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[11 The emplacement dynamics of pyroclastic flows were investigated through
noninvasive measurements of the pore fluid pressure in laboratory air-particle flows
generated from the release of fluidized and nonfluidized granular columns. Analyses

of high-speed videos allowed for correlation of the pressure signal with the flow
structure. The flows consisted of a sliding head that caused underpressure relative to the
ambient, followed by a body that generated overpressure and at the base of which a
deposit aggraded. For initially fluidized flows, overpressure in the body derived from
advection of the pore pressure generated in the initial column and decreased by diffusion
during propagation. Relatively slow diffusion caused the pore pressure in the thinner
flow to be larger than lithostatic at early stages. Furthermore, partial auto-fluidization,
revealed in initially nonfluidized flows, also occurred and contributed to maintain high
pore pressure, whereas dilation or contraction of the air-particle mixture with associated
drag and/or pore volume variation transiently led the pressure to decrease or increase,
respectively. The combination of all these processes resulted in long-lived high pore fluid
pressure in the body of the flows during most of their emplacement. In the case of the
initially fluidized and slightly expanded (~3—4%) flows, (at least) ~70%—100% of the
weight of the particles was supported by pore pressure, which is consistent with their
inertial fluid-like behavior. Dense pyroclastic flows on subhorizontal slopes are expected
to propagate as inertial fluidized gas-particle mixtures consisting of a sliding head,
possibly entraining basement-derived clasts, and of a gradually depositing body.

Citation: Roche, O., S. Montserrat, Y. Nifio, and A. Tamburrino (2010), Pore fluid pressure and internal kinematics of
gravitational laboratory air-particle flows: Insights into the emplacement dynamics of pyroclastic flows, J. Geophys. Res., 115,

B09206, doi:10.1029/2009JB007133.

1. Introduction

[2] Dense gravitational fluid-particle flows, for which
interactions between the solid particles and the interstitial
fluid (liquid or gas) may dominate the flow dynamics, com-
monly occur in the environment. Examples include debris
flows, snow avalanches, and pyroclastic flows, for which the
respective fluid phase is water, air, or (principally) volcanic
gases [e.g., Iverson, 1997; Hopfinger, 1983; Druitt, 1998].
The present study deals with gas-particle flows, with a special
emphasis on pyroclastic flows. These commonly occur dur-
ing volcanic eruptions and result from the gravitational col-
lapse of a lava dome or of an eruptive column, as well as from
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the sedimentation of a dilute ash cloud. They consist of a
mixture of gas and particles that propagates downslope under
the influence of gravity [e.g., Druitt, 1998; Freundt and
Bursik, 1998; Branney and Kokelaar, 2002]. Possible addi-
tional sources of gas include release from the pyroclasts,
burnt vegetation, and entrainment of the ambient air during
emission at the vent and propagation. Pyroclastic flows are
potentially highly destructive phenomena as they can prop-
agate at speeds of several tens of meters per second, over
distances of several tens of kilometers, even on slopes of only
a few degrees. A better understanding of the fundamental
mechanisms of these natural events, including modes of
propagation and deposition, is crucial to better constrain
numerical simulations in the context of hazard assessment.
[3] This paper is aimed at investigating the processes that
act in natural two-phase gravity currents, and for this we
report a series of pore fluid pressure measurements in labo-
ratory air-particle flows. The concept of pore fluid pressure
was developed in soil mechanics and has been used subse-
quently to investigate the dynamics of fluid-particle flows
[see Iverson, 1997; Major and Iverson, 1999; Major, 2000;
and references therein]. At the base of a static column (of
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height H) of solid particles with a lighter interstitial fluid (of
density py), the hydrostatic pore fluid pressure is

Py = prgH, 1)

where g is the gravitational acceleration. If a vertical differ-
ential motion between the particles and the fluid occurs, so
that the fluid and the particles move relatively upwards and
downwards, respectively, viscous drag is generated and
stresses are transmitted to the fluid phase. In consequence, a
(so-called) dynamic pore fluid pressure arises, and the total
pore pressure is then

P=P,+P, )

where P results from the buoyant weight of the solid particles
counterbalanced by drag. If the weight of the particles is fully
supported, then

Py = (ps — pr)(1 —€)gH, (3)

where p; is the particle density and ¢ is the interstitial pore
volume fraction (voidage). The interparticle contact stresses,
which vary as the inverse of the pore fluid pressure, then
vanish as the granular column is fully fluidized. Hence, the
value of the pore fluid pressure indicates the amount of the
weight of the particles that is supported and gives insights into
the degree of particle-particle interactions. Note that if the
interstitial fluid is much less dense than the particles, as in the
present study, the hydrostatic component of P in equation (2)
is negligible, and when the granular column is fully fluidized

P ps(1 —¢e)gH, 4)

which corresponds to the “lithostatic” pressure in the column.
Dynamic pore fluid pressure can be generated both when a
vertical fluid flow is introduced to a static granular column
(fluidization) and when a highly concentrated bed of particles
settles in a static fluid (sedimentation). The latter case may
occur in nature as a granular network contracts, thus gener-
ating high pore pressure and low interparticle contact stresses
[Major,2000], and this can be the cause of landslide initiation
[Hutchinson, 1986; Iverson et al., 1997; Snieder and van den
Beukel, 2004; Iverson, 2005; Montgomery et al., 2009]. In
contrast, dilation of the granular network can generate a
decrease of the pore pressure [[verson et al., 2000; Okada et
al., 2004; Gabet and Mudd, 2006]. Once pore pressure is
generated, it may decrease through a diffusion process whose
timescale is proportional to H*/D, where H is then the char-
acteristic drainage path length and D is the hydraulic diffusion
coefficient [e.g., Iverson, 1997].

[4] Measurement of the pore pressure in fluid-particle
gravitational flows has been performed in the field as well as
in laboratory experiments. Data on natural flows are scarce,
due to technical limitations and because these events are rare
and hazardous. Pore pressure relative to the ambient of up to
~15 kPa was reported for debris flows and accounted for
~20% of the total normal stress [Berti and Simoni, 2005;
McArdell et al., 2007] whereas values of ~10-100 Pa were
measured in snow avalanches [Nishimura et al., 1995;
McElwaine and Turnbull, 2005]. More investigations have
been done on controlled laboratory experiments, during
which excess pore pressure indicating partial support of
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the weight of the particles was commonly measured. Most
experiments dealt with water-particle mixtures flowing on
(inclined) channels aimed to simulate subaqueaous or sub-
aerial flows, so that the flows propagated under either water
[Uistad et al., 2004; Cassar et al., 2005] or air [Major and
Iverson, 1999; Okura et al., 2002; Okada and Ochiai, 2008].
Only a few works have been carried out on air-particle
flows. These include large scale flows of ping-pong balls on
a ski jump [McElwaine and Nishimura, 2001] and labora-
tory scale experiments involving particles of polystyrene or
snow [Turnbull and McElwaine, 2008, 2010].

[5] In the present study, we carried out measurements of
the pore fluid pressure in dam break (i.e., transient) air-
particles flows, generated from the release of an initially
fluidized or nonfluidized granular column, that propagated
on a horizontal substrate in the ambient atmosphere. This
work was principally motivated by an earlier study, which
showed that initially fluidized flows of fine particles under
these conditions propagate as inertial currents of pure fluid
for most their emplacement [Roche et al., 2008]. This result
suggested that the pore fluid pressure in the flows was long-
lived and high enough to account for nearly complete flu-
idization. In order to test this hypothesis, we made detailed
measurements of the spatial and temporal variation of the
pore pressure in similar flows. The pressure data were then
used, along with high-speed video analyses, to decipher the
internal flow structure in terms of degree of fluidization and
depositional processes.

