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Abstract The influence of slope angle on pore pressure gen-
eration and kinematics of fines-rich pyroclastic flows was in-
vestigated through laboratory experiments. Granular flows
were generated by the release of a column of fine glass beads
(d=0.08 mm) in an inclined channel (0-30°). The granular
column could be fluidized while the channel base was either
smooth or made rough by glued beads of 3 mm diameter. Pore
pressure measurements reveal that the degree of
autofluidization, caused by air escaping from the substrate
interstices into which flow particles settled, was high at all
slope angles. Flow runout increase due to autofluidization,
however, was reduced at slope angle higher than ~12° because
of the occurrence of a strong deceleration phase that limited
the flow duration. This is probably caused by the combination
of flow head thinning at increased slope angle and settling of
particles into the substrate interstices until the flow ran out of
mass. Analysis of high-speed videos suggests that ingestion of
ambient air at the flow front did not occur, even on steep
slopes of 30°. Experiments at inclinations close to (25°) or
slightly higher (30°) than the repose angle of the granular
material (28.5°) revealed the formation of a thin basal deposit
that was then eroded as the flow thickness and velocity grad-
ually decreased. Our study suggests that air escape from sub-
strate interstices in nature can be a significant external cause of
pore pressure generation that favors low energy dissipation
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and long runout distances of pyroclastic flows on moderate
topographies.
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Introduction

Pyroclastic density currents are common in nature and can be
amajor threat for populations as they are hot, fast, challenging
to predict, and have runout distances that can exceed 100 km
(Valentine et al. 1989; Wilson et al. 1995; Druitt 1998;
Branney and Kokelaar 2002). Their dynamics can vary signif-
icantly depending on their triggering mechanism (eruption
column or dome collapse, boiling over, lateral explosion),
volume, granulometry, sorting (Sparks 1976; Wilson 1980;
Druitt et al. 2007), and topography (Fisher et al. 1993;
Woods et al. 1998; Lube et al. 2007) as well as the nature of
the substrate on which they propagate (Wilson 1980; Roche
et al. 2013; Chédeville and Roche 2014). The present study
addresses the dynamics of pyroclastic density currents with a
concentrated basal part, referred to as “pyroclastic flows”
hereafter.

Pyroclastic flows propagate on slopes that range from more
than 30° near the summits of volcanoes down to ~0° at more
distal areas. Several field studies have addressed the influence
of'the slope angle on their deposition, segregation, and erosion
mechanisms (Sparks et al. 1997; Giordano 1998; Calder et al.
2000; Lube etal. 2007; Bernard et al. 2014; Brand et al. 2014).
Further insights were gained from analog and numerical
modelling of granular flows down inclined substrates that re-
vealed fundamental aspects of flow dynamics (e.g., GDR
MiDi 2004; Mangeney et al. 2007). Recent experimental
works, in particular, have investigated the influence of a rough
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erodible or rigid granular substrate on flow velocity and
runout distance (Mangeney et al. 2010; Lube et al. 2011;
Farin et al. 2014). These studies, however, involved flows of
particles larger than 0.1-1 mm for which the influence of the
interstitial gas (air) is negligible, in contrast to fines-rich py-
roclastic flows (Roche et al. 2006; Druitt et al. 2007; Girolami
et al. 2008; Rowley et al. 2014). Here, we define fines-rich
flows as concentrated granular mixtures with a high (typically
>50 wt.%) proportion of ash and a low hydraulic permeability.
Analog experiments involving fine particles (<0.1 mm) have
demonstrated that low material permeability greatly reduces
diffusion of the gas pore pressure from within the granular
mixture, which favors flow propagation and increases runout
distances compared to equivalent but non-fluidized flows
(e.g., Roche 2012). These flows of fine particles consisted of
a sliding (i.e., non zero velocity at the base) head that gener-
ated relative underpressure that scaled with the square of the
front velocity (Roche et al. 2013) while the flow body behind
the head generated overpressure when pore pressure was pro-
vided at source (Roche et al. 2010; Roche 2012). Recently,
Chédeville and Roche (2014) showed that flows of such fine
particles without initial pore pressure and propagating on a
horizontal rough, rigid substrate could be autofluidized as
particles settled into the substrate interstices, which caused
an upward flux of air that generated pore pressure in the
granular mixture. The present study aims at extending the
work of Chédeville and Roche (2014) by investigating the
influence of the slope angle on the autofluidization mecha-
nism evidenced by their experiments. We report data on gas
pore pressure at the flow base, flow runout distance, and front
kinematics as a function of the slope angle, varying from
horizontal to 30°.

