phase occurs
at a time #/(ho/g)"* ~ 1.5. The flow velocity is then U ~ /2(gho)"?, larger than that
for dry ginitially nonfluidized) granular flows. Transition to a last, third phase occurs at
t(ho/2)"? ~ 4. Granular flow behavior then departs from that of water flows as the
former steadily decelerates and the front position varies as ¢, as in dry flows. Motion
ceases at #/(ho/g)""? ~ 6.5 with normalized runout x/hy ~ 5.5—6. The equivalent behavior
of water and highly concentrated granular flows up to the end of the second phase
indicates a similar overall bulk resistance, although mechanisms of energy dissipation in
both cases would be different. Interstitial air-particle viscous interactions can be dominant
and generate pore fluid pressure sufficient to confer a fluid-inertial behavior to the
dense granular flows before they enter a granular-frictional regime at late stages. Efficient

gas-particle interactions in dense, ash-rich pyroclastic flows may promote a water-like

behavior during most of their propagation.

1. Introduction

[2] Geophysical granular flows commonly occur in
various environments, and prediction of their behavior is
crucial for hazard assessment. Pyroclastic density currents
represent major threats for populations and infrastructure
[Druitt, 1998; Freundt and Bursik, 1998; Branney and
Kokelaar, 2002]. They are commonly generated during
volcanic eruptions by the collapse of lava domes [Cole et
al., 2002] or explosive eruption columns [Sparks and
Wilson, 1976], as well as by sedimentation of dilute ash
clouds when these interact with topography [Druitt et al.,
2002] (Figure 1). These density currents consist of hot
mixtures of particles and volcanic gas and can propagate
from their vent over distances of several kilometers on very
gentle slopes. Analyses of the characteristics of their deposits
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led to the identification of two end-member conceptual
models, possibly delimiting a continuum, as the parent
currents are thought to be dilute, turbulent pyroclastic
surges [e.g., Fisher, 1966; Branney and Kokelaar, 1992]
or dense granular flows [e.g., Sparks, 1976; Wilson, 1986].
Our study focuses on dense flows, being in most cases a
rapidly moving basal dense granular avalanche overridden
by a dilute ash cloud [Denlinger, 1987; Fisher, 1995].

[3] Prediction of the behavior of pyroclastic flows can be
achieved through analytical and numerical simulations
provided that the physics and derived constitutive relation-
ship for flow motion are known, and this represents a
challenging issue. Insights into the general flow behavior
are obtained from analytical calculations [Denlinger, 1987;
Beget and Limke, 1988; Levine and Kieffer, 1991], and an
accurate mode of emplacement can be investigated from
numerical simulations. As for other types of geophysical
flows, the aim of the numerical simulations is to solve the
equations of conservation of mass and momentum intro-
ducing a closure for the resistance of the flow. Pyroclastic
flows have been the focus of several studies based on more
or less sophisticated methods, including kinetic [McEwen
and Malin, 1989; Saucedo et al., 2005; Wadge et al., 1998],
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Figure 1. Schematic representation of pyroclastic flow
generation mechanisms. Gravitational collapse of (a) a large
eruptive column and (b) a lava dome. PF and D denote
pyroclastic flow and dome, respectively.

depth average [Sheridan et al., 2005; Kelfoun et al., 2008;
Mangeney et al., 2007], and multiphase [Valentine and
Wohletz, 1989; Neri et al., 2007] approaches. One of the
major limitations of these models is the nature of the
resistance stress, which is assumed to be frictional Coulomb-
type or constant, viscous (proportional to the flow velocity,
U), inertial-turbulent (proportional to U?), or a combination
of these (see for instance the related analysis for two-phase
flows by Ancey [2007]).

[4] Information on the processes governing pyroclastic
flows can be obtained from extensive works on the physics
of granular flows. However, despite intensive research, the
fundamental mechanisms of these flows are still controver-
sial and the nature of the constitutive equations represents a
matter of debate, particularly when interstitial fluid effects
can become important [GDR MiDi, 2004; Forterre and
Pouliquen, 2008]. Dense flows with particle concentrations
close to maximum packing of the static material have been
the focus of several studies, as summarized for instance by
GDR MiDi [2004]. Inertia is recognized as important within
those flows, but more important are interparticle collisional
and frictional contacts that resist motion and dissipate
energy. Seminal experimental and theoretical works com-
monly considered the steady regime on inclines at angles
close to the angle of repose (~30°) of the granular material.
The analysis assumes a frictional rate-independent Coulomb-
type friction law [Savage, 1984; Savage and Hutter, 1989]
or that energy dissipation results from both frictional and
collisional contacts [Johnson and Jackson, 1987; Johnson et
al., 1990]. Later works revealed a complex form of energy
dissipation, as friction is depth-dependent [Pouliquen,
1999] and flow rheology is of viscoplastic nature charac-
terized by a yield shear stress and a complex dependence on
shear rate [Jop et al., 2006, Forterre and Pouliquen, 2008].

[5] In pyroclastic flows, fluidization of the granular mass
by an upward flow of gases of internal sources or air
ingested is assumed to be a major mechanism that controls
the dynamics of emplacement and adds complexity to their
understanding [Sparks, 1978; Wilson, 1980, 1984; Druitt et
al., 2007]. For instance, experimental studies on continu-
ously fluidized flows on an inclined or horizontal substrate,
for which basal and internal friction are considerably
reduced, revealed that the internal velocity profiles and
segregation processes can be different from those of non-
fluidized cases [Ishida et al., 1980; Takahashi and Tsujimoto,
2000; Eames and Gilbertson, 2000]. The aim of the present
experimental study was to investigate unsteady granular
flows generated from the quasi-instantaneous release of a
static gas-fluidized column. No subsequent source of gas is
provided during flow emplacement. The purpose of initial
fluidization of the granular column is to weaken the contact
forces in the particles’ chain network in order to investigate
how this imposed initial condition influences the subsequent
flow dynamics. This extends earlier works by Roche et al.
[2002, 2004, 2005], which revealed that initially fluidized
granular flows share some similarity with buoyancy-driven
gravity currents of pure Newtonian fluid. Similar experi-
ments were also carried out recently by Girolami et al.
[2008] with pyroclastic material. The reader may refer to
work by Fan and Zhu [1998] and Rhodes [1998] for the
fundamentals of gas fluidization and to work by Wilson
[1980, 1984] and Druitt et al. [2007] for aspects more
specific to pyroclastic materials.

[6] In the present study, we carried out dam break-type
experiments with granular material and investigated a range
of different initial column aspect ratios in a rectangular
reservoir, as considered in experiments with flows in which
the interstitial fluid has no effect [Balmforth and Kerswell,
2005; Lajeunesse et al., 2005; Lube et al., 2005]. In order to
determine to what extent the behavior of a dense granular
flow, initially fluidized or not, is comparable to that of a
pure fluid under dam break conditions, we also carried out
experiments using water in the same flume. For this, we
studied the flow kinematics quantitatively using appropriate
time and length scales. Our results reveal that the interstitial
air within dense granular flows can have a fundamental
influence as these behave like their water counterparts for
most of their emplacement. This is what we mean by water-
like behavior throughout this paper.