2. Experimental Apparatus, Material, and
Method

[6] We carried out dam break air-particle flow experi-
ments in an apparatus consisting of a reservoir and a hori-
zontal channel separated by a vertical sluice gate (Figure 1).
The reservoir and the channel had a length of 20 cm and
300 cm, respectively, and both had a width of 10 cm. The
particles in the reservoir were released into the channel as
the gate was removed, and the flow generated then prop-
agated until it came to halt and formed a deposit. The gate
was lifted by means of a counterweight, thus ensuring
rapid opening at consistent speed, and was connected to an
electrical switch that indicated the moment of removal. In
order to generate a fluidized column of particles in the
reservoir, air was supplied by a compressor and pressure
was reduced to 1 bar at the entrance of the device. Air was
then dried and its volumetric flow rate controlled by a
manometer. The flow entered into a windbox filled with
coarse (few mm) particles in order to reduce the volume of
air. It then passed through a 1 cm-thick porous plate with
mean pore size of 20 um, which allowed for uniform
fluidization of the column of particles resting on the plate.
The defluidization behavior of the static column in the
reservoir with the gate closed was also investigated by
using a manually-controlled solenoid valve that allowed
for quasi-instantaneous (<20 ms) shut off of the air flux.

[7] Both the reservoir and the channel were equipped with
pressure sensors located at various distances from the sluice
gate, at one side of the reservoir at the lowermost position,
and along the base of the channel. The pressure sensors, of
piezoresistive type, were provided by ICSensors™ (model
154N). Their sensing package utilizes oil to transfer pressure
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Figure 1. Experimental apparatus used in this study. Particles were placed in a reservoir, where they
could be fluidized, and were released into a horizontal channel by means of a sluice gate. Sensors in
the reservoir and in the channel, in horizontal and vertical position, respectively, allowed for noninvasive
measurement of the pore fluid pressure. The close-up shows the casing in which the sensors were set, the
distance between the diaphragm of the sensor and the grids being ~1 mm. See text for details.

from a stainless steel diaphragm to a sensing element having
a frequency response of 1000 Hz. This element allows for
the measurement of both positive and negative pressure
relative to that of the ambient atmosphere. The sensors could
measure pressure in the standard range of ~6.9 kPa (1 psi) in
the channel or ~34.5 kPa (5 psi) in the reservoir with a
typical noise of 5-10 Pa and 15-25 Pa, respectively. They
were set in an aluminum casing specially designed for the
experiments, which allowed for noninvasive measurement
of the pore fluid pressure (see close-up in Figure 1). The
diaphragm of the sensors was as close as possible to the air-
particle mixture, both being separated by superposed
metallic grids sealed on the casing. Two crossed thin grids
of 38 pum-aperture (smaller than the particles used) were in
contact with the mixture and were supported by a thicker
grid of 600 pm-aperture that ensured rigidity of the
assemblage. Electric power was supplied to the sensors, and
when pressure was applied on the diaphragm the sensing
element delivered a voltage of 0 to 100 mV that was sent to
a data logger that sampled at a frequency of 100—-1000 Hz.
Then, the signal was sent to a computer and was converted
into pressure values through a linear calibration law. The
solenoid valve and the gate switch were also connected to
the data logger in order to indicate when the air supply was
turned off during defluidization tests on static beds and
when the gate was lifted in dam break flow experiments,
respectively.

[8] The particles used were the same as those in a previ-
ous study on dam break granular flows by Roche et al.
[2008], and were spherical glass beads of grain size range
60-90 pm (with a mean of 75 pm) and density p~2500 kg
m >. The bulk density of the loosely packed granular col-
umn was pp~py(1—¢) = 1450 + 50 kg m°, thus indicating a

pore volume fraction £~0.42 + 0.02. Concerning the fluid-
ization processes when air was introduced vertically at the
base of the column in the reservoir, the particles belonged to
the group A as classified by Geldart [1973] [see also
Rhodes, 1998]. For this type of particles, homogeneous
expansion occurs over a range of air mean velocity, equiv-
alent to the mean volumetric flow rate divided by the cross
sectional area of the granular bed, between the minimum
fluidization velocity (U,,) and the minimum bubbling
velocity (U,,;>U,). At U,z the bed is nearly fully sup-
ported as its weight is counterbalanced by the drag force
generated by the interstitial air flow. In consequence, the
pore fluid pressure approaches the maximum value given by
equation (4). Expansion of the granular network occurs at
higher air velocity and is maximum at U,,,;, above which air
bubbles form. It is important to note that ash-rich matrices
of pyroclastic flow deposits have a typical group-A behavior
when fluidized [Druitt et al., 2007], and the use of such type
of particles in our experiments ensures the basis for dynamic
similarity with the natural system. In complementary experi-
ments, we used larger particles as markers at low volume
fraction (<10%) to visualize the internal flow kinematics, and
these were either 700 pum-glass beads of density equal to p;
or 1-2 mm-plastic particles of density close to p,.

[9] Most flows were generated from the release of fluid-
ized or dry (i.e., nonfluidized) granular columns having an
initial loosely-packed height /1, = 40 cm. We also performed
complementary experiments at 4, = 10-30 cm. For fluidized
columns, experiments were carried out at U,,r= 0.82 cm s
and U,, = 1.28-1.36 cm s !, at which the bulk expansion
was nil and ~3-4%, respectively, and in both cases the
initial pore fluid pressure was then P~py(1-¢)ghy (i.e.,
equation (4)). We began acquisition of the pressure data in
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Figure 2. Structure of the flows in the channel (the vertical
scale is exaggerated). The basal deposit (black) in the flow
body forms behind the sliding head at a distance Ax (and
time interval Af) from the front that propagates at velocity
Uy, and aggrades at a rate U,. At a given location in the
body, the height of the mobile part overlying the deposit
(h*), smaller than the total flow height (%), decreases with
time.
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the reservoir and in the channel before gate opening. The
flows were recorded in their entire length with a high-
speed video camera through the lateral transparent side
walls of the apparatus, at a rate of 100250 frames per
second. The videos were subsequently analyzed to deter-
mine the flow front kinematics and the flow height above
the sensors as a function of time. When investigating the
internal flow kinematics, we considered a much smaller
zone typically of length 10-30 cm. Such close-up views
were necessary in order to accurately capture the motion of
the marker particles.

3. Results

3.1.

[10] The kinematics of dam break granular flows was
studied in detail by Roche et al. [2008]. The fundamental
issues of their investigation are reported here because they

General Flow Behavior
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Figure 3. (a) Surface flow profiles as a function of time after release (see labels), for dry and initially
fluidized (at U,,;) flows. The reservoir gate is at distance x = 0. Thick black lines represent the initial
column in the reservoir (at 0 s) and the profile when the flow front stops, the latter being at 0.92 s
(dry) and 1.28 s (U,,;). Note that superficial motion occurs until 1.36 s (dry) and 1.44 s (U,,;). (b) Total
flow height (4) as a function of time (¢) after gate opening, extracted from the surface flow profiles in
Figure 3a. Labels denote the distance from the reservoir gate. The vertical plain and dashed lines indicate
the time at which the flow front stops and superficial motion ceases, respectively.
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Figure 4. Internal horizontal velocity of the markers in the
flows as a function of height. Measurements were made at a
distance from the reservoir gate of one third and one half of
the flow run out in dry and initially fluidized flows, respec-
tively, approximately at half the length of the flow head and
body, and during time intervals of ~0.02—0.04 s. Linear fits
are assumed for simplicity. Nonzero height at zero internal
velocity in the flow body corresponds to the top of the basal
deposit. Vertical lines denote the flow front velocity in dry
(large-dashed) and initially fluidized (small-dashed) flows.
The shear rate in the initially fluidized flow is ~74 s~ (head)
and ~35 s~ (body), and in the dry flow is ~14—-18 s '

will be referred to hereafter to discuss the results of the
present study. Flows resulting from the release of granular
columns of initial height 4, and with a height-to-length ratio
up to 3 propagated in three distinct phases, according to the
kinematics of their front (see snapshots in Figure 4 of Roche
et al. [2008]). The distance and time at which transition
between the phases occurred depended on the length scale
hy and on the time scale (hy/g)"?, respectively, the latter
being proportional to the time scale of the column free fall.
The flows first steadily accelerated or had a nearly constant
(small) velocity as the column collapsed, before they entered
into a second, constant (high) velocity phase. They then
decelerated and stopped during a third (stopping) phase. For
initially fluidized flows, the transition between the second
and the third phase occurred when the difference in height
between the collapsing column in the reservoir and the flow
in the channel, thus generating a pressure gradient, had
become negligible. An important observation was that gran-
ular flows generated from the collapse of slightly expanded
(2.5-4.5%) columns fluidized at U,,,;, behaved as inertial flows
of water as their front velocity was close to that observed for
such flows, Uf~(2gh0)1/2, until the beginning of the stopping
phase, which occurred at ~65% and ~80% of the flow
duration and runout, respectively.