Experimental methods

Pore fluid pressure generation and diffusion
in gas-particle systems

Pore fluid pressure in a bed of particles can be generated when
there is a relative vertical motion between the gas moving
upward and the particles settling downward. The gas exerts
a drag force that increases with its velocity, which counterbal-
ances the weight of the particles and reduces the interparticle
frictional forces (Rhodes 1998). The bed is said to be fluidized
when the drag force equals the apparent weight of the parti-
cles, which occurs at superficial gas velocity called the mini-
mum fluidization velocity (Upyg). This minimum velocity in-
creases with particle size and density, meaning that it is easier
to fluidize beds of small and light particles.

Once generated, the interstitial pore fluid pressure does not
vanish instantaneously even if there is no more relative gas-
particle motion. The pore pressure decreases through diffusion
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where P is the pore pressure, z is the bed height, 7 is the time,
and D is the hydraulic diffusion coefficient (Iverson 1997). D
is proportional to k/(1—¢,)u 3, with & the bed hydraulic perme-
ability, €, the particle volume fraction, yp the gas dynamic
viscosity, and [ the gas compressibility. The pressure diffu-
sion timescale of a bed of thickness H increases proportionally
to H*/D (Iverson 1997; Montserrat et al. 2012; Roche 2012).
At a laboratory scale, pore pressure diffuses almost instanta-
neously (<<1 s) in beds of particles typically larger than
100 um, with permeability &> 10" m?. In contrast, the low
permeability £<107'° m? of beds of finer particles (e.g., the
matrix of fines-rich ignimbrites) allows diffusion for longer
durations, which can be up to several minutes or even hours
when scaled to the natural system (Druitt et al. 2007;
Montserrat et al. 2012; Roche 2012).

Experimental device and procedure

Dam break experiments were carried out in the same appara-
tus as the one used by Chédeville and Roche (2014). The
device consisted of a 20x10 cm reservoir connected to a
300x10 cm tilting channel in which flows were generated
(Fig. 1). Opening of the reservoir gate by means of a counter-
weight was fast enough to have a negligible influence on the
spreading of the granular material from the reservoir. The flow
particles were sub-spherical glass beads of mean diameter d=
0.08 mm and with a density of 2500 kg m . To avoid possible
cohesion effects caused by ambient moisture, we fluidized the
particles with dry air in a fluidization rig for at least 10 min
before each experiment. For some experiments, a gas flux was
provided at the base of the reservoir through a porous plate in
order to fluidize the particles (i.e., generate pore pressure)
before they were released in the channel. The superficial gas
velocity was set above the minimum bubbling velocity (Uyp)
of beds of fine particles (~13—16 mm ™' >U,y) so that full bed
support was achieved and bed expansion (~7-8 %) was max-
imal. No gas flux was provided from the channel base in any
experiment. The mass of particles initially placed in the reser-
voir was set to 3, 6, or 12+0.001 kg, which corresponded to
column heights of about 10, 20, and 40 cm, respectively. The
channel base was either smooth or covered by a layer of glued
glass beads with a mean diameter =3.0+0.1 mm in order to
form a rough non-erodible substrate (see Chédeville and
Roche (2014) for details). The choice of using a 3-mm rough
bed was motivated by the fact that this roughness had the
strongest influence on the runout of horizontal flows
(Chédeville and Roche 2014). Moreover, complementary ex-
periments with lower roughness (¢=0.7+0.1 mm) showed
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Fig. 1 Experimental device
consisting of a (fluidization)
reservoir connected to a 3-m-long
inclinable channel whose base is
either smooth or made rough by
gluing 3-mm glass beads. When
the gate opens, the spreading of
the column of particles generates
a flow consisting of a sliding head l
followed by a body at base of
which forms and aggrading
deposit

O
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that the flows generated low pore pressure signals difficult to
analyze (see in the “Results” section).