2. Principles of Dam Breaking

[7] We investigated unsteady flows of dense granular
matter on the basis of the dam break concept, which is a
classical issue in the context of engineering applications
dealing with catastrophic flows of water or mixtures of
water and particles [Chow, 1959; Graf and Altinakar, 2000].
The seminal analysis by Ritter [1892] considers a 2-D open
channel flow, propagating on a horizontal surface, generated
from the quasi-instantaneous release of a material initially at
rest in a reservoir of height 4o, which is considered as semi-
infinite (Figure 2). Ritter’s depth-averaged analysis neglects
frictional and turbulent resistive effects and assumes hydro-
static pressure conditions and negligible vertical accelera-
tion. The flow depth is predicted to decrease monotonically
as the consequence of the formation of two waves, one



Figure 2. The concept of dam breaking [Ritter, 1892]. The
case of an ideal frictionless fluid propagating on a dry
substrate is shown before (¢y) and after (#;) the opening of
the sluice gate. Two waves propagate, one forward in the
channel at speed U= 2(ghy)'""? and the second backward in
the reservoir at U, = (gho)” 2,

retreating backward in the reservoir at a speed U = (gh,)"
and the second propagating into the channel at a higher
speed U = 2(gho)"?. Since this earlier work, the dam break
issue has received much attention, and subsequent studies
developed more sophisticated analyses and particularly
addressed flow resistance by introducing a hydraulic resis-
tance term [Dressler, 1954; Whitham, 1955]. Following
these classical approaches, experiments on dam break flows
of water commonly dealt with reservoirs having a height
much smaller than their length [Dressler, 1954; Bell et al.,
1992; Lauber and Hager, 1998; Janosi et al., 2004; Leal et
al., 2006]. Leal et al. [2006], in particular, reviewed several
experimental studies that reveal that water flows propagate
into the channel at a speed of U ~ v/2(gho)"%, lower than
that predicted by Ritter [1892]. Recently, Hogg and Woods
[2001] and Hogg and Pritchard [2004] presented theoretical
analyses of the dam break problem, specifically addressing
flow resistance in these unsteady flows and providing
reasonable interpretation of experimental observations. This
is further discussed in section 5.1 in connection with our
experimental results.

3. Experimental Device and Procedure

[8] Dam break experiments with granular matter or water
were conducted in an experimental apparatus consisting of a
reservoir and a horizontal channel separated by a vertical
sluice gate (Figure 3). The apparatus is made of smooth
Perspex plates. For experiments on granular flows, the
reservoir is equipped with a basal porous plate through
which air is introduced vertically from a wind box to
generate a fluidized granular column [Roche et al., 2002].
Air is dried by means of filters, and its flux is controlled by
a series of manometers. The channel is 3 m long, and both
the reservoir and the channel have widths of 10 cm.
Transparent lateral walls allow for video analysis of the
emptying reservoir and propagation of the flow in the
channel. The initial column height in the reservoir (%)
and reservoir length (xo) were varied so that A¢ is in the
range from 10 to 40 cm and x, is in the range from 10 to
20 cm, and we considered aspect ratios

ho
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r
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of 0.5-3.

[9] For granular flows, we used glass beads of grain size
d in the range from 60 to 90 um (dso = 75 pum) and density
ps = 2500 kg m >, with a loose packing volume fraction
co = 0.58 + 0.02 so that the bulk density of a granular
column is p;, = 1450 + 50 kg m . Before each experimental
run, the particles were subjected to an intense flux of dry air
in a fluidization rig in order to reduce as much as possible
the cohesion effects caused by ambient moisture. Then,
particles were poured into the reservoir, and the granular
column could be fluidized by means of a flux of dry air
passing through the basal porous plate. As air ascends into
the granular pile, the drag force generated counterbalances
the weight of the grains, thus, reducing substantially the
intensity of the interparticle contacts in the force chain
network. The particles used belong to group A of Geldart’s
[1973] classification that describes the behavior of gas-
particle fluidization. This means that particulate (homoge-
neous) fluidization is possible over a range of gas flow
velocity, which is observed for many industrial materials but
also for samples of ash-rich pyroclastic flow deposits
[Druitt et al., 2007]. The granular column was fluidized at
the following velocities, defined as the mean flow rate
divided by the cross-sectional area of the reservoir: (1) the
minimum fluidization velocity (U,,,= 7.5 mm s~ ') at which
the bed is fully supported and pore fluid pressure is
maximum, as the weight of the particles is balanced by
the drag force caused by air motion, but the packing volume
fraction is not modified, and (2) at a larger velocity (U,,, =
1.6—1.7U,,) just before gas bubbles form and at which the
maximum expansion of the column in the present case is
only e = 2.5-4.5% [Rhodes, 1998]. It is important to note
that no air flux is provided in the channel during flow
propagation, so that the dynamics of emplacement is par-
tially affected by the diffusion of the pore fluid pressure
generated in the initially fluidized granular column. For
comparison, flows were also generated from granular
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Figure 3. Sketch of the experimental device used for dam
break experiments with both granular matter and water.
Material is released from the reservoir into the channel by
means of a vertical sluice gate (vertical dashed arrow). For
granular flows, the initial column can be fluidized by means
of an air flux introduced at the base of the reservoir through
a porous plate. Initial conditions are the initial column
height in the reservoir (hg) and reservoir length (xp).
Kinematic parameters are the collapsing column height in
the reservoir (4.), the mean height of the flow in the channel
estimated as the average height of the central third (%), the
flow front position from the gate (x), and the flow front

velocity (U).
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Figure 4. Snapshots of dam break flows (time in milliseconds). Flows generated from columns (4o =
20 cm, xo = 10 cm, and r = 2) of (a) dry granular material; (b) fluidized, slightly expanded (e =2.5-4.5%)
granular material with air velocity U,,;, in the reservoir; and (c) water (dyed). After release, Figures 4b
and 4c propagate at almost constant height and velocity (e.g., = 283 ms), and water flows are inertial at
that stage. Initially fluidized granular flow behavior departs from that of water flows only when the

column height has decreased to almost the flow height at the entrance of the channel (¢ > 450 ms).

columns with no air flux in the reservoir, and these are
called dry hereafter. For experiments with water, we used a
reservoir with an impermeable base. Great care was taken to
ensure that no filtration occurred at the sluice gate and that
the channel was perfectly dry before release of the static
liquid column. Flows of water always reached the open end
of the channel and were collected in a tank. Water spread
until surface tension forces dominate, thus leaving a thin
liquid layer of about 2 mm. In order to facilitate video
analysis, water in the reservoir was dyed with natural
pigments, and the rear part of both the reservoir and the
channel was covered with tracing paper in order to provide
uniform illumination when lighted from behind. Experi-
ments were recorded at 30—90 frames s~ ', and a mark
adapted to the sluice gate allowed for accurate determina-
tion of the moment at which opening began. Videos were
analyzed to determine kinematic parameters describing flow
motion, such as the column height in the reservoir (4.), the
mean height of the flow in the channel (%)), and the flow
front position from the gate (x) (Figure 3). The mean flow
height was estimated as the average height of the central

third of the current for convenience. This provides a good
estimate of the mean height of the entire flow as it is thicker
near the gate and thins at the front in the same proportion.
We did not detect significant wall effects on the flow height,
and it was rather constant in the cross section.