[11] In the present study, repetition of the experiments at
hy = 40 cm showed good reproducibility, with runout (dura-
tion) of 102+2 ¢m (0.9040.03 s), 187+3 cm (1.1240.04 s), and
22144 cm (1.28+0.04 s) for flows of dry material and those
generated from columns fluidized at U, and U,,;, respec-
tively. Most characteristics of flows with initial fluidization
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at U,,r were similar to those at U,,;, though flow duration
and run out were a bit smaller, and because of that are not
always presented in detail hereafter. The experiments carried
out with markers revealed a basal deposit that formed behind
a sliding head (where no deposition occurred), and whose
upper surface aggraded upwards with time in the flow body
(Figure 2). In consequence, the height of the overlying
mobile part at a given location in the body decreased with
time as the flow propagated into the channel, and the basal
deposit took the form of a slender wedge. In the following
sections, we report the characteristics of the flows and of
their basal deposit, and then use the results to analyze and
discuss the pore fluid pressure data.

3.2. Characteristics of the Flows and of Their Basal
Deposit

[12] Surface flow profiles were acquired from the video
images (see Movies S1 and S2)" and are shown in Figure 3a.
In dry flows, the profiles are wedge shaped, with the height
decreasing downstream at a given time, and the surface
slope is relatively steep except at the front. In contrast,
initially fluidized flows spread much more as most of the
material is evacuated from the reservoir. This leads to nearly
flat profiles at late stages with a maximum height at the
entrance of the channel. We note that for both types of flows
some superficial motion occurs after the flow front has
stopped. The distal limit of this motion migrates upstream
and then stops at the rear of the reservoir or at the entrance
of the channel in case of dry or initially fluidized flows,
respectively. In dry flows, late avalanches result in a slight
increase and decrease of the total flow height at the entrance
of the channel and in the reservoir, respectively. In the
reservoir, the surface slope then approaches the angle of
repose of the material (~28°). In contrast, late superficial
motion in initially fluidized flows does not modify the
surface flow profile significantly. Figure 3b shows the total
flow height as a function of time (4, in Figure 2) extracted
from the surface flow profiles. The height in the reservoir
decreases with time and remains larger or becomes smaller
than that in the channel in case of dry and initially fluidized
flows, respectively. In dry flows, the total height at a given
location in the channel increases rapidly (in ~0.10-0.15 s)
and remains thereafter approximately constant with time,
though it increases slightly close to the reservoir gate
because of late superficial avalanches. In contrast, in ini-
tially fluidized flows, the flow height rapidly increases to a
maximum (in ~0.15-0.20 s), then decreases and finally
slightly increases at late stages.

[13] The internal velocity field of the flows was investi-
gated from high-speed videos of the experiments involving
markers. The trajectory of these markers was principally in
the horizontal direction, except close to the reservoir in the
upper portion of the flows and at the flow front. Figure 4
shows that both the flow head and body are pervasively
sheared as the internal velocity increases upwards. We
highlight that the lowermost part of the head slides over the
channel base, whereas in the upper parts the internal velocity
approaches the flow front velocity, such suggesting that
drag and air entrainment on the upper free surface are
negligible. In the body, the velocity is zero at the top of the

! Animations are available in the HTML.
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Figure 5. Characteristics of the basal deposits in dry and initially fluidized (at U,,;) flows. (a) Thickness
of the basal deposit as a function of time, at various distances from the reservoir gate in the channel, where
At =0 corresponds to the arrival of the flow front. Measurements were made at other locations but are not
shown for clarity. (b) Mean aggradation velocity (U,) of the basal deposit as a function of the distance
from the reservoir gate (x), according to linear fit of the data in Figure 5a. In Figures 5a and 5b error bars
have about the size of the symbols and are not shown. (c and d) Observed total flow height (flow surface)
taken from Figure 3, and calculated thickness of the deposit (%,) as a function of time (gate opening
at t = 0) assuming sy = U,t, at 20 and 30 cm from the reservoir gate. The vertical solid and dashed lines
indicate when the flow front stops and superficial motion ceases, respectively.

basal deposit, and then increases upwards to a value sig-
nificantly smaller than that of the front velocity. Note that
velocities in the flow head higher than that in the body
imply that the flows stretch during propagation. The shear
rate in initially fluidized flows is smaller in the body than
in the head, whereas it is approximately the same in both
regions in dry flows. Although the shear rate just above the
channel base and the top of the basal deposit might be larger
[e.g., Girolami et al., 2010], this could not be detected with
the method we used. For initially fluidized flows, particles at
the front came from the lower part of the initial column. A
weak caterpillar effect was evidenced at late stages of
emplacement, with particles at the front overran by those
located behind them and then incorporated into the basal
part of the sliding head.

[14] The characteristics of the basal deposits were
investigated in detail in flows with markers (Figure 5). The
video camera was located at various distances from the

reservoir gate in the channel, and recordings were obtained
by repeating the experiments, as permitted by their high
reproducibility. We measured the thickness of the basal
deposit, assuming that this corresponded to the distance
between the channel base and the markers when their motion
ceased. Figure 5a shows that the deposit aggradation begins
~0.2-0.3 s and ~0.2-0.4 s after the passage of the front in dry
and initially fluidized flows, respectively, and that this time
interval (At,,,) tends to decrease as the distance from the
reservoir gate increases (see detailed data in Figure 7). The
deposit thickness increases almost linearly with time, so that
the aggradation velocity (U,) can be determined by simply
assuming a linear fit of the data. Figure 5b reveals that U, is
larger in dry flows than in initially fluidized ones, and varies
slightly as the distance in the channel increases. In fact, U,
decreases from ~19 to ~16.5 cm s~ in dry flows, whereas it
first increases from ~6.5 to ~8.5 cm s~ and then decreases to
~6.5 cm s ! in initially fluidized ones. The thickness of the
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deposit (4,) as a function of time (f) was then calculated from
the observed onset of aggradation by assuming s, = U,t.
Figures 5¢ and 5d show that 4, calculated is about equal to
the measured total flow thickness when the flow front stops.

3.3. Pore Fluid Pressure in the Flows

[15] The pore fluid pressure data are presented in Figure 6.
It is important to bear in mind that measurements were made
relative to the ambient, at which P = 0. Hence the terms
underpressure or overpressure used hereafter means that the
pressure is less or more than the atmospheric pressure,
respectively. We report the pore pressure measured by the
sensors, P, as well as the normalized pressure P/P; and
P/P;*, with lithostatic terms P; and P; * defined as

Py = pgh (5)
and
P* = pgh*, (6)

where p is the bulk density of the flow assumed to be equal
to that of the initial column (p,~1450 kg m™>), / is the total
flow height extracted from the surface flow profiles in
Figure 3, and #* = h — h; where h; = U,t is the calculated
thickness of the basal deposit taking into account the time
interval At,,,, between the passage of the front and the onset
of deposition (i.e., Figure 5). Regarding equation (6), we
assume that the pressure increases from the flow surface to a
maximum value at the top of the deposit and is then constant
down to the base of the channel. Note that for fluidized
columns in the reservoir P; * = P;. For a few sensors, U, and
Atye,, could not be determined accurately because of a lack
of markers on the videos. In that case, we assumed a simple
linear interpolation between values of these parameters
measured at adjacent locations. Calculation of P;* was
stopped as P/P;* (1) became negative as 2* < 0 or (2)
increased abruptly to very high values (~5-10) as A* ap-
proached / because of the uncertainty in the measurement of
h and on the estimate of #*. We also report the flow front
position in order to discuss the pore fluid pressure data in
link with the phases of flow emplacement described in
Section 3.1. As discussed below, the correlation between
those phases and the pressure signals is good in most cases.

