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ABSTRACT

Geological granular flows are highly complex, gravity-driven phenomena whose different behaviors depend on
the mechanical properties, density and granulometric distributions of the constituent materials. Years of research
have produced significant advances in understanding transport and deposition processes in granular flows. How-
ever, the role and effects of clast densities and density contrast in a granular flow are still not fully understood.
In this paper we show the effect that pumice has on dry granular flows; specifically on flow velocity and longi-
tudinal segregation of the deposits. Our work confirms, by experimental results, field observations on pumice/
lithic segregation and longer pumice runout.
We report results of velocity decay and deposit architecture for a granular flow passing over a break in slope
(from 38° to 4° inclination). The 30 experimental runs were carried out in a five-meter long laboratory flume
equipped with a series of sensors that include laser gates and high-speed cameras (400 fps). We used two poly-
disperse mixtures of dacitic lithics and rhyolitic pumice in varying amounts, with Weibull and Gaussian particle
size distributions.
The pumice/lithic ratio changes the flow response passing over a break in slope. This effect is particularly evident
starting from 10% of pumice volume into the flow mixture, independently of its granulometric distribution.
Runout relates to mass following a power law, with an exponent close 0.2.
The experiments confirm that pumice segregation affects polydispersed mixtures, similarly to what has been ob-
served in real field deposits, where density decoupling produces lithic-enriched proximal areas and pumice-
enriched distal areas. The results obtained prove that the presence of low-density materials in a dense granular
flow has a strong influence on its behavior.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Granular matter is defined as a set of particles that can be of different
sizes, densities and shapes that can move independently and interact

Granular flows are among the most studied, yet not fully understood
phenomena on Earth. Scientists have tried to explain their kinematics,
segregation, rheology and many other aspects through a wide range of
approaches and targets over the past decades (Pouliquen, 1999;
Kueppers et al., 2012; Sulpizio et al,, 2014, Lube et al., 2015).

Granular flows are a common phenomenon in everyday life, from in-
dustrial processes to large-scale granular flows in nature that can cause
disasters such as landslides, debris flows and concentrate pyroclastic
density currents (CPDCs).
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with each other (Kadanoff, 1999). Therefore, a granular flow could be
defined as the movement and interaction of large quantities of particles
of different sizes, shapes and densities that move in a liquid or gaseous
medium.

One of the most interesting characteristics of polydisperse granular
flows is particle segregation. When granular material is moving, parti-
cles are rapidly sorted as a function of their size, density and shape.
Studies of segregation phenomena in granular flows are mostly focused
on particle size segregation (Savage and Lun, 1988; Ottino and Khakhar,
2000), Particle segregation has been investigated using mathematical
(Tripathi and Khakhar, 2011; Larcher and Jenkins, 2013; Larcher and
Jenkins, 2015) and analogue modeling (Drahun and Bridgwater, 1983;
Alonso et al,, 1991; Hajra and Khakhar, 2005; Jain et al.,, 2005a, 2005b;
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Larcher and Jenkins, 2013; Gray et al.,, 2015). All the above-mentioned
literature deal with models based on simplified conditions (spherical
particles, few particle size classes and artificial materials). Data on par-
ticle density segregation with natural material and using laboratory
flumes is absent. Density segregation in volcanic granular flows has
been investigated in debris flows (Dolan, 2004; Capra et al., 2004;
Vallance, 2005), in CPDCs (Calder et al., 1999, 2000; Pittari et al.,
2005), and using numerical simulations (Mitani et al., 2004). In CPDCs,
low-density pumice segregation is an important factor that influences
flow rheology, runout and the texture of the final deposits (Calder et
al., 2000; Pittari et al., 2005). Both authors reported that pumice is seg-
regated toward the upper and external regions of the flow, causing a
significant rheological contrast with the lower, lithic-rich, denser zone.
They also conclude that the upper and lighter pumice-rich zone can de-
tach from the main flow as its lower, denser portion decelerates due to
basal frictional forces, changes in slope or topographic barriers, and can
run further ahead as a mobile derivate PDC. The vertical segregation of
granular materials was also investigated by Cagnoli and Romano
(2013), by means of laboratory experiments. They concluded that verti-
cal segregation of materials can be generated by the imbalance of forces
and the strong impulses due to collisions with the subsurface asperities.

Larcher and Jenkins (2015) formulate an improved kinetic theory,
modeling the evolution in time and space of the relative concentration
of bi-disperse systems of artificial spherical beads. Their model well de-
scribe the rates of segregation with time and distance as function of the
flow depth, average particle size, flow inclination, restitution coefficient
and the volume fraction of the species. The study of CPDC in natural set-
tings has major limitations, due to their unpredictable behavior and
hostile nature. Furthermore, the turbulent ash clouds that accompany
moving CPDCs hinder direct observation of physical processes occurring
in the basal part of the flow. Most of these difficulties can be overcome
through laboratory experiments using granular flow simulators (exper-
imental flumes; Iverson et al., 1992, Roche et al., 2004; Cagnoli and
Romano, 2010; Dellino et al., 2007, 2010a, 2010b; Roche et al., 2010;
Girolami et al,, 2011; Lube et al., 2015).