4. Experimental Results
4.1. Characteristics of Flow Kinematics

[10] Under the range of initial configurations, all types of
granular flows formed a deposit whose longitudinal extent
was lower than the channel length. Flow duration and
runout were 0.66—1.28 s and 0.60—2.20 m, respectively,
for initial granular columns fluidized at U,,,; 0.56—1.04 s
and 0.43—1.55 m for columns fluidized at U,,,; and 0.46—
0.92 s and 0.23—1.01 m for dry columns. Flows of water
and granular material resulting from fluidized columns have
a very similar morphology for most of their emplacement
(Figure 4). The drag exerted by the sluice gate when it is
suddenly removed affects only a very thin layer of the
column and has a negligible influence on the bulk flow
behavior. Once the gate is open, flows are generated from
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Figure 5. Vertical descent of the water column within the reservoir (4o =30 cm, xo = 10 cm, and r = 3).
M indicates the mark on the sluice gate, and numbers indicate time.

the bottom of the column and material is evacuated from the
reservoir. A surface dam break wave propagates backward
in the reservoir at r < 1.5, as predicted by Ritter’s [1892]
analysis. In contrast, the column drops vertically with little
deformation of the top at » > 1.5 (Figure 5). Then, flows
propagate at an almost constant height for a while. This
contrasts with dry flows that are generated from flank
avalanches and propagate as wedges, as described previ-
ously [Roche et al., 2002, 2004; Balmforth and Kerswell,
2005; Lajeunesse et al., 2005; Lube et al., 2005]. Finally,
flows spread into the channel, and granular flows finally
come to halt, whereas water flows continue past the channel
end. Deposits of the granular flows resulting from fluidized
columns have a horizontal upper surface in the reservoir,
where the material thickness is slightly less than that at the
entrance of the channel. Within the channel, their upper
surface dips gently toward the front at an angle of about
1-2°. This contrasts with deposits resulting from dry
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granular columns as the slope angle of their upper surface
in the reservoir is close to the angle of repose of the material
(~30°) and the thickness steadily decreases downstream.
[11] Flows emplace in three distinct stages, and dry flows
depart significantly from the others (Figure 6). During the
first, collapse phase, flows generated from granular columns
fluidized at U,,s or U,,; and from water columns steadily
accelerate at low Ay (<20 cm) or enter almost immediately
into a first constant velocity phase at high /¢ (>20 cm). The
flow height in the channel steadily increases while the
column height decreases as the reservoir empties at a nearly
constant rate. Dry flows propagate at slower velocities, and
at a given time their height in the channel is significantly
higher than that of the other types of flows. Then, water and
initially fluidized granular flows enter into a second, con-
stant velocity phase. Transition between the first and second
phases occurs when the flow height in the channel has a
maximum value (4, ~ 0.2h¢), whereas the column height is
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Figure 6. Kinematic data of dam break flows. Flow kinematics for reservoir aspect ratio » = 2, with
flow front position (x), and column and flow height (%) as a function of time (¢) for (a) sy = 20 cm and
Xo = 10 cm and (b) Ay = 40 cm and xy, = 20 cm. Numbers in circles correspond to phases 1 (column
collapse), 2 (constant velocity), and 3 (stopping phase of granular flows). Granular flows generated from
columns fluidized at U,,, behave as water flows until transition between phases 2 and 3. Dashed lines
indicate that water flows continue. Dry flow behavior clearly departs from that of other types.
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Figure 7. Nondimensional kinematic data of dam break
flows. Data are shown for various reservoir aspect ratios r
with normalized (a) column and flow height /4/h( and (b) flow
distance x/ho as a function of time #/t,, with #, = (ho/g)” 2,
Data for the column height are shown when the column
collapses with little deformation of the top (r > 1.5).
Numbers in circles correspond to phases 1 (column
collapse), 2 (constant velocity), and 3 (stopping phase of
granular flows). Dry granular flows are marked with a d in
the plot.

about half its initial value. In the case of high initial
reservoir height, this transition corresponds to a sudden
acceleration of the front (Figure 6b). During most of the
second phase, the flow height in the channel is approxi-
mately constant, except at the entrance of the channel and at
the flow front (Figure 4). A notable result is that granular
flows resulting from initially fluidized, slightly expanded
columns (at U,,;) and water flows propagate at almost the
same velocity. Water flows are inertial at that stage, as the
Reynolds number

Uh
Re — pw 'Y (2)
Hay

is 3 x 10*-2 x 10°, where p,, and p,, are the density and
dynamic viscosity of water, respectively, and U is the flow
front velocity. Granular flows generated from nonexpanded
fluidized columns (at U,,) propagate less rapidly, whereas
the column height in the reservoir and the flow height in the
channel are similar to those of flows of water and those
resulting from slightly expanded fluidized columns (at
U,.»). Compared to other cases, dry flows are significantly
slower during this stage although their height in the channel
has acquired about the same value, and the column height in
the reservoir is now much larger. Transition to a last, third
phase is identified from the data of water flows and that of
granular flows generated from columns fluidized at U,,,.
This occurs when the column height has dropped to almost
that of the flow in the channel, i.e., when the driving
pressure between the material in the reservoir and the
channel has reduced significantly. The behavior of the
initially fluidized (at U,,;) granular flows only departs from
that of water flows at that stage. Although data of flow and
column heights are similar, those of the flow front position
clearly deviate from each other. During this third phase,
water flows propagate at a velocity slightly smaller than that
in the second phase, whereas the granular flows steadily
decelerate. It is worth noting that our first (acceleration) and
second (constant velocity) phases correspond to the
slumping phase described for fluid gravity currents
[Huppert, 2006].