[16] For initially fluidized flows, the pore fluid pressure in
the reservoir before gate opening (P~5500 Pa) indicates
that nearly full bed support is achieved at U, (P/P;~1)
whereas ~90% of the weight is supported at U,,,s (P/P;~0.9)
(Figure 6). Once the gate is lifted and the material enters
into the channel, P rapidly drops to ~1000 Pa. Pressure
then oscillates while increasing up to ~4500 Pa at the end
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of the first, collapse phase, and this maximum pressure is
more than lithostatic as P/P;~1.5. The ratio P/P; then
varies a bit until the beginning of the stopping phase, and
then returns to ~0.9—1 when the flow front stops as the air
flux still fluidizes the particles remained in the reservoir.
At that stage, P at U,,is larger than that at U,,, because the
bed height is higher as less particles were evacuated from
the reservoir, and waves at the surface of the fluidized bed
then cause pressure oscillation in both cases. In the channel,
the sensors reveal all the same pressure signal pattern
(Figure 7a). Deviation from atmospheric pressure is recorded
as soon as the flow front arrives at the sensors, as con-
firmed by close examination of the videos and the front
kinematic data in Figure 6. The pressure signal first reveals
a negative, almost symmetrical stage (relative to the min-
imum value), followed by a positive, asymmetrical stage as
the pressure rapidly increases to a maximum value and then
slowly decreases. The duration of the underpressure stage
increases at increasing distance from the gate, and the mini-
mum pressure (Pp,) is down to ~ =500 to —600 Pa and is
correlated at a first order to the flow front velocity, U, We
note that during the first phase of emplacement for %, =
40 c¢m (as in Figure 6), P, varies while Uy is nearly con-
stant. However, complementary experiments at lower /), for
which Uy steadily increased during this first phase, showed
that P, was proportional to Uy Positive pressure values
for flows initially fluidized at U,,rare close to that of those
fluidized at U, for sensors located up to 20 cm from the
gate, and then are significantly smaller beyond. The maxi-
mum pressure (Pp.y) is less than that in the reservoir at
the same time, and it decreases with distance. However, the
pore pressure can be more than lithostatic close to the gate (at
5 to 20 cm) during the constant velocity phase as maximum
P/Py is larger than 1, and is similar to that (P/P;~1.5, at U,
or larger than (P/P;~2, at U,,;) in the reservoir. P/P;* is
larger than P/P; at a given time after the onset of deposit
aggradation, because 4 * < &, and remains high for most the
sensors. An important result is that high pore pressure is
maintained approximately until the beginning of the stopping
phase. For instance in flows initially fluidized at U,,;,, up
to ~90%, ~75%, and ~65% of the weight of the flow over-
lying the basal deposit is supported at distances of 30, 40, and
60 cm, respectively. We highlight (1) that at the moment
of maximum pore pressure, the flow front is located much
further away in the channel than the corresponding sensor,
that is at ~110 cm (sensor at 30 cm), ~130 cm (40 cm), and
~165 c¢cm (60 cm), and (2) that the amount of weight sup-
ported would be even larger in case the bulk flow density
would be smaller than that assumed (p,~1450 kg m™)
because of dilation of the air-particle mixture. Note that at a

Figure 6. Pore fluid pressure in initially fluidized ((left) at U,,,;, and (middle) U, and (right) dry flows (note that the
vertical scales are different), generated from columns of loosely-packed height /#, = 40 cm. The graphs show the measured
pore pressure (P) where P = 0 corresponds to (a—c) the atmospheric pressure, and the ratios (d—f) P/P; and (g—i) P/P;* as a
function of time, # = 0 indicating gate opening (small-dashed vertical line). Only positive pressure is considered for P/P; and
P/P; *. The location of the sensors is relative to the reservoir gate, so that values are negative in the reservoir and positive in
the channel. Solid and large-dashed vertical lines indicate when the flow front stops and superficial motion ceases, respec-
tively. Numbers in circle denote the collapse (1), constant velocity (2), and stopping (3) phases of flow emplacement, based
on the kinematics of the front whose position (x) is reported (thick black curve, right scale), and their relative duration is

indicated by small vertical dashed lines.
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Figure 7. Characteristics of the pore fluid pressure data and of the basal deposits. (a) Typical pressure
signal in the channel, showing successive stages of underpressure and overpressure. Zero pressure corre-
sponds to atmospheric. Variation as a function of the distance from the reservoir gate (x) of the duration of
the underpressure stage (Atp<), and of the time interval between the front arrival and the maximum pres-
sure (Afpyuqy) Or the onset of deposit aggradation (A, for (b) initially fluidized (at U,,;) and (c) dry
flows. In Figure 7¢, crosses indicate the duration of the second underpressure stage (see text for details).
The deposit aggradation velocity (U,) taken from Figure 5 is also shown (right scale). Numbers in circle
denote the collapse (1), constant velocity (2), and stopping (3) phases of flow emplacement whose
corresponding length is delimited by vertical dashed lines. The vertical solid line indicates the flow run
out. Interpretation of the internal flow structure from Figures 7b and 7c, when the flow front is at a
distance (d) shorter or (e) longer than that indicated by the grey bar in Figures 7b and 7c. Horizontal
arrows indicate corresponding lengths assuming Ax = U/A¢, and vertical dashed lines show the location
of Pin and P,.«. Note that the underpressure zone can extend within that of the basal deposit (Figure 7¢),

but P, is still ahead the deposit.

given time, the flows have a longitudinal pressure gra-
dient as P/P;* decreases with distance from the reservoir
(Figure 8). When the flows decelerate during their stopping
phase, P/P;* decreases but the most distal sensors indicate
that up to 25-40% (at U,;) and 15-20% (at U, of the
weight of the particles is still supported. Pressure returns to
atmospheric at the end of flow propagation, except for the
most proximal sensor (at 5 cm), as air flowing from the
reservoir is diverted sideways, so that the final deposit is
still partially fluidized. Note that a slight pressure increase
occurs for sensors close to the gate (520 cm) after the flow
front has stopped due to late-stage superficial flow, and that

very small amount of pressure is still present shortly after
motion has totally ceased.

[17] Interestingly, pore fluid pressure is also detected in
initially dry flows, though it is much smaller than in initially
fluidized ones. In the reservoir, P increases rapidly up to
~850 Pa during the collapse phase as most the material
above the sensors is in motion, showing that at least ~16%
of the weight of the column is supported. The pressure then
steadily decreases, though some slight fluctuation occurs
after the peak value. Very small residual pressure
corresponding to only ~1-2% of the weight of the collapsed
column is measured at the latest stages and even after
motion has completely ceased. In the channel, the pressure
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Figure 8. Lateral pressure gradient at different times after release in the initially fluidized (at U,,;) flow
whose data are presented in detail in Figure 6. The pressure ratio P/P;* decreases as the distance in the
channel (x) increases. Note that pressure is more than lithostatic (P/P;*>1) at early stages and/or close to

the reservoir gate (at x = 0).

signal has the same characteristics as for initially fluidized
flows, though it is weaker, as it reveals successive under-
pressure and overpressure stages. P,;, decreases as the flow
front velocity increases during the collapse phase, and Pp,ax
decreases with the distance from the gate. Values of P/P;
similar to that in the reservoir at early stages (~0.13-0.16)
are measured at the entrance of the channel (at 5-10 cm) at
the beginning of the constant velocity phase. We note that
close to the gate (at 5-20 cm), (1) overpressure may be
followed by a second underpressure stage that appears
approximately at the onset of basal deposition and whose
minimum value is close to that of the first one and (2) that
some very small residual pore pressure similar to that in the
reservoir is measured after the flow has stopped.