The use of these facilities represents a unique opportunity for ob-
serving and measuring processes that can be scaled to real events
(Iverson et al., 1992, Dellino et al., 2007, 2010a, 2010b, 2011, 2014;
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Sulpizio et al., 2009; Bartali et al., 2012, 2015; Dioguardi et al., 2013).
Another advantage of laboratory experiments is the ability to control
boundary conditions that can influence flow variables.

In this paper we present the results of laboratory experiments on
polydisperse volcanic granular flows using natural particles of different
densities. The flow kinematics, runout and deposit architecture are
discussed and compared with three real cases of density-segregated
CPDC deposits.

2. Materials and methods

All experiments were carried out using GRANFLOW-SIM (Fig. 1), a
modular experimental flume designed and developed at the LAIMA
(Image Analysis and Analogue Modelling Laboratory, for its Spanish ac-
ronym) at the Geology Institute of the Universidad Auténoma de San
Luis Potosi, Mexico (Bartali et al., 2012, 2015). It consists of three main
modules: i) a charge box, ii) a flume, and iii) an expansion box (Fig.
1). The charge box is made of waterproof PVC, has an electromagnetic
lock at the bottom that can be opened remotely. It has a volume of
0.036 m?, which is the volume for all mixtures used in this study. The
charge box has a lateral window of tempered glass that allows the ma-
terial inside to be viewed and can be placed at different heights (from
0.4 m to 2.7 m above the flume) according to the needs of the experi-
ment. The flume is made of PVC plastic with a textile floor to increase
friction, and is 4.9 m long and 0.3 m wide, with 0.25 m lateral walls of
tempered glass. The flume has a straight channel that can be inclined
at any angle from 0° to 45°. It is equipped with a series of sensors in
the form of laser gates to measure the flow front velocity. The laser
beam sensors are positioned at 1.5 cm from the flume bottom. There
are nine gates along the flume (Fig. 1). These gates consist of a laser
source and a photodiode receptor, and are placed outside the glass
walls. When the granular flow front crosses the laser gate, the light
beam is interrupted and the time automatically recorded. This allows
calculating velocity of the flow front along the flume. At each laser bar-
rier the velocity was calculated using the central difference rule, which
was adopted in order to reduce the approximation error in velocity
calculation.

Distance from the top of the fume
L1- 0.96m L8- 4.38m
L2- 1.46m L9- 4.93m
L3-2.14m L10- 5.25m
L4- 2.56m L11- 5.38m
L5-3.11m L12- 5.80m
L6-3.51m L13- 6.0m
L7-3.92m L14- 6.2m

:Break in Slope

Expansion Box

Fig. 1. Diagram of GRANFLOW-SIM experimental flume. L1-L14 indicate positions of laser gates. The flume can be inclined from 0° to 45°. The sedimentation module can be inclined from

0° to 25°.
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In this study we used only the values of the lasers 9 and 10 (the la-
sers before and after the break in slope) in order to get the velocity
changes after a break in slope. The expansion box is 2.4 m long and
1.2 m wide, with 0.25 m glass sidewalls. This module can be inclined be-
tween 5° and 25°, and is equipped with five laser gates (Fig. 1). For our
experiments we used two glass walls (0.25 m high and 1.5 m long) that
channelize the flows in the expansion box. These walls are used to sim-
ulate the behavior of CPDCs in a ravine with vertical walls.

Three high-speed camcorders (Nikon 1S1 and |1, 400 fps) complete
the recording equipment. The camcorders can be placed at any position
along the flume and the expansion box.

Pyroclastic mixtures (lithics and pumices) with two different grain
size distributions (Gaussian and Weibull) were used for the experi-
ments (Fig. 2). The use of Gauss and Weibull distributions is justified be-
cause they are classic grain size distribution common in many natural,
transported sediments (Wohletz et al., 1989, Wohletz et al., 1995).
The used grain size classes are —3 ¢ (8-16 mm), —2 ¢ (4-8 mm),
—14¢ (2-4mm),0¢ (1-2 mm) and 1 ¢ (0.5-1 mm) (b = —logad,
where d is the particle diameter). Five different pumice-lithic volume
ratios were created for each of the two grain size distributions. Fig. 2
shows Gaussian distributions with the different pumice-lithic propor-
tions, where GPO (GP stands for Gaussian Pumice 0%) and GP100
(Gaussian Pumice 