4.2. Collapse of the Kinematic Data

[12] The behavior of the dam break flows investigated in
our study can be characterized quantitatively through
scaling considerations. For this, we determined appropriate
time and length scales in order to collapse the kinematic
data of the experiments over a range of initial column aspect
ratios in the reservoir (r = 0.5—-3). We considered length
scales xo, /o, or (xoho)'? and time scales (xo/2)"%, (ho/g)"?,
or xo/(gho)'? and tested all possible combinations to plot
normalized data of length as a function of time. We
conclude that the appropriate time scale is (ho/g)l/ 2, which
is proportional to the characteristic time of free fall of the
column, (ZhO/g)l/ 2. whereas the relevant length scale is /g,
the initial column height in the reservoir. Other time and
length scales do not lead to collapse of the data for the range
of reservoir aspect ratios considered. The characteristic time
and length scales we used were proposed already to describe
the motion of dam break flows of water with reservoirs
having a very low aspect ratio (r < 1) [Leal et al., 2006],
and our experiments offer the opportunity to test the
relevance of those characteristic scales for reservoirs with
a higher aspect ratio. We note that the length scale chosen
by earlier works to describe the motion of dry granular
flows is the reservoir length xq [Lube et al., 2004; Lajeunesse
et al., 2005], and this issue is addressed hereafter.

[13] Figure 7 shows collapse of the data for water and
initially fluidized granular flows over the range of reservoir
aspect ratios investigated, and emplacement in three distinct
phases is controlled by the time scale (hy/g)"*. Transition
between the first (collapse) and the second (constant velocity)
phases occurs at dimensionless time #(ho/g)""? ~ 1.5, with
helhg ~ 0.5 and maximum flow height /,/hg ~ 0.2. At that
stage, data collapse of the flow front position for each flow
type is very good, whereas the normalized flow or column
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Figure 8. Kinematic data of the granular flows normalized
with the runout distance (x,) and the flow duration () for
the whole range of reservoir aspect ratios investigated (r =
0.5-3). All flows have the same relative duration and
distance of propagation for the three phases of emplacement.

height slightly decreases when the reservoir aspect ratio
increases. It is worth noting that gate opening is rapid as
its base is above the top of the collapsing column at times
t/(hy/g)"* less than about 0.3—0.5 (see also Figure 5).
Transition to the last, third (stopping) phase as the column
height in the reservoir has dropped to almost that of the flow
in the channel occurs at #(hy/g)"> ~ 4. During this phase,
normalized flow and column height both tend to 0.07—0.15.
There is a tendency for the normalized flow front position to
slightly decrease as the reservoir aspect ratio increases.
However, initially fluidized granular flows have similar
relative durations, #; so that #/(hy/g)"* ~ 5.5-6 and #/
(ho/g)""* ~ 6—6.5 at initial airflow velocity in the reservoir
U,yand U, respectively. On the other hand, motion ceases
at normalized distance x/hg ~ 4.5-5 (at U,,) and x/hy ~
5.5-6 (at U,,;;). Compared to dry cases, initial fluidization
of the granular column in the reservoir enhances the relative
flow duration and runout by a factor of ~1.2—1.4 and
~1.8-2.2, respectively. Dry granular flows depart from
others, as they propagate at lower front velocity with
transition between the first and the second phases occurring
earlier and with greater maximum flow height. The data of
the column height in the reservoir do not collapse under this
normalization. However, the data of the flow front position
do collapse, both in space and time.

[14] The relative duration and distance of propagation of
the three phases of emplacement are the same for the three
types of granular flows investigated. Figure 8 reveals very
good collapse of the front position, x, data as a function of
time, when using the runout, x5 and # as length and time
scales, except maybe for dry flows during the first phase.
The transition between the first and second phases occurs at
~25% of the flow duration and runout, whereas that
between the second and third phases occurs at ~65% of

the flow duration and ~80% of the runout. During the third,
stopping phase, granular flows generated from fluidized
columns behave as their dry counterparts. When kinematic
data (x versus ¢) are plotted in logarithmic scales, the best fit
of the values when flows decelerate and before their motion
ceases (third phase) gives slopes of 0.30—0.35, and we
assume that the normalized flow front position varies with
time to the power 1/3 (Figure 9).

[15] Analysis of the kinematic data of our dam break
experiments shows that the characteristic time and length
scales, (ho/g)"? and ho, respectively, used previously to
describe the kinematics of dam break flows of water
generated from reservoirs having very low aspect ratios
[Leal et al., 2006], are also relevant in the case of reservoirs
of high aspect ratios (at least up to 3), for which no
backward wave in the reservoir occurs, and the column
rather collapses vertically as gravitational acceleration is
preponderant. We emphasize that the length scale x, used in
previous studies on dry granular flows [Lube et al., 2004;
Lajeunesse et al., 2005] is less appropriate for collapsing the
kinematic data over the range of initial column aspect ratios
tested (» = 0.5—3). Figure 10 shows the flow front position
normalized using x, instead of %, (x/xp). In that case,
collapse of the data is possible only for the same values
of the initial aspect ratio, and this applies to all types of
flows considered in this study, i.e., water flows and initially
fluidized and dry granular flows. We note that collapse of
the data for all aspect ratios is readily obtained if x/xq is
renormalized as (x/xq)/r = x/hy, as shown in Figures 7 and 9.

4.3. Flow Dynamics

[16] The dynamics of the flows can be investigated
through analysis of the Froude number (i.e., the normalized
flow velocity) during the first phase and/or the second phase
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Figure 9. Stopping phase of the granular flows. Flow
kinematics shown for various reservoir aspect ratios » with
normalized flow distance x// and time #/¢,, with o = (ho/g)">
in a log-log plot. The arrow indicates that water flows
continue. Granular flows, including dry ones (noted d),
steadily decelerate during the third, stopping phase as the
front position varies as 7'’ before they come to a halt (dashed
lines).
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Figure 10. Kinematic data of the granular flows generated
from columns (a) fluidized at U, or (b) with no air flux
(dry), shown for various reservoir aspect ratios r, with
normalized flow distance x/xq and time #/t,, with ¢, = (h¢/ g)” 2,
The data collapse only for experiments at the same r (i.e.,
1 and 2).

as the front velocity is nearly constant. We calculated the
source Froude number, defined as

U
(ho) ?)

F}”O =
and we note that this is also the slope in Figure 7b. Values of
Frg in the first phase can be determined for flows of water
and those generated from fluidized granular columns and
propagating at almost constant velocity at that stage, i.e., for
cases at sufficiently high initial reservoir height (ko >
20 cm). The calculation can be made in all cases for the
second phase. The results in Figure 11 reveal that, for the
first phase, values of Fr( decrease from about 1.2 to 0.7 as
the reservoir aspect ratio increases from 1 to 3 but are
independent of the type of flow. In the second phase, the
source Froude number is independent of the reservoir aspect

ratio. In flows of water and those generated from slightly
expanded granular columns fluidized at U,,, Fry has a
similar value, as a matter of fact, close to the theoretical
value v/2 for a steady orifice flow [White, 2003], and this
issue is addressed in section 5.1. In nonexpanded granular
flows initially fluidized at U, values of Fr, are lower, in
the range from about 1 to v/2. Dry granular flows have even
lower values as Fry ~ 0.9-0.95.