The channel was inclined at slope angles ranging from 0 to
30°, the latter being larger than the repose angle of the flow
particles (28.5+1°), while the reservoir base was always hor-
izontal. The flows generated had typical thicknesses of 0.5—
6 cm and maximum front velocities of 0.5-5 m/s depending
on the initial conditions (i.e., presence or absence of pore
pressure in the reservoir, column height, and channel inclina-
tion). The experiments were filmed by means of a high-speed
video camera (Fastcam SA3) at rates of 250 to 3000 frames/s
with corresponding resolutions of 1024x1024 to 896 x
736 pixels, depending on the portion of the flow investigated.
To measure the gas pore pressure within the flow, we used
piezoresistive pressure sensors at distances of 10, 50, 90, and
150 cm from the gate. The sensors were covered by a 36-pm
grid to prevent any contact with the particles and were placed
at the same level as the top of the glued beads (Chédeville and
Roche 2014, their Fig. 4b).

The experiments were scaled in order to ensure dynamic
similarity with fines-rich pyroclastic flows according to the
dimensional analysis of Roche (2012) and Chédeville and
Roche (2014). Considering same values of the roughness
number Ry=h/D, proposed by Chédeville and Roche (2014)
in nature and experiments, with % the flow thickness and D,
the substrate roughness, and the fact that experimental flows
have a thickness #=1-6 cm, then the 3-mm rough substrate
used in this study represents a natural roughness of ~0.05-0.3
to ~0.5-3 m for 1-m-thick to 10-m-thick pyroclastic flows,
respectively. We thus believe that our experimental
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configuration represents a wide range of rough terrains that
could be commonly observed in natural configurations.

Results
Pore pressure data

Pore pressure data were acquired at five different slope angles
(0°, 8°, 16°,25°, and 30°) for both initially fluidized and non-
fluidized flows generated from a column of initial height of
40 cm on both smooth and 3-mm rough substrates. For initial-
ly non-fluidized flows on a smooth substrate (Fig. 2), no pos-
itive pore pressure was measured at any slope angles investi-
gated except close to the reservoir (10 cm), in some experi-
ments, where small positive pressure (<60 Pa) was recorded as
in earlier similar works (Roche et al. 2010). The underpressure
phase, caused by the sliding head of the flows, had an ampli-
tude that increased with the slope angle and the distance in the
channel while its duration only increased with distance.

For flows propagating on a 3-mm rough substrate (Fig. 3),
pore pressure data were normalized with the lithostatic pres-
sure Py=pgh, with p,the bulk density of the flow (1450+
50 kg/m®), g the gravitational acceleration, and 4 the flow
height above the sensor. The flow height was measured from
the position of the flow upper surface along the channel
backwall on which a 2x2 cm grid was drawn. Error bars in
Fig. 3 correspond to the imprecision on the measurements of
the flow thickness and the possible variation of the flow den-
sity due to material expansion. The video frame rate was more
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Fig. 2 Basal pore fluid pressure
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than 4 times the sampling rate of the pressure sensors so that
each pressure value could be precisely correlated to the instan-
taneous flow thickness. The normalized pressure accounts for
the degree of fluidization for positive pore pressure but is not
relevant for the first underpressure phase, which is believed to
be a dynamic phenomenon (Roche et al. 2013). Positive pore
pressure was measured for both initially fluidized and non-
fluidized flows at all slope angles investigated.

For initially non-fluidized flows (Fig. 3a—¢), underpressure
was generated at the foremost part of the head but was of
shorter duration and much lower amplitude (~—100 Pa) than
for a smooth substrate (=200 to —500 Pa). Then the flow
generated a positive pore pressure that compensated 40—
100 % of the lithostatic pressure. The ratio P/P; >1 measured
in some cases can be explained by rapid variation of the flow
thickness compared with the timescale of pressure diffusion
once pressure was generated (see Roche et al. (2010), their
Fig. 12). At a slope angle larger than 8°, the lowest values of
the normalized pore pressure (P/P, ~40-50 %) were measured
close (10 cm) to the gate whereas at further distance (50—
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150 cm), values were significantly higher (P/PL>70 %).
Note that there was no clear dependence of the pressure ratio
on the slope angle at a given distance. The flow length (x),
corresponding to the duration of the positive pore pressure
peak (see below), increased with both the slope angle and
the distance in the channel (Fig. 4a). Measurements of x were
made either by correlating the peak duration with the flow
front position on the video or by multiplying the front velocity
by the duration of the overpressure phase if the front
overpassed the channel length. Normalizing this length with
the total flow length (Fig. 4b, c) shows that a large proportion
of the flow was affected by the overpressure, increasing from
20-60 % at the horizontal to 55-90 % at an inclination of 30°.
Note that we considered that the length x affected by the over-
pressure included the foremost part of the flow at base of
which underpressure was measured instead (Fig. 4c). In fact,
this underpressure is believed to have a dynamical origin and
might be limited to the flow-substrate interface, possibly
masking overpressure within the flow above (Roche 2012;
Roche et al. 2013).
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Fig. 3 Basal pore fluid pressure,
P, normalized with the lithostatic
pressure, Py, as a function of time
for a—e initially non-fluidized and
f-j initially fluidized flows
propagating over a rough
substrate. Slope angle was 0-30°
and initial column height was