[18] The detailed characteristics of the pressure signals are
reported in Figure 7. They reveal variations similar to that of
the deposits at increasing distance from the reservoir gate,
and a transition occurs during the constant velocity phase.
Before the transition (grey bar in Figures 7b and 7c), the
time interval between the front arrival and (1) the maximum
overpressure (Atp,,q.) or (2) the onset of deposit aggradation
(Atgep) varies slightly and is larger than the duration of the
underpressure stage (Atp<p), which increases almost steadily.
Transition occurs when these time intervals are almost equal
to Atp<y, whose rate of change then decreases. Beyond the
transition, for initially fluidized flows, Atp,.~Atp<o and
both increase, whereas At,,,, varies similarly to the deposit
aggradation velocity as it decreases slightly with distance.
At that stage, evolution of the time intervals in dry flows is
less clear. These results imply that the basal deposit begins
to aggrade behind both the location of P,,,, and the zone of
underpressure at early stages of propagation (Figure 7d),
whereas it aggrades ahead of P, and within the under-
pressure zone at later stages (Figure 7¢). Note that the length
of the sliding head does not vary much until the stopping
phase. This shows that the tip of the basal deposit migrates
downstream, as the particles sediment from the flow body,
at a velocity close to that of the flow front.

3.4. Comparison With Defluidization of Static Beds

[19] Initially fluidized flows basically defluidize while
they propagate in the channel. In order to investigate the
defluidization processes, we performed experiments on
static columns in the reservoir with the gate closed and made
comparison of their defluidization timescale with that of the
flows. The aim of these tests was to assess if the flows
deaerate accordingly to the simple configuration of a static
column or if other processes may act. Experiments consisted
of columns of various heights fluidized at U,,rand U,,;, then
the air supply was turned off instantaneously using the
solenoid valve and the pressure was recorded by the sensors
in the reservoir. At U, this corresponded to a bed collapse
test [Geldart and Wong, 1985; Druitt et al., 2007].

[20] Comparison of the flows and the static columns
defluidization timescales is not straightforward for the fol-
lowing reasons. (1) The flow height varies spatially and
temporarily whereas columns in the reservoir have a constant
height (neglecting the small initial expansion at U,,;). For
simplicity, we have considered the nearly constant flow
height (A~6 cm) observed during the dominant constant
velocity phase (see Figure 3) and we made comparisons with
experiments on static columns of similar heights. (2) The
pore fluid pressure in the flows can be more than lithostatic
close to the reservoir (see Figure 6). (3) The weight of a
fluidized static column is not entirely supported at small
height typically <20 cm, possibly because of heterogeneities
caused by air flow channeling [Gilbertson et al., 2008]. In
consequence, the initial normalized pore pressure for the
small static columns investigated was less than for the
40 cm-high columns used to generate the flows. (4) Deposit
aggradation occurs in the flows, but not in static columns
initially fluidized at U, because of the negligible expan-
sion of these columns; furthermore, onset of aggradation in
the flows occurs after a significant time interval following
the passage of the front, whereas a deposit forms immediately
in static columns fluidized at U,,;, once air flux is no longer
supplied.
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Figure 9. P/P; as a function of time for granular columns initially fluidized at (a) U,,,;, or (b) U, for static
columns in defluidization tests (black) and for flows (grey, data from Figure 6 at P/P; < 1). Indices denote
the height of the loosely packed static columns (black, in cm) and the sensor location in the channel for
flow experiments (grey, in cm). The flow front position is also shown (x, right scale), and numbers in circle
denote the collapse (1), constant velocity (2), and stopping (3) phases of flow emplacement whose duration
is indicated by small vertical dashed lines. The vertical solid lines point out when the flow front stops, and
vertical dashed lines designate the moment the solenoid valve is turned off (static beds) or the reservoir gate
is open (flows) at £ = 0 and when superficial flow motion ceases at late stages. Measurements for static
columns were made with sensors measuring pressure in the range of ~34.5 kPa (5 psi) and at high sampling
frequency (600-800 Hz), thus explaining the noisy aspect of the curves.

[21] Figure 9 shows P/P; as a function of time in
defluidizing static columns, and the data are compared to
that of the flows taken from Figure 6. Results are reported
for a range of column height H# = 4-8 cm including the
nearly constant flow height (~6 cm) observed during the
dominant constant velocity phase. As mentioned above,
P/P; for small static columns before the air supply is turned
off decreases as the column height decreases and it is equal
to ~0.78-0.88 at U,,; and ~0.70-0.82 at U, a bit less
than for the higher columns used in flow experiments (see
Figure 6). The duration of complete defluidization of the
static columns is close to that of the flow and, as expected,
increases with the column height as the pore pressure diffu-
sion timescale is proportional to H%/D. Note that in the case
of initially expanded columns fluidized at U,,,, the rate of
pressure decrease depends both on pressure diffusion and on
bed contraction related to particle settling. As a consequence,
for a given column height, P/P; at a given time as well as
the duration of defluidization are larger in columns initially
fluidized at U, than in those fluidized at U,,. Considering
a column and flow height of 6 cm, we highlight that at a
given time P/P; in the flow during its constant velocity and
stopping phases is higher than in the static column, and it is
even up to about twice that in the column in case of initial
fluidization at U,,,;.

4. Discussion

4.1.

4.1.1. Causes of Underpressure at the Flow Head

[22] We now discuss the possible mechanisms that are
likely to explain the characteristics of the pressure signals
measured in the experiments, and these are summarized in
Figure 10. We first address the origin of the underpressure

Origins of the Pressure Signals

(i.e., pressure less than atmospheric) in the channel, mea-
sured as soon as the flow front arrives at the sensors.
Underpressure relative to the ambient at the flow head has
already been measured in experimental debris flows
[fverson, 1997], and in air-particle mixtures including
natural snow avalanches [McElwaine and Turnbull, 2005]
as well as experimental flows such as large-scale ping-
pong ball avalanches [McElwaine and Nishimura, 2001]
and small-scale laboratory gravity currents on steep slopes
[Turnbull and McElwaine, 2008, 2010].

[23] McElwaine [2005] developed a model, based on
Bernoulli’s theorem, for an inviscid gravity current down an
incline. The model gives solution for the fluid pressure
along the substrate, ahead of the current front and at the base
of the current head [see McElwaine, 2005, Figure 3]. First,
ambient air pressure is positive ahead of the current and
increases to a maximum equal to p,u’/2 at the front, where
p. 1s the air density and u is the air velocity assumed to be
equal to that of the front. In our experiments, this positive
pressure was of the order of 1 Pa, and could not be detected
with the sensors used. Second, air pressure at the base of the
current head decreases with distance behind the front and
may become negative, so that

1
P= 5,oauz(l 7%) +2g(p - pa)FSiH(%) cos(€+§)7 (7

where R is the effective length of the current (acrodynamic
flow radius), r = (fy) — H)U is the distance from the front
where ¢, is the moment the front arrives at the sensor and U
is the flow velocity, g is gravity acceleration, p is the (bulk)
flow density, ¢ is the front angle with the substratum, 6 is
the slope of the incline, and « is a constant ~1.01. Behind
the effective length, it is assumed that the pressure returns to
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Figure 10. Mechanisms accounting for the pore pressure measured in initially fluidized flows, with sec-
ond order processes in brackets. The small vertical dashed line separates the zones of underpressure at the
flow head, where P < 0 denotes the mechanism proposed by McElwaine [2005] (see text for details), and
of overpressure in the body whose basal deposit is shown (black). The processes acting in initially dry

flows are auto-fluidization and P < 0.

zero. In our case, § = 0 and the first term in equation (7) is
negligible for R being of the order of the flow height, so that
equation (7) becomes

P~ g(p— pa)(to — 1)Usin(e). (8)

Note that 7y — ¢ < 0, and that P has the same dimension as
(0 = p)U.