[17] Further insights into the flow dynamics are obtained
through analysis of the flow Froude number, defined as

Fr= v (4)

(gh)"*

The results are shown in Figure 12 as a function of the
normalized time, and we note that Fr = Fr /(hf/ho)l/ 2. Once
again, the data for dry flows are clearly distinguishable from
the others. During the first phase, of approximately constant
front velocity (at 4y > 20 cm), the flow Froude number
decreases with time as the flow height in the channel
increases. Values for the initially fluidized granular flows
tend to be slightly lower than those of water flows. We
observe a sudden acceleration between the first and second
phases, thus, explaining a sharp transition at #/(h/g)"> ~
1.5 in Figure 12, as mentioned in section 4.2 for data in
Figure 7. Thus, Fr increases as flows enter the second phase
and propagate at a larger (also approximately constant) front
velocity. For flows of water and of granular matter initially
fluidized at U,,;,, Fr is approximately constant and in the
range 2.8—3.2 during a time interval t/(ho/2)""* ~ 0.5. Then,
it increases gradually to about 3.5—4 as the flow height
decreases. Granular flows generated from columns fluidized
at U,,s propagate in the second phase at lower Fr values of
about 2.5-3.

5. Discussion
5.1. Mechanisms of Dam Breaking

[18] The results of our experiments on dam break flows
are now compared to those of similar works carried out with
water or dry granular material. Our experiments on flows
resulting from the release of water or fluidized granular
columns reveal notable differences from Ritter’s [1892]
simple model. At reservoir aspect ratios larger than about
1.5, no wave propagates backward in the reservoir, and the
column rather collapses vertically with its upper surface
remaining almost flat and horizontal (Figure 5). This shows
that gravitational acceleration cannot be neglected to de-
scribe dam break flows generated from reservoirs of high
aspect ratios. The flow in the channel propagates at a front
velocity U ~ v/2(gho)"?, independent of the initial reservoir
aspect ratio for » = 0.5-3. This velocity is lower than the
value predicted for the ideal frictionless case for which U =
2(gho)”2 [Ritter, 1892]. This means that resistance introdu-
ces important retardation of flow motion. We emphasize that
the flow front velocity we determined in our study is
consistent with observations made in water dam break
experiments, as reviewed by Leal et al. [2006, Figure 3].
Their water flows are generated from reservoirs having
low aspect ratios (» < 1), and their front velocity is given
by U ~ v2(gho)"* over normalized time #(hy/g)"? and
distances x/hy of about 5 and 6, respectively and subsequently
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Figure 11. Source Froude numbers of the flows Fro = Ul(gho)"?, as a function of the reservoir aspect
ratio », for (a) the first and (b) the second phases of emplacement. The dashed line indicates that the
theoretical value Fro = v/2 for a steady orifice flow. In Figure 11a, data correspond to experiments with
water and initially fluidized granular flows and of initial column height %y > 20 cm, i.e., to flows that

propagate at constant velocity.

decreases slowly. Interestingly, our data show that this flow
front velocity is the same for a large range of reservoir
aspect ratios.

[19] In recent theoretical analyses of dam break flows of
a pure fluid, Hogg and Woods [2001] and Hogg and
Pritchard [2004] showed that in the inertial regime, with
negligible internal viscous forces, motion results from a
balance between the streamwise gradient of hydrostatic
pressure (buoyancy), fluid inertia, and resistance (presum-
ably dominated by drag at boundaries). Hogg and Pritchard
[2004] tested various resistance terms in their depth average
models, assuming that resistance at boundaries derives from

(1) viscous effects (£ ~ u(Ulh)”), where & is the resistance
stress, p is dynamic viscosity, /4 is the flow depth, and « is
some exponent; (2) Coulomb-like friction (£ proportional to
pgh) that is uniform throughout the fluid domain, where p is
the fluid density; or (3) shear drag associated with turbulent
fluid motion (¢ proportional to pU?). They compared their
results to those of some experimental studies and concluded
that models with a turbulent, Chezy-type drag term having
the form ¢ = pC,U?, where C, is a drag coefficient with a
value of 0.001-0.01, best describe the motion of dam break
flows of a pure Newtonian fluid. They showed that drag,
which is applied on the whole extent of the flow, has a
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for the first and second phases of emplacement of all types of flows. A sharp transition occurs at #/fy ~ 1.5
as a sudden acceleration between the two phases is observed.



(a)

(c)

Figure 13. Schematic representation of flows propagating at front velocity U (a) in the case of ideal

frictionless dam breaking, U = Z(gho)”2 [Ritter, 1892]; (b) in this study, U ~

steady orifice flow, U = v/2(gho)".

greater effect at the flow front where the local driving
pressure is small because of small height, and in conse-
quence the fluid builds up and the front steepens to increase
the pressure gradient, which counters the flow resistance.
The distance over which drag at boundaries has a significant
influence is expected to increase with time. The calculated
front velocity is smaller than that predicted if drag at
boundaries is neglected, so that U/(gho)l/ 2= Fry =2 [ie.,
Ritter, 1892], and Ul(gho)"* = Fry is slightly less than about
V2 [Hogg and Pritchard, 2004, Figures 9 and 11]. This
latter value depends on the drag coefficient. We note that the

value of ~+/2 is also the one we determine in our experi-
ments, which suggests that the processes that generate
resistance acting in the laboratory flows we tested could
be comparable to those described by Hogg and Pritchard
[2004] and that the drag coefficient in our experiments (with
water and initially fluidized granular flows) would be
similar.

[20] Flows generated in dam break conditions result
basically from the collapse of the initial column under the
influence of gravity once the sluice gate is removed. In
consequence, it is interesting to find that the source Froude
number (Fry) has a value close to that corresponding to a
steady frictionless orifice flow, which is somewhat para-
doxical as the material is progressively evacuated from the
reservoir in our experiments and the flows are dissipating
energy as they propagate along the channel (Figure 13).
Nonetheless, as already discussed, this can be theoretically
explained by the Hogg and Pritchard [2004] analysis.

5.2. Water-Like Behavior of Initially Fluidized, Dense
Granular Flows

[21] Our experiments show that, under dam break con-
ditions, granular flows generated from slightly expanded
columns (fluidized at U,,;) have the same kinematics as
inertial water flows, as long as motion is driven by a
pressure gradient between the reservoir and the channel.
According to our description, this occurs during the first
(collapse) and the second (constant velocity) phases, until
normalized time #/(hy/g)"’* ~ 4 and distance x/hy ~ 4.5.
This suggests that, at those stages, the overall balance
between inertia, hydrostatic pressure gradient (buoyancy)
and resistance, typical of inertial fluid gravitational flows
[Hogg and Pritchard, 2004] is, in these dense granular
flows, similar to that of flows observed in water dam break
experiments. Furthermore, on the basis of the Hogg and
Pritchard [2004] analysis, the fact that the value of the
source Froude number observed in the initially fluidized (at
U,.») granular flows is about the same as that of water flows
(observed in our and previous experiments, so that Fry ~
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2(gh0)1/ 2. and (c) for a

/2) suggests that the drag coefficient in both types of flows
would be (1) of the inertial turbulent form and (2) possibly
of the same value. This represents the main result of our
study and provides new insights into the physics of dense
granular flows.