40 cm. High pore pressure
fluctuation for some data at 90—
150 cm is due to very low flow
thicknesses for which the sensor
noise becomes non-negligible.
Numbers above the curves
represent the peak raw pressure
values, in Pascal, for each sensor
location. Note that these values do
not necessarily correspond to the
highest raw pressure measured by
the sensors. Typical error bars are
represented for each sensor
location with the corresponding
color code and account for
imprecisions in measurements of
the flow thickness and possible
variation of bulk flow density due
to material expansion of 0-8 %.
Error bars smaller than the line
thickness are not represented. For
flows at inclinations of 0 and 8°,
positive pore pressure was also
measured at distances of 90 and
150 cm from the gate, but error
bars were so large that we chose
to not represent the corresponding
curves
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Fig. 4 Initially non-fluidized flows on a rough substrate. a Flow length
affected by autofluidization (x) as a function of the slope angle, for
sensors located at various distances in the channel. b Ratio of x over the
total flow length (xo11) as a function of the slope angle, with same legend
as in a. The two colors represent two experiments for each slope angle
investigated. Closed and open symbols represent, respectively, x obtained
from correlation of the pressure peak duration with the flow front position

In the case of initially fluidized flows over a rough sub-
strate (Fig. 3fj), the overpressure phase measured close to the
reservoir (10 cm) lasted longer than for initially non-fluidized
flows while its amplitude decreased with slope angle, from P/
P; ~100 % at 0° to P/P; ~40 % at 30°. Further downstream the
influence of initial fluidization was not evident as initially
non-fluidized flows generated similar pressure signals. There
was no clear tendency of the variation of maximum pore pres-
sure value with slope angle.

Results were comparable to those described above for
flows propagating over a less rough substrate (d=0.7 mm)
except at a long distance from the gate (90-150 cm) for ini-
tially non-fluidized flows, where pore pressure signals were
too low to be clearly distinguished from the sensor noise as the
flows became very thin (<0.2 cm).

Flow runout

Runout distances of flows propagating over smooth or 3-mm
rough substrates were measured at slope angles ranging from
0 to 20° with intervals of 2° (Fig. 5). Flow runout could not be
measured at higher inclinations as it exceeded the channel
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on the video or from the peak duration times the flow front velocity. The
sketch ¢ (not to scale) illustrates the relations between the pore pressure
signal and the flow location when the front reaches the sensor () and at
the end of the overpressure phase (f,). Measurements of x and Xy
reported in a and b were both taken at time #,. Note that x also includes
the first short underpressure phase at the flow front

length. Experiments were carried out with initial particle col-
umn heights of 10 or 20 cm, in both initially fluidized and
non-fluidized conditions.

For initially non-fluidized flows propagating on a smooth
substrate (Fig. 5a), the flow runout increased with the slope
angle and the data defined a trend similar to that reported by
Mangeney et al. (2010) and Farin et al. (2014) for flows of
larger beads (0.6—-0.8 mm). These authors found that

r 20

H  tané—tanf’ @)
with 7 as the flow runout, A the initial column height, o an
empirical coefficient that is equal to 0.5 (Mangeney et al.
2010), 6 the effective friction angle of the material, and 6
the slope angle. For our experiments, the model fitted the
data for a friction angle §=23°, lower than the material
repose angle (28.541°) but very close to the surface angle
of the deposit left in the reservoir (~22+1°). At steeper
slope angles, late stage motion of particles at the surface
of the deposit once the flow front stopped could cause
runout increase by up to 50 % at 20° (see error bars in
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Fig. 5 Flow runout, », normalized with the initial column height, /, as a
function of the slope angle, 6, for a a smooth substrate and b a 3-mm
rough substrate (same legend for both graphs). In a, the solid line
corresponds to the best fit of the runout of non-fluidized flows,
obtained using Eq. 2 for a friction angle of 0=23° and the inset

Fig. 5a). For initially fluidized flows, the friction increased
with time as pore pressure diffused. Following Lucas and
Mangeney (2007) and Roche et al. (2011), who addressed
flows on horizontal slopes, we tried to define a mean effec-
tive (reduced) friction angle so that Eq. 2 could fit our data.
We did not succeed as we found that the friction angle that
best fitted our data at #=0° was 0==8.5° whereas it was as
high as §=20.1° at an inclination of 18°.