[24] Figure 11 shows the underpressure measured during
the constant velocity phase of our experimental flows. As
mentioned already, the minimum pressure P, is approxi-
mately constant during that phase. In detail, however, P,
in initially fluidized flows slightly decreases (at U,,,) or
increases (at U, when the distance increases. In order to
match P, in the experiments, we calculated the theoretical
pressure with equation (8), from ¢, (at P = 0) to the time of
Pin, so that the parameters to be fitted were the flow
density (p) and the flow velocity (U). There are, however,
limitations regarding the applicability of the model to our
experiments. The structure of the experimental flows close
to the front could be different from that assumed in the
model. The value of P,,;, was fitted at a distance r larger
than the effective length, so that calculation was strictly
valid only at early stages of underpressure. Furthermore, we
also addressed the initially dry flows though the model does
not strictly apply to them. Note that underpressure may also
result from other processes, as discussed at the end of this
section as well as in section 4.1.3.

[25] We calculated the flow parameters required to fit
Pin with equation (8) by considering the front angles
observed in our experiments, which decreased with the
distance travelled (Figure 3, Table 1). Firstly, we assumed
that U in equation (8) was equal to U, observed in experi-
ments, and obtained bulk flow density values much less than
py~1450 kg m > (Table 1). This implies very high degrees of
homogeneous expansion of the mixtures of at least ~70—
200% (initially fluidized flows) and ~220-280% (dry
flows), which is evidently not true from observation of the
videos. Secondly, we calculated U required to fit P,
assuming that the flow density was equal to that of the initial
mixture p;, (p = 1450 kg m™>) (Table 1). In that case, values
of U are smaller than Uy Interestingly, U is about one third
to one half Uy as shown also in Figure 4 for the middle part
of the sliding head, approximately where Py, is generated.
We point out that the normalized pressure —P,,;,/pU 2 is then
about two times smaller in dry flows than in initially flu-
idized ones (Table 1). All else being equal, this might reflect
contrasting degrees of fluidization of the head of both types
of flows, and in turn implies that the head of the initially
fluidized flows remained at least partially fluidized. In
summary, bearing in mind the limitations of applicability of
the model to our experiments, the above analysis suggests
that the sliding head of the flows had a particle concentration
close to that of the initial mixture and generated under-
pressure according to McElwaine’s [2005] model, as long as
we accept the required values for the flow velocity U at the
base of the sliding head. There are uncertainties regarding
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Figure 11. Underpressure measured in the channel during
the constant velocity phase of flows initially fluidized at
(@) U,y or (b) U,,; and of (¢) dry flows. The data are from
Figure 6. Pressure (P) is shown as a function of time (¢), and
¢t = 0 indicates arrival of the flow front at the sensors. Indices
denote the distance (in cm) of the sensors from the reservoir
gate. The thin dashed lines are the model from equation (8)
that fit P,,;,, for the most proximal and distal sensors con-
sidered. See text for details.

the degree of fluidization of the head during the constant
front velocity phase, but this remained probably close to that
of the initial column before release. Though the amount of
underpressure appeared to be controlled by this degree of
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fluidization, it depended primarily on the basal flow veloc-
ity. In this context, the decrease of P,,;, while the flow front
velocity was constant during the early collapse phase of the
initially fluidized flows at /#, = 40 cm (Figure 6) may reflect
an increasing basal velocity. Note also that sliding of the
granular material above the nose of the basal deposit may
also explain (1) the second underpressure stage measured in
the body of the dry flows at the entrance of the channel and
(2) why the underpressure zone in the initially fluidized
flows extends behind the tip of the deposit at late stages of
emplacement.

[26] Underpressure at the flow head could be generated by
other mechanisms. It could result from the presence of a
boundary layer at the base of the flows that we could not
detect. Dilation at the flow head with particles and interstitial
air moving relatively upwards and downwards, respectively,
thus generating drag, could be another mechanism to gen-
erate underpressure. However, assuming this is the only
active process, this would correspond to a rather complex
structure of the flow head. Dilation would increase from the
front, would be maximum about where P, is generated, and
then would decrease behind. By simply assuming that the
dilating mixture behaves similarly to a fluidized bed, for
which the pore fluid pressure varies linearly with the inter-
stitial air velocity, then the maximum air-particle relative
velocity is U, = (P,,;,U,)/ P, where P is the pore pressure in a
bed of given height / fluidized at U, Taking into account
the flow height and P,,;, measured in the experiments, then
U, (at Ppy) is ~0.4—0.6 cm s 'and ~0.1-0.2 cm s! in ini-
tially fluidized and dry flows, respectively, which appear as
possible values according to the flow dimensions and
velocities. Dilation could act along with sliding as described
in the previous paragraph, and U, would then be smaller than
indicated just above. The effects of dilation of the mixture
without differential motion between the solid and fluid
phases are considered in section 4.1.3.

4.1.2. Causes of Overpressure in the Flow Body

[27] The positive pressure (i.e., more than atmospheric)
measured in the body of the initially fluidized flows, without
any air supply from the substrate, primarily derives from
advection of the initial pore pressure generated in the res-
ervoir. In the channel, the decrease of P,,,, as the distance
from the reservoir increases and of the pore pressure with
time after P, at a given location both suggest that pore
pressure diffusion is a fundamental process until the flows
are completely defluidized and stop. Diffusion is relatively

Table 1. Characteristics of the Flows and Values of the Bulk Flow
Density p and Flow Velocity U Required to Fit P;, Using
Equation (8)*

Initial Condition

Umb Umf Dry
SL40 SL 120 SL40 SL 120 SL30 SL 60
cm cm cm cm cm cm
¢ (deg) 25 10 25 10 12 7
P (kgm) 490 868 562 744 380 453
U (cms ") 90 153 88 116 42 63
ulu;© 0.35 0.60 0.39 0.51 0.26 0.39
—Poin/pU*  0.06 0.07 0.06 0.07 0.03 0.03

4SL, sensor location.
bU = U/
“Density p = 1450 kg m>.
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channel

reservoir

Figure 12. Advection of the pore fluid pressure from the
reservoir to the channel (horizontal arrow). The pressure
in the initially fluidized column is P, = p,gH. If the time-
scale of pressure diffusion is large compared with that of
advection, then pressure in the flow can be more than litho-
static as P; ~ p,gH > ppgh.

slow compared with advection, because at the entrance of
the channel pore pressure in the flows generated from the
base of the thicker fluidized columns remains close to that in
the reservoir (Figure 6) and is then larger than lithostatic
(Figure 12). Note that pressure in the reservoir can be larger
than lithostatic, and this is discussed in section 4.1.3. In
slightly expanded mixtures, settling of the particles also acts
opposite to pressure diffusion because it generates pore
pressure and hence increases the defluidization timescale,
as mentioned earlier for static columns (Figure 9). This
occurs readily in flows initially fluidized at U,,,, but may
happen as well in other types of flows provided they
experience sufficient expansion during emplacement. Par-
ticle settling might generate overpressure in dry flows, but
these, however, are initially not expanded and can only
experience Reynolds dilation.

[28] Overpressure in the initially dry flows is an important
observation. This suggests that viscous drag is induced by
differential motion between the unsteady particles and the
interstitial air during bulk movement of the mixture. This
dynamic, motion-induced pore pressure arises at early
stages as the flowing granular material is sheared. It is more
important in the reservoir and at the entrance of the channel,
where at least up to ~16% of the weight of the particles is
supported, and is smaller further away probably because of
less efficient air-particle interactions. We point out that a
dimensional analysis of experiments similar to those pre-
sented in this paper showed that strong viscous air-particle
interactions can develop in these internally sheared flows,
thus promoting at least partial support of the weight of the
particles [Roche et al., 2008]. This phenomenon will be
referred to auto-fluidization hereafter for convenience
though we acknowledge that full bed support is not
achieved. We highlight that auto-fluidization of our air-
particle flows has an internal origin and does not require any
external fluidizing gas. This is similar to the model of
Huang et al. [2009] for granular flows sheared in rotating
drums and that can be fluidized by internal cycling air. In
contrast, this differs from the conclusion of Bareschino
et al. [2008] for flows in rotating drums invoking air
ingestion at the front through plunging avalanches. Note
that auto-fluidization is likely to occur in initially fluidized
flows as well, at an amount at least equivalent to that in dry
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flows, and this would contribute to generate high pore fluid
pressure along with the other mechanisms described in this
paper. This may explain why the pore pressure in the flows
is larger than in defluidizing static columns of equivalent
height at given time (Figure 9), though comparison between
the dynamic and static cases is not straightforward as dis-
cussed in section 3.4.
4.1.3. Voidage Variation of the Fluidized Air-Particle
Mixture