[22] The overall energy dissipation derives from interac-
tions between the flow and its boundaries and also from
internal processes in the case of the granular flows. Iverson
[1997] showed that for fluid-particle flows internal energy
dissipation can result from particle contact interactions such
as friction and collisions, viscous shear and turbulent
velocity variation of the interstitial fluid, and drag (of
viscous or inertial origin) between the particles and the
interstitial fluid. He proposed a series of dimensionless
numbers aimed to assess the relative magnitude of the
different stresses, and we refer to some of them hereafter.
In our dry granular flows, particle interactions are a dom-
inant source of energy dissipation, as shown by their slow
velocity of propagation and small runout (Figures 6 and 7).
Under dam break conditions, these flows have been
modeled following different approaches including discrete
element and shallow water methods [Kerswell, 2005; Zenit,
2005; Larrieu et al., 2006; Doyle et al., 2007], and at least
qualitative agreement with experimental data [Balmforth
and Kerswell, 2005; Lajeunesse et al., 2005; Lube et al.,
2005] has been achieved. Our results suggest that friction
and collisions are very much reduced in initially fluidized
granular flows, although these emplace at almost maximum
concentration, and this serves as a base for the following
discussion. These flows propagate at the same velocity as
that of water flows when the initial column expansion is
only 2.5-4.5%, and it is interesting to note that this velocity
is only slightly smaller when the initial column is not
expanded, if fluidized at U, This suggests that once
contact forces in the chain network of the initial granular
column are dramatically weakened, reversal to a frictional
and collisional regime during flow emplacement is very
much delayed.

[23] Buffering of particle interactions resulting from slow
diffusion of the initial pore pressure caused by air flux in the
reservoir is very unlikely, as discussed by Roche et al.
[2004]. The pore pressure diffusion time scale is #; ~ h}/D
[fverson, 1997], where D is the pore pressure diffusivity of
the granular material. Montserrat et al. [2007] have shown
that D ~ 0.02 m* s~ for the granular material used in the
experiments reported here. This means that if we consider a
typical mean flow height in the channel of 0.02—0.08 m,
then the initial excess pressure is eliminated in only 3—6%
of the flow duration once the flow enters the channel.



[24] On the other hand, flow dynamics is not governed by
the interstitial air dynamic viscosity (1) in our experiments,
as shown by corresponding values of the Bagnold number
[Bagnold, 1954; Iverson, 1997]:

~d?
Ba:c*ipﬂ , (5)
Ha
where ¢* = [¢'3/(c)? — ¢"?)]"?, with ¢ denoting

concentration of the material during flow propagation; cg
is the maximum concentration at loose packing; and -y is the

shear rate, which is typically considered to be equal to U/hy

for the computation and analysis of Ba and other relevant
dimensionless parameters [e.g., [verson, 1997]. The
Bagnold number represents a measure of the ratio of
particle collisional stresses to fluid viscous shear stresses.
For the range of experiments investigated, Ba ~ 280-970,
which is above the upper limit value of ~45 for a
macroviscous regime [Bagnold, 1954]. Alternatively, the
highest Ba values (>~450) could suggest significant
interparticle collisions. This interpretation, however, has
been challenged by Hunt et al. [2002], who showed that if a
collisional regime probably exists at lower particle con-
centrations and higher shear rates, the limit proposed by
Bagnold [1954] is not valid and derives from a misinter-
pretation of his experimental results. Iverson [1997]
proposed an alternative Bagnold number, Ba', with ¢* =
c/(1 — ¢), such that a fluid-particle flow is then dominated
by collisional contacts at Ba’ > ~200. In our experiments
Ba' ~ 150, below the limit value proposed by Iverson
[1997], suggesting that energy dissipation through inter-
particle collisions, if present, would not be a dominant
process. Furthermore, large values of Ba’ may not
necessarily imply the occurrence of a collisional regime,
as the interstitial fluid dynamics coupled to unsteady
particle motion can damp particle contact interactions under
certain conditions [Iverson, 1997; Iverson and LaHusen,
1989], as discussed hereafter.

[25] Significant fluctuating energy has been observed in
fluidized beds of particles of group A [Cody et al., 1996;
Biggs et al., 2008], such as those of our experiments,
indicating that unsteady particle motion can be relevant in
our flows at least during the initial stages of emplacement.
Because of this, our dense granular flows could be domi-
nated by interactions between the particles and the intersti-
tial air, as shown for continuously fluidized slow flows or
vibrated beds [Eames and Gilbertson, 2000; Burtally et al.,
2002]. Air-particle interactions, along with drag at boun-
daries, could confer to these highly concentrated granular
media a behavior similar to that of inertial water flows. The
intensity of these interactions can be estimated using the
Darcy number [/verson, 1997], which represents the ratio of
viscous fluid-particle interaction stresses to particle inertial
stresses, so that

4o M
kepyy’

(6)

where k is the permeability of the granular medium
(~107"2 m? in this study). In this definition Darcy’s law
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for viscous stresses in the interstitial fluid is assumed to
be wvalid. It is well known that for flow in a porous
medium Darcy’s law is valid for particle Reynolds
number, defined as

0
Rep:m7

Ha @

where v is the bulk velocity of the interstitial fluid flow; §
is a characteristic size of the interstices; and p, is the air
density, lower than about 1-10 [Rhodes, 1998]. In the
case of a granular flow, we are interested in describing the
motion of the fluid relative to the particles. Following
Iverson [1997], we can estimate that v ~ fydz, where d is
the particle diameter representative of the granular
medium. Using this result and replacing (7) in (6), we
obtain

_a @
" ps Reyke’

Da

(3)

Imposing the limit Re, < 1-10, we conclude that in our
experiments for Darcy’s law to be valid, Da needs to be
larger than about 2—20. Estimating Da in our experiments,
we obtain values in the range ~170-370. This implies
two things, first that the fluid-particle interactions in our
flows are purely viscous (no inertial coupling; that is,
Darcy’s law is valid) and second, that viscous fluid-
particle interaction stresses are dominant over particle
inertial stresses because of the large values of Da obtained.
A similar conclusion is reached if one considers the ratio
of viscous fluid-particle interaction stresses to particle
(frictional) shear stresses, which, on the basis of Iverson’s
[1997] analysis, would be proportional to yu.d/[c(ps — pa)
gk]. In our experiments, this ratio is 2—3 orders of
magnitude smaller than the maximum value required for
Darcy’s law to be valid (i.e., Re, < 1-10), thus, showing
that viscous fluid-particle interactions stresses are also
dominant over particle shear stresses.