The data for flows over a rough substrate reveal similar
trends as observed for a smooth substrate, but with higher
normalized runouts at a given slope angle (Fig. 5b). At angles
>12°, larger normalized runouts of initially non-fluidized
flows for column height /=20 cm compared with /=10 cm
could be caused by a larger initial volume of material in the
reservoir (Farin et al. 2014). As for fluidized flows over a
smooth substrate, we were not able to fit the data with incli-
nation using a mean effective friction angle. Note that for
slope angles of 0—4°, however, the “best” mean friction angles
were 6=15° and 4° for initially non-fluidized and fluidized
flows, respectively.

The ratios of the runout of flows on rough (r,) and smooth
(rs) substrates are represented in Fig. 6. The ratio r/r in-
creased with the initial column height (i.e., volume) and initial
fluidization. For all types of experiments, r,/r; increased up to
~1.8-2.2 at low angles <6° then was approximately constant
at angles up to 12° and finally decreased down to <I for a
slope of 20°. Data could not be reported at angles >14° for
initially fluidized flows as the runout exceeded the channel
length. Note that for flows over a rough substrate, the runout
considered was either (i) the well-defined distal limit of the
deposit determined from observation of flow particles in the
substrate interstices (Fig. 6a) or (ii) the maximum extent of the
flows observed on videos, which could be several centimeters
longer than the observed deposit and whose particles formed a
deposit that was too thin to be seen (Fig. 6b). However, both
sets of data show similar trends.
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4
§ 88 ¢°
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represents the normalized runout as a function of the rescaled slope
angle. The purple diamond at 20° corresponds to the flow runout before
the front was overtaken by late-stage motion at the upper free surface.
Error bars represent minimum and maximum runout distances measured
for 3-8 repeated experiments and can be smaller than symbols

Flow front kinematics

Flow front kinematics and velocities are presented in Figs. 7
and 8 for different slope angles. The flows propagated in three
successive phases: acceleration, constant velocity, and decel-
eration, in agreement with trends reported in earlier works on
horizontal substrates (e.g., Chédeville and Roche 2014).
When the channel base was rough, the relative duration of
the final phase (deceleration) increased considerably with the
roughness, as the flows were (partially) autofluidized. In con-
sequence, the frontal part of the deposit was greatly elongated
compared to that of flows on a smooth substrate.

In the present study, both the flow duration and maximum
front velocity increased with the slope angle at given initial
conditions (Figs. 7 and 8). For flows over a smooth substrate,
the last deceleration phase notably increased with inclination.
When the slope was steep enough (~12° for initially fluidized
flows and 16° for non-fluidized flows), late-stage mass move-
ment at the free surface of the flow overtook the distal limit of
the already deposited material, thus increasing the runout by
up to several tens of centimeters. When the substrate was
rough, the duration of the acceleration and constant velocity
phases increased with the slope angle, whereas the duration of
the deceleration phase did not increase despite the higher max-
imum velocities. As a consequence, the total flow duration
increased much less with slope angle compared to what was
observed for a smooth substrate. Late-stage mass movement
as described above was weak and occurred only near the
Treservoir.

Flow front morphology
Detailed views of the flow front at different initial conditions
are reported in Fig. 9. Flows over a smooth substrate had a thin

head whose free surface was at a shallow angle with respect to
the substrate and whose base was in direct contact with the
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Fig. 6 Ratios of runout distance of flows on 3-mm rough substrate (r;)
over that of flows on a smooth substrate (r) for initial column heights of
10 and 20 cm. Runout for a rough substrate was either the distal limit of a
the deposit observed directly in the channel or b the flow visible on video.