[20] We now consider the influence of dilation and con-
traction of the air-particle mixture on the pore fluid pressure.
The following better applies to fluidized mixtures, i.e., for
which stresses are readily transmitted by the fluid phase.
The perfect gas law indicates that PV/T is constant for a
constant mass of gas, where P, V, and T are the pressure,
volume, and temperature of air, respectively. Assuming that
T is constant, then

P, =P %7 )

where indices denote two successive stages. We note from
equation (9) that 1% dilation (contraction) of a fluidized air-
particle mixture at pressure about equal to that of the
ambient atmosphere, so that P;~10° Pa, causes a pressure
decrease (increase) of ~1000 Pa. In case of dilation of the
mixture, the internal air pressure decreases as the ambient
cannot supply sufficient new air to compensate the pressure
drop inside the flow. Variation of the voidage of the air-
particle mixture may occur both in the reservoir once the
column is released and in the subsequent flows.

[30] In the flows, dilation could generate underpressure at
the flow head, and P.;, measured would correspond
(assuming pressure decrease from P = 0) to a dilation of
~0.5-0.6% and ~0.1% in initially fluidized and dry flows,
respectively. Note that the second underpressure stage
measured in dry flows would be compatible with an equiv-
alent amount of dilation of the granular material flowing
above the nose of the basal deposit. In case underpressure at
the head would also be generated by the process proposed by
McElwaine [2005] (section 4.1.1), then the amount of dila-
tion would be smaller than indicated above. Generation of
underpressure through dilation, however, would require a
rather complex structure of the flow head in terms of degree
of dilation, as mentioned in section 4.1.1. Furthermore, we
highlight that underpressure measured at the head of debris
flows [e.g., Iverson, 1997] appears to be incompatible with
the low compressibility of the interstitial water if one as-
sumes a pressure decrease through dilation.

[31] Pressure variations measured at the base of the flu-
idized columns in the reservoir can be explained by suc-
cessive dilation and contraction stages of the air-particle
mixture (Figure 10). Once the column is released, dilation
may occur readily as the mixture stretches when the flow
enters the channel and/or as pressure at the base of the
column tend to equilibrate with the lower atmospheric
pressure. In this context, the sudden pressure decrease of
~4500 Pa right after gate opening in columns fluidized at
Upnp and U,,s (Figure 6) indicates dilation of ~4.5%, so that
the total expansion at U,, relative to the initial loosely
packed state is ~7.5-8.5%. Then, the following pressure
increase up to values that can be larger than lithostatic at the
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end of the collapse phase may be generated by two means:
(1) the acceleration of the falling particles within the res-
ervoir, and (2) a contraction of the mixture, and successive
transient stages of slight dilation and contraction would
account for the pressure oscillations observed. In case (1), as
the gate is open and the whole granular mass falls under the
influence of gravity, then the basal pore pressure counter-
balances the weight of the particles (as before release) plus
the force related to their acceleration. The excess pore
pressure generated is then P, = pU=2, where U, is the vertical
velocity of the collapsing column ~80-85 cm s ', so that
P,~1000 Pa. This, however, is insufficient to account for the
pressure measured at the end of the collapse phase. In case
(2), at both U,,;, and U,,; P-P; is ~1500 Pa (as P/P;~1.5) at
the end of the collapse phase when the reservoir is about
half emptied. Taking into account the possible excess
pressure of ~1000 Pa caused by vertical motion of the
mixture, the difference of ~500 Pa indicates a contraction of
~0.5% compared to the initial static fluidized state before
release (in case no excess pore pressure would be generated
by column collapse, then contraction would be only ~1%
more). This means that the packing at U, is then slightly
larger than the loose packing of the initial column, which is
plausible as loose granular beds can compact by a few
percents when subjected to external forcing [Duran, 1999].
In contrast, beds fluidized at U,,,, are still slightly expanded,
at an amount of ~2.5-3.5%. In summary, to explain the
pressure increase following the initial decrease in the res-
ervoir during the column collapse phase, we favor con-
traction of the air-particle mixture possibly combined with
its vertical acceleration. Interestingly, at both U,,;, and U,z
slight dilation related to the sudden acceleration of the flows
when they enter the second, constant flow velocity phase
can explain why P/P; slightly decreases at that stage. Then,
at U,,;, contraction of the mixture as the granular column
terminates to collapse can account for the slight increase of
P/P; during that constant velocity phase, and pressure re-
turns to lithostatic as the mixtures reacquires its initial voi-
dage during the last, stopping phase. Note that this effect is
less pronounced in columns fluidized at U, for which
contraction is more difficult to achieve because of their
initial non-expanded state.

[32] In the case of the initially dry flows, the sudden
pressure increase of ~800 Pa in the reservoir right after gate
opening could suggest a contraction of ~0.8%. However, as
the granular column is initially not fluidized nor expanded, a
pressure increase through voidage reduction is probably
difficult to achieve. Furthermore, the mixture is rather ex-
pected to dilate once in motion. In consequence, auto-
fluidization as described in the previous section better
explains the positive pressure generated. Nevertheless, voi-
dage variation could cause the small pressure fluctuations
measured once the granular material is partially fluidized
during flow emplacement.

4.2.

[33] Our experimental study applies to dense (or the dense
part of) subaerial geophysical flows propagating on a sub-
horizontal slope, and particularly to cases where fluid-
particle interactions at initial stages are strong enough to
generate a fluidized mixture with high pore fluid pressure.
The experiments are relevant to flows rich in fine particles,

Implications for Geophysical Flows
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which, regarding the type of air fluidization processes,
belong to the Geldart [1973] group A. In the volcanological
context, these conditions are readily achieved in ash-rich
pyroclastic flows as a fluidized mixture of gas and particles
is emitted at the eruptive vent. The flows then basically
defluidize as they propagate, though local and transient gas
supply may be provided from either internal or external
sources. Note that particle aggregation and temperature-
derived buoyancy were negligible in the experiments, unlike
to what it may happen for pyroclastic flows in nature. These
experiments may also apply to other types of flows such as
dense snow avalanches [Bartelt et al., 1999], as these may
be fluidized by air entrainment at the front as the air-snow
mixture is relatively dilute during initial acceleration on
steep slopes [Rastello and Hopfinger, 2004; Turnbull and
McElwaine, 2007]. Uncertainties, however, concern the
type of air fluidization processes of snow particles, and
aggregation of these particles then forming a coherent plug
may complicate this simple picture [Sa/m, 1993]. The pore
fluid pressure and internal kinematic data reported in this
study give insights into the structure of these geophysical
flows. These may consist of a (at least) partially fluidized
sliding head generating underpressure, followed by an
almost fully fluidized body at the base of which a deposit
forms and aggrades upwards at a nearly constant rate, and
both the head and body are sheared pervasively (Figure 13).
As the flow basically defluidizes during transport, the
degree of fluidization at a given time is expected to decrease
from the source, provided auto-fluidization is not efficient
enough.