[26] Iverson [1997] suggested, probably on the basis of
the experimental study reported by Iverson and LaHusen
[1989], that the Darcy number also describes the tendency
for pore fluid pressure developing between moving grains to
buffer particle interactions. According to [verson and
LaHusen [1989] unsteady motion of grains can produce
pore pressure that is able to locally support normal and
shear stresses, while grain contacts transiently vanish. The
pore pressure generated can then propagate to adjacent
areas, which, in turn, can generate shear zone growth. As
viscous fluid-particle interaction stresses are dominant over
both particle inertial and shear stresses in the present
initially fluidized granular flows (i.e., high values of
Da), we may infer that pore pressure is likely to be
generated in the moving granular mass, which would
promote buffering of grain interactions. Additionally, air
may act as a thin cushion between the particles and damp
interparticle contacts as the grains are agitated during flow
emplacement. The fluctuating energy (i.e., granular tem-
perature) initially imposed to the particles when they are
fluidized in the reservoir could additionally participate in



the enhanced mobility of the flows. As a matter of fact,
significant granular temperature was observed in fluidized
beds of particles of group A [Cody et al., 1996] and it is
maximum for conditions close to U,,;, [Biggs et al., 2008],
which coincide with those that create the granular flows
with the longest runout in our experiments.

[27] We note that in initially slightly expanded granular
flows (fluidized at U,,;), a return to a compacted state is
likely to be achieved during the (first) collapse phase.
Assuming that the sedimentation time scale is ¢, ~ eh/Uj,
where U, ~ 8 mm s~ ' is the fall velocity of the top of the
static granular bed in the reservoir determined from collapse
tests, this represents only 5—12% of the flow duration. This
contrasts with experiments of Girolami et al. [2008] carried
out with initially highly expanded material (e up to ~50%),
which revealed that the flow runout is controlled by the
sedimentation time scale of the flowing mixture. However,
this conclusion was not valid for initial expansion less than
7%, as is the case in our experiments. Besides, as already
discussed, the time scale of initial pore pressure diffusion is
also small compared with the flow duration (3—6%). Thus,
air-particle differential motion and associated pore pressure
generation during flow emplacement are expected to derive
mainly from continuous rearrangement of the granular
network, as shown for water-particle flows [Iverson and
LaHusen, 1989]. Indeed, self-fluidization has been observed
in recent experiments by Bareschino et al. [2008] on
granular flows in a rotating tank using group A particles.
These experiments show that a fluid-like behavior can be
obtained at sufficiently high shear rates. The authors argue
that air, which in their experiments is assumed to be
entrained at the flow front through small-scale avalanches,
is the key factor to conferring the fluid-like behavior to
these flows.

[28] When the pressure gradient between the material in
the reservoir and in the channel has decreased (/. ~ k), the
flow velocity is not sufficient to confer a fluid-inertial
(water-like) behavior to the granular material. In conse-
quence, air-particle interactions are less efficient and
the behavior of the initially fluidized granular flows
returns rapidly to that of their dry counterparts, which are
dominated by interparticle friction. The associated Savage
number, which represents the ratio of particle collisional
stresses to frictional stresses, defined as

Py d?

Sa="1s1%
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is about 107, much less than the upper limit value of 0.1
for the frictional regime [Savage and Hutter, 1989]. During
the third, stopping phase of emplacement, the flow front
position of both types of flows then varies as ¢/ until
motion ceases (Figure 9).

[29] Recent research has suggested a viscoplastic consti-
tutive law for describing the rheology of dry, dense
frictional granular flows [Forterre and Pouliquen, 2008].
This law is basically of Coulomb-type, where the local
shear stress is proportional to the normal stress. The
proportionality factor, or friction coefficient, would not be
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a constant but would depend on a dimensionless parameter,
the inertial number, which is a ratio of a microscopic time
scale representing the time scale for a particle to fall in the
interstices of the granular medium and a macroscopic time
scale related to the mean shear rate. The inertial number is
equivalent to the square root of the Savage number defined
above. In the case where the interstitial fluid becomes
important for the behavior of the flow, Courrech du Pont
et al. [2003] and, later, Cassar et al. [2005] have proposed a
modified version of the inertial number to account for the
effects of the interstitial fluid as particles move into the
granular network. Naef et al. [2006] have also supported
the use of viscoplastic constitutive laws for granular flows,
such as Bingham. However, in the inertial regime, typical of
high-velocity flows such as debris flows or snow ava-
lanches, other relationships combining turbulence closures
and Coulomb-type friction lead to better results when
simulations are compared to natural data [see also Bartelt
et al., 1999]. Our results support the concept of a constitu-
tive law that is strongly dependent on the shear rate.
Furthermore, the present observations suggest the existence
of a combined effect of fluid-particle interactions, which
confer on the flow an inertial behavior, and shear rate-
dependent Coulomb friction as described by Forterre and
Pouliquen [2008]. Even though the dependence of the
Coulomb friction on shear rate has been proposed in the
model described by Forterre and Pouliquen [2008], we note
that in our flows the effect is of a different nature. Indeed,
we observed that as the shear rate decreases, the transition
from an inertial to a frictional regime occurs, such that
Coulomb friction becomes dominant only at late stages of
flow emplacement. Before that, the inertial component is
dominant, and this leads to a resistance law that is similar to
that typical for turbulent fluid flows. Interestingly, Naef et
al. [2006] pointed out that although an inertial-type of
resistance can lead to adequate simulations of debris flow
motion, it is insufficient to describe cessation of motion, for
which a yield stress or Coulomb friction must be taken into
account.

5.3. Insights Into the Physics of Pyroclastic Flows

[30] Our dam break experiments reveal that a slight
expansion of an initial granular column is sufficient to
confer on the resulting flow a behavior similar to that of
an inertial fluid flow for most of its emplacement because
strong viscous fluid-particle interactions can develop. In this
context, a continuous source of gas is not required to
maintain the mixture in a fluidized state. In nature, granular
expansion at least equal to that in experiments is readily
achieved in case of sedimentation from an eruptive column
or a dilute ash cloud and can also be obtained when a dense
basal avalanche is agitated while propagating down a rough
substratum (e.g., Figure 1). In experiments, the condition
required for a water-like behavior is a pressure gradient
derived from a difference in height, even very small,
between the reservoir and the channel material. In nature,
the driving pressure may derive from the height difference
between the top of a large eruptive column and the resulting
flow in case of propagation on rather flat areas (Figure 1a;
and our experiments may be considered as simple analogs
of this) or from the gradient of the free surface of the flow as



this propagates down a steep slope, in the case of small
columns or collapsing domes (Figure 1b).