latter, except at high slope angles (25-30°) where a slight
over-clevation of the foremost part could temporarily occur
(Fig. 9f). We did not observe any “plunging breakers” that
could entrain ambient air, as described by Bareschino et al.
(2008) for instance. The head of flows over a rough substrate
slid over the glued beads at all angles investigated, and parti-
cles settled into the interstices (Fig. 9a—d; see Chédeville and
Roche (2014) for a detailed description of flows over a hori-
zontal substrate). Transient front instabilities observed at the
foremost part of the flow probably resulted from collisions of
the particles with the substrate beads, but, as for a smooth
substrate, we did not observe any “plunging breakers.”
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The purple diamond at 20° corresponds to the runout ratio where late-
stage motion overtaking the flow front on a smooth substrate was not
taken into account

Sedimentation and deposit reworking

At slope angles of 25 and 30°, the flows left no deposit in the
channel at any configuration. During propagation, however,
we observed the formation of a thin basal deposit (<5 mm at
80 cm from the gate) that first aggraded and was subsequently
eroded slowly by the material flowing above once both flow
height (Fig. 10) and velocity had much decreased. This phe-
nomenon was observed in all cases except for initially non-
fluidized flows over a smooth substrate. Note that for a rough
substrate, deposition occurred sooner after passage of the flow
front and was slower compared to a smooth substrate. At an

Fig. 7 Normalized flow runout,

smooth substrate

rough substrate

x/H, as a function of normalized

time #/to, with to=(H/g)"* at
various slope angles for initially
non-fluidized flows over a a
smooth substrate and b a rough
substrate, and initially fluidized
flows over ¢ a smooth and d a
rough substrate. Measurements of
the front position were made at
time intervals of #/£y~0.16 s.
Vertical black lines for some high
slope angle data indicate the front
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Fig. 8 Flow front velocity as a function of normalized time (#/t,, see all graphs). Vertical black lines for some high slope angle data indicate the
Fig. 7) for slope angles of 0 to 20° and for initially non-fluidized flows front being overtaken by a late-stage motion of particles at the upper free
propagating over a a smooth or b a rough substrate, and initially fluidized surface of the flow. Some curves are truncated because flows exceeded
flows propagating over ¢ a smooth or d a rough substrate (same legend for the channel length

Fig. 9 Detailed views of the flow
front for various configurations. a
Fluidized (/) flow, rough
substrate at 8°. b Fluidized flow,
rough substrate at 30°. ¢ Non-
fluidized flow (nf), rough
substrate at 0°. d Non-fluidized
flow, rough substrate at 25°. e
Non-fluidized flow, smooth
substrate at 0°. f Fluidized flow,
smooth substrate at 30°.
Snapshots were taken at 80 cm (a,
b, d, and f), 45 cm (¢), or 30 cm
(e) from the reservoir
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Fig. 10 Thickness of the basal deposit, Ty, and total thickness (flow + deposit), 7, as a function of time at 80 cm from the gate and for inclinations of a
25° and b 30°. Some data are not represented for all flow durations because of difficulties in distinguishing the lower flow boundary

inclination of 30°, the maximum thickness of the deposit was
smaller and its erosion was much faster than at 25°.

Discussion
Autofluidization

One of the most important results of our study is that,
when initially non-fluidized flows propagated over a
rough substrate, high pore pressure (P/P;>0.75) was mea-
sured at all slope angles (0-30°) and at most sensor loca-
tions (50—150 cm from the reservoir) investigated. This
suggests that the autofluidization mechanism evidenced
by Chédeville and Roche (2014) for flows on a horizontal
rough substrate was also effective at high slope angles.
Though the amplitude of pore pressure signals on inclined
surfaces was similar to that in the horizontal configuration,
the duration of the signals, which corresponded to the flow
length affected by overpressure, increased with the slope
angle for a given travel distance (Fig. 4). This could result
from a higher flow velocity and lower settling rate that
increased the total filling time of the interstices by the flow
particles, thus increasing the flow length affected by
autofluidization. This was confirmed by video measure-
ments that show that the filling time of the interstices in-
creased from ~0.11 to ~0.21 s when the slope angle in-
creased from 0 to 30°.

Another important result is the absence of overpressure
in initially non-fluidized flows propagating over a smooth
substrate, even at a slope angle up to 30°. This implies that,
in our configuration involving flows at almost maximum
particle concentration, autofluidization was not possible or
negligible. This contrasts with the experiments of
Bareschino et al. (2008) that involved a rotating drum
and in which fine particles (glass beads or FCC) were
autofluidized. In their study, autofluidization was the result
of successive “plunging breakers” that incorporated ambi-
ent air at the flow front. At sufficiently high flow velocity

@ Springer

(>2.5 m/s), efficient air percolation through the granular
mass caused the fine-grained material to acquire a friction-
less behavior. In our experiments, no similar front instabil-
ities were observed although the maximum front velocities
were higher (up to 5 m/s at an inclination of 30°) than those
in the rotating drum experiments. It is possible that the
plunging breakers reported by Bareschino et al. (2008)
were the consequence of their experimental configuration,
as the granular material was elevated at a flow rear by the
rotating drum before propagating on very steep flow sur-
faces towards the front.