[34] Regarding pyroclastic flows, the experimental results
are consistent with several field observations. Sliding and
associated shear at the base of the flow head may generate
erosion features, as discussed also by Girolami et al. [2010].
This is likely to occur if large lithic clasts segregate in the
lowermost part of the flow [Druitt and Sparks, 1982; Sparks
et al., 1997; Pittari and Cas, 2004] and are dragged by the
(partially) fluidized ash matrix [Dufek and Bergantz, 2007a,
2007b; Dufek et al., 2009; Roche et al., 2005], or when the
flow has acquired a frictional behavior once defluidized at
late stages. In case of a substrate consisting of an uncon-
solidated loose granular material, underpressure relative to
the ambient atmosphere at the base of the head may cause an
upward-directed pressure gradient, provided atmospheric
pressure is maintained in the pores of the substrate as the
latter is overlain by the flow (Figure 13). This, along with
basal shear (if strong enough), may act as an efficient
mechanism to entrain loose material from the ground.
Substrate-derived clasts are often encountered in pyroclastic
flow deposits and may be the witness of such a process. For
example, slabs of pumice fall deposits a few tens of cen-
timeters-thick can be incorporated into overlying pyroclastic
flow deposits [Druitt and Sparks, 1982, Figure 8]. More
generally, accidental substrate-derived clasts could be
incorporated into the flow head, possibly contributing to
form the (ground) layer 1 observed in many deposits
[Wilson, 1986]. The mechanism for clasts incorporation we
discuss here is an alternative to the proposed turbulent
boundary layer at the flow base induced by surface rough-
ness of the substrate [Buesch, 1992] or to the sudden flow
acceleration on local steep slope [Suzuki-Kamata, 1988]. As
experiments showed that the rear limit of the underpressure
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Figure 13. Structure of a geophysical flow inferred from the present study. Horizontal and vertical ar-
rows in the flow head and body indicate the internal velocity and aggradation of the basal deposit (black),
respectively. Numbers denote the shift of the rear limit of the underpressure zone at early (1) and late (2)
stages. In the latter case, this zone extends towards the distal part of the deposit. The close-up is the sketch
of the head passing over a substrate consisting of an unconsolidated granular material (circles), not to
scale. Pressure in the pores of the substrate is that of the ambient atmosphere (P,;,), and underpressure
(P < P,4,) at the base of the sliding head generates an upward-directed pressure gradient.

zone migrated to the basal deposit at late stages of
emplacement, particles deposited from the flow body might
be reworked if a sufficient pressure gradient developed.
Neglecting this process, the data of Girolami et al. [2010] as
well as those reported in the present study suggest that the
basal deposit in the body may aggrade at a nearly constant
rate until the overlying flow is entirely consumed, as also
inferred from textural studies of pyroclastic flow deposits
[Branney and Kokelaar, 1992, 2002]. The body of pyro-
clastic flows is likely to be almost fully fluidized provided
pore pressure diffusion is relatively slow and viscous gas-
particle interactions caused by differential motion between
the solid and fluid phases are strong enough, the latter
occurring through mixture contraction and particle settling as
well as auto-fluidization as defined above. Internal inter-
particle contact stresses may then be considerably reduced,
thus conferring an inertial fluid-like behavior despite the
very high particle concentration [e.g., Roche et al., 2008] and
the presence of a sliding head. In this context, the contribu-
tion of the head to the whole flow resistance would be
negligible, though basal shear might contribute to generate
erosion features as described above. At late stages of
emplacement, particle interactions are expected to become
dominant once pore pressure has decreased sufficiently, thus
promoting a transition from a fluid-inertial to a granular-
frictional behavior [Roche et al., 2008].

[35] The relative magnitudes of the pore pressure diffu-
sion and advection timescales are important regarding the
flow dynamics. Close to the source, the pore pressure can be
larger than lithostatic if diffusion is relatively slow and the
flow thins rapidly (i.e., Figure 12). The issue of the flow run

out can be addressed considering the dimensionless pore
pressure number defined by Iverson and Denlinger [2001].
This number (V) represents the ratio of the timescale for
flow run out related to pressure advection, (L/g)"?, to the
timescale for pressure diffusion, 1*/D, so that

D(L/g)"/?
N, = (h#. (10)
In our experiments, with D~0.01 m? s~ ' [Montserrat et al.,
2007] and ~~0.06 m, then N,~1. This is larger but close to
that for pyroclastic flows as N,~0.1 if one assumes a same
value of D, L~1000 m, and A~1 m. Note, however, that
likely smaller hydraulic diffusivity and larger flow thickness
values in natural flows would decrease the pore pressure
number, thus indicating that high pore fluid pressure would
persist relatively longer than in experiments. In conse-
quence, assuming that the mechanisms of pore pressure
generation are of comparable relative magnitude at the
natural and laboratory scales, the flow run out in nature
would be relatively larger than in the experiments. Never-
theless, the structure of the natural flows is expected to be
similar to that of their experimental analogs, though more
elongated horizontally.

5. Conclusion

[36] The emplacement dynamics of dense air-particle
gravitational flows were investigated through analogue
laboratory experiments. We carried out measurements of the
pore fluid pressure in dam break flows generated from the
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release of fluidized and nonfluidized granular columns. The
internal structure of the flows was also investigated from
analyses of high-speed videos. The experimental setup was
designed to allow for noninvasive measurement of the pore
pressure relative to that of the ambient atmosphere, and we
studied how it varied both spatially and temporarily during
flow emplacement. All types of flows consisted of (1) a
sliding head that caused relative underpressure, followed by
(2) a body that generated relative overpressure and at the
base of which a deposit aggraded at a nearly constant rate.
Both the head and body were sheared pervasively. The
measured pressure signal resulted from the combination of
several processes (Figure 10). The underpressure generated
by the sliding head may be explained by two mechanisms,
possibly acting together. Dilation of the flow head of the
order of 0.1-1% may generate the amount of the peak of
underpressure (Pp,;,) observed. Underpressure was also
accounted for by the theory developed by McElwaine [2005]
assuming an inviscid fluid flow, though uncertainties remain
on the applicability of the model to our experimental flows.
Pin was primarily proportional to the basal flow velocity,
but depended also on the degree of fluidization of the head
as it was relatively smaller in dry flows than in initially
fluidized ones whose head was probably at least partially
fluidized. We acknowledge, however, that this latter issue
deserves further investigation. For initially fluidized mix-
tures, overpressure in the flow body primarily derived from
advection of the pore pressure generated in the initial col-
umn, and the flows defluidized by pressure diffusion until
they came to halt. The amount of overpressure depended on
the relative timescales of pressure advection and diffusion,
on auto-fluidization processes, and on variation of the voi-
dage of the air-particle mixture. At early stages, relatively
slow pressure diffusion led the pore pressure in the thin
flows to be larger than lithostatic. Auto-fluidization was
evidenced in initially dry flows, for which at least up to
~16% of the weight of the particles was supported. It arose
from shear-induced, relative motion between the particles
and the interstitial air. Auto-fluidization occurred probably
also in initially fluidized flows and then contributed to
generate positive pore pressure along with the other pro-
cesses. Additionally, slight dilation or contraction of the
flow body with air drag and/or pore volume variation led the
pore pressure to transiently decrease or increase, respec-
tively. We highlight that, in the case of initially slightly
expanded (~3—-4%) fluidized mixtures, high pore fluid
pressure persisted for most the flow propagation as (at least)
~70 to 100% of the weight of the particles was supported,
thus showing that particle-particle shear interactions were
then very much reduced. This provides an explanation for
the inertial fluid-like behavior of these flows until the
beginning of their stopping phase [Roche et al., 2008].

[37] Our study better applies to pyroclastic flows propa-
gating on subhorizontal slopes, but it may also have interest
for other types of dense two-phase gravity currents such as
snow avalanches. It shows that accurately modeling gas-
particle flows requires taking into account detailed processes
of fluid-solid interactions whose degree depend on variation
of the voidage of the mixture and on the relative velocity of
the two phases [e.g., Meruane et al., 2010]. Pyroclastic
flows may consist of two distinct parts, both sheared per-
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vasively: (1) a (at least) partially fluidized sliding head that
may erode the substrate and where incorporation of acci-
dental lithic clasts can occur; and (2) a fluidized body
at the base of which a deposit aggrades [e.g., Branney and
Kokelaar, 1992, 2002] at a nearly constant rate. Even
though these flows are highly concentrated and have a
sliding head, they are expected to propagate as inertial fluids
for most their emplacement, thus being highly mobile [e.g.,
Roche et al., 2008]. Particle-particle shear interactions may
dominate the flow dynamics only at late stages, when the
pore fluid pressure has sufficiently decreased by diffusion
and other processes that are likely to increase the pore
pressure have become no longer efficient enough.
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