[31] Our results support the pyroclastic flow modeling
approach by Levine and Kieffer [1991], based on open
channel hydraulic theory. In their model, the flow is
assumed to be confined, fully turbulent (inertial), and
incompressible with uniform density. The simulation of
Levine and Kieffer [1991] successfully reproduced the
observed velocity (~5-30 m s~ ') of the pyroclastic flows
produced at Mount St. Helens on 7 August 1980, which
propagated on slopes of ~15° in the upper parts and of ~2°
in distal areas. This approach is appealing in the context of
hazard assessment as it requires only topographic data, a
volumetric flow rate, and a Manning resistance coefficient.
Accurate topographic data can be obtained for most volcanoes,
and volumetric flow rates can be estimated considering a
given eruption style (i.e., column or dome collapse). Even
though our results suggest that the drag coefficient in our
initially fluidized granular flows would be similar to that of
our laboratory water flows, we would not recommend the use
of typical values of the Manning or other friction coefficients
for water flows in rivers to simulate the motion of pyroclastic
flows. The issue of determining appropriate resistance coef-
ficients for pyroclastic flows deserves further research.

[32] Our experiments are applicable to natural cases
provided that dynamic similarity applies. In this context,
we stress that the results we obtain in our experiments with
initially slightly expanded granular flows that emplace as
water flows are possible because we used group A particles
[Geldart, 1973]. These particles allow for homogeneous
dense phase expansion, though very small, which provides
conditions for efficient viscous fluid-particle interactions to
develop throughout the granular network. Previous similar
experiments with coarser group B and D particles have
shown that initially fluidized granular flows return to a
frictional granular regime immediately after release [Roche
et al., 2002, 2004]. Laboratory investigations have shown
that, in fact, ash-rich pyroclastic material behaves as group
A particles when gas fluidized [Druitt et al., 2007], and this
suggests that the type of fluid-particle interactions inferred
to act in our experimental flows could likely occur in highly
concentrated, ash-rich pyroclastic flows. Furthermore, the
inertial behavior of the laboratory flows suggests that the
basic scaling determined in this paper could also apply to
field-scale pyroclastic flows, which would most likely also
be inertial. The viscous fluid-particle interaction effect we
have pointed out in this study may buffer the interparticle
friction and collisions. We have argued that viscous fluid-
particle interactions are controlled by the Darcy number,
which in our experiments reaches sufficiently high values so
that these interactions are dominant. For pyroclastic flows,
calculation of the Darcy number is not straightforward as
one needs to assess the permeability, shear rate, and mean
grain size because of the particle Reynolds number require-
ment (i.e., Re, < 1-10). However, considering likely
estimations for ash-rich pyroclastic flows, the values of
the Darcy number in these flows can still be above the
critical value for viscous fluid-particle interactions to be
dominant. With these assumptions, dense, ash-rich pyro-
clastic flows can then be expected to propagate on simple
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topographies (with a continuously decreasing slope) as
inertial fluid flows during most of their emplacement and
would enter a granular-frictional regime at late stages.
However, any positive brake in slope could accelerate the
flow, which would return to a fluid-inertial regime.

6. Conclusion

[33] The present work on dam break flows of both
granular matter and water on a horizontal surface brings
new insights into the physics of granular flows and has
important implications for the emplacement mechanisms of
dense, ash-rich pyroclastic flows. Experiments were carried
out for a wide range of aspect ratios of the reservoir (» =
0.5-3). They show that dense granular flows can propagate
similarly to their inertial water counterparts provided that
they are generated from a fluidized, slightly expanded
column (e = 2.5-4.5%) and as long as motion is driven
by a sufficiently high-pressure gradient between the reser-
voir and the channel. Analysis of the kinematic data reveals
that the relevant length scale is the initial reservoir height
(ho) and that flow emplacement occurs in three phases
controlled by the time scale of free fall of the column
proportional to (fy/g)">. The flows experience a first
(collapse) phase, and a transition to a second (constant
velocity) phase occurs at normalized time #/(ho/g)"* ~ 1.5
and distance x/hy ~ 1.2, representing about one fourth of the
flow duration and runout. During that second phase, initially
fluidized, slightly expanded granular flows and water flows
propagate at a nearly constant front velocity U ~ v/2(gho)"?,
about 1.5 times faster than dry granular flows. Transition to a
last, third phase occurs at #/(ho/g)"* ~ 4 and x/hy ~ 4.5,
representing about 65 and 80% of the flow duration and
runout, respectively, when the height of the column in the
reservoir has decreased to about that of the flow in the
channel. During this last phase of emplacement, flows of
water decelerate slightly, whereas those of granular matter
enter into their stopping phase as they steadily decelerate
before motion ceases at #/(hy/g)""> ~ 6.5 and x/hg ~ 5.5—6.
The flow front position of the initially fluidized granular
flows varies as ¢/, as observed also for dry granular flows.

[34] These observations suggest that the interstitial gas
can damp dramatically particle-particle interactions in
granular flows. Viscous, air-particle interactions can be the
dominant process in these flows, thus, conferring to the two-
phase mixture a behavior similar to that of water or any
other inertial fluid flow. Once contact forces of the force
chain network are strongly decreased or possibly eliminated,
then return to frictional-collisional behavior typical of dry
granular flows is very much delayed as motion is driven by
gravity. A slight expansion of the granular medium is
sufficient to confer on the resulting flow a fluid-inertial
behavior, thus, contrasting fundamentally with that of
dry granular flows. Flows of initially fluidized, slightly
expanded granular matter may be characterized by the same
resistance law as that of flows of water for most of their
emplacement, corresponding to the first (collapse) and
second (constant velocity) phases in the dam break con-
ditions. As particle interactions are very much reduced, one
can envisage that they are (1) totally negligible or (2) weak



and act along with viscous air-particle interactions as
internal sources of energy dissipation. Our results suggest
that gas-dominated granular flows can be modeled using the
hydraulic theory for flows of inertial fluids, as long as
motion occurs at a sufficiently high shear rate, whose
threshold is to be characterized in more detail. Transition
to a second behavior, typical of dry granular flows domi-
nated by particle interactions, must then be taken into
account to describe flow motion accurately.

[35] This experimental study has implications for the
emplacement of dense, ash-rich pyroclastic flows, as it
brings new insights into their physics and helps to identify
the most appropriate approaches for their modeling. The
flow behavior will be twofold: (1) inertial fluid-like at
sufficiently high shear rate (this is likely to represent most
of the flow emplacement) and (2) then frictional-granular at
late stages. In this context, analyses combining resistance
terms of inertial-turbulent (¢ proportional to pU?) and
Coulomb frictional (£ proportional to pgh) form appear to
be appropriate tools for simulating the emplacement of these
pyroclastic flows.
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