Influence of slope angle on flow dynamics

The variation of the flow runout with slope angle <16° for
our initially non-fluidized flows over a smooth substrate is
well described by the scaling law of Mangeney et al.
(2010) and Farin et al. (2014), which means that runout
was essentially controlled by the initial column height. At
angles >16°, this scaling law overestimated the runout,
particularly when late-stage motion was not considered
(Fig. 5a). Farin et al. (2014) reported similar results for
experiments on steeply inclined rough substrates and pro-
posed that runout was also controlled by the volume re-
leased. The main difference with their study was the lower
effective friction angle in our experiments (23° against
27°), probably due to the different sizes of the flow parti-
cles (d=0.08 mm against d=0.70 mm) and the nature of the
substrate we used (smooth Plexiglas against glued glass
beads), as the nature of the flow particles (glass beads)
and channel walls (Plexiglas) were identical for both stud-
ies. Though scaling with a mean low effective friction an-
gle is possible for initially fluidized flows at a given slope
angle (see Roche et al. (2011) for horizontal substrate), our
results show that it is not applicable for a range of slope
angles. This conclusion also applies to our initially non-
fluidized flows on rough substrates that were partially
autofluidized during propagation and whose emplacement
was controlled by a mean friction lower than that of the
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non-fluidized material. The ratio of the flow runout on the
rough substrate over that on the smooth plane did not vary
much (~1.8-2.2) at slope angles up to 10—12°, above
which this ratio decreased significantly. This shows that
the effect of runout increase due to substrate roughness
was reduced at high inclinations, which could be the con-
sequence of several mechanisms: (i) the autofluidization
became less efficient at steeper slopes, but strong overpres-
sure signals suggest this was not the case; (ii) the continu-
ous sedimentation of the flow particles in the substrate
interstices reduced the mass of the flow whose head (the
flow portion with a basal slip condition) ran out of materi-
al; (iii) the increase of collision intensity between the flow
particles and substrate beads, as the flow velocity increased
with the slope angle, could dissipate more flow energy than
for a smooth substrate.

Kinematic data reveal that the presence of a rough sub-
strate caused a larger increase of the maximum flow front
velocity and of the duration of the acceleration and constant
velocity phases with an increasing slope angle compared to
a smooth substrate (Fig. 8). Nevertheless, the deceleration
phase, which seemed to start only when the flow head
thickness had much decreased (<2-3 mm), became abrupt
(Fig. 8b, d) and its duration, notably for initially non-
fluidized flows, did not vary much (2.5<t/t,<3.5) as the
slope angle increased, whereas it was drastically extended
for flows on a smooth substrate (#/¢, varied from 2.5 to
13.5 at inclinations of 0 and 20°, respectively). Rowley
et al. (2014) showed that experimental flows fluidized by
a continuous air flux along the flow base did not stop even
on a horizontal substrate. In our experiments, however, on-
ly the flow head was autofluidized through settling of the
particles in the substrate interstices and the resulting mass
loss could have caused a rapid flow deceleration when,
eventually, the flow head became too thin to sustain
motion. Increasing the substrate roughness could enlarge
the flow portion affected by the fluidization mechanism
but, in the same time, could increase the volume of flow
particles lost by settling into the interstices. Furthermore,
experiments of Chédeville and Roche (2014) on a horizon-
tal substrate showed that when the roughness was too high
(Dy>0.3-0.6 mm), its positive influence on the runout
started to decrease.

Implication for pyroclastic flows

This work shows that the autofluidization mechanism
found by Chédeville and Roche (2014) for horizontal
substrates can also be efficient at high slope angles (at
least 30°). This suggests that, in nature, this mechanism
could occur during the whole propagation of pyroclastic
flows, from the steep flanks of volcanoes to the distal
more gentle slopes.

Air ingestion at the flow front was proposed by
McTaggart (1960) and Wilson (1980) as a possible mecha-
nism for the fluidization of pyroclastic flows. This was
mainly because the flow head morphology was believed
to be similar to that of fluid gravity currents in
Boussinesq conditions (i.e., with a low density difference
with the surrounding fluid) for which no-slip condition at
the lower boundary caused a convex-shaped head with an
elevated nose beneath which the surrounding fluid could be
ingested (Allen 1971; Simpson 1972, 1986, 1997). In our
experiments, however, velocity at the lower boundary was
not zero as the flow base slid over the substrate, as com-
monly observed for granular flows (Artoni et al. 2009).
This is probably the main reason why we did not observe
a long-lived elevated nose that would have favored basal air
incorporation. Note also that mixing with ambient air at the
flow upper surface resulting from Kelvin-Helmholtz insta-
bilities (e.g., Andrews and Manga 2012; Andrews 2014)
was impossible because of the large density difference be-
tween the flow and the surrounding medium, in contrast to
Boussinesq gravity currents. In nature, however, pyroclas-
tic flows may be less dense than in our experiments and are
commonly faster. For these reasons, we do not rule out that
conditions of air incorporation at flow boundaries could be
reached at least locally. Moreover, although we did not
observe “plunging breakers” (c.f. Bareschino et al. 2008)
that would also have permitted air ingestion in our experi-
ments, such phenomena may occur in nature if a flow
passes a break in slope or an obstacle.

Reworking of a freshly deposited material by the up-
per flowing part at a high inclination (25-30°) in our
experiments may have implications for some pyroclastic
flow deposit sequences. During some moderate to large
ignimbrite-forming eruptions, waxing and waning phases
are thought to alternate (Branney and Kokelaar 2002;
Brown and Branney 2013; Williams et al. 2013; Brand
et al. 2014), which could lead to successive episodes of
deposition and erosion (Brown and Branney 2004) and
could render the deposit architecture difficult to decipher.
In our experiments, the flows first formed a basal deposit
that was then progressively eroded as the flow thickness
and velocity decreased. The recent study of Lucas et al.
(2014) suggests that the basal friction of geophysical
granular flows can vary inversely with their velocity;
accordingly, onset of erosion at decreasing velocity in
our experiments is compatible with increasing friction
at the base of the flowing mass. Another possibility is
that basal friction increased with time as the granular
material defluidized progressively. We stress that our re-
sults are very preliminary and that further work is re-
quired to better characterize conditions of deposit remo-
bilization, including particularly the critical flow velocity
and substrate slope angle.
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Conclusion

Our experiments on flows of fine particles over smooth or
rough substrates inclined up to 30° have revealed that

(1) The autofluidization mechanism of fines-rich pyroclastic
flows evidenced by experiments of Chédeville and
Roche (2014) and caused by air evacuation from the
interstices of a rough substrate into which the flow par-
ticles settled occurred at all slope angles investigated (0—
30°). In contrast, autofluidization was not generated in
case of a smooth substrate.

(2) Flow front instabilities that may favor incorporation of
the ambient air such as plunging breakers or those typical
of fluid gravity currents were never observed, even when
the flows propagated on steep slopes (30°). We acknowl-
edge, however, that such instabilities could occur in less
dense and/or faster pyroclastic flows or if these encoun-
ter a break in slope or an obstacle.

(3) The runout distance of flows on the rough substrate was
about twice as that on the smooth incline for slope angles
up to 10—12°. For steeper slopes, strong deceleration of
the flows on a rough substrate led to relative shorter
runout distances, which became close to those for a
smooth substrate at a slope angle of 20°. This could result
from reduction of the flowing mass, as particles
sedimented into the interstices, and/or increase of the en-
ergy dissipation through collisions on the rough substrate.

(4) At a slope angle close to the repose angle of the flow
material, a deposit first formed at the flow base and was
then reworked by the material still in motion above it.
The cause of this phenomenon is unclear. It appears that
erosion occurred once the flow thickness and/or velocity
were low enough, and in this regard, lower velocities of
the flowing mass might have caused higher frictional
stresses on the basal deposit (Lucas et al. 2014).
Further investigation is required to characterize in partic-
ular critical normal/shear stress ratio, flow velocity, and
slope angle at which erosion occurs. Such a reworking
mechanism in pyroclastic flows could create deposits
that would not necessarily record the entire flow history
and that could locally display complex architecture with
remobilized material deposited downstream onto youn-
ger products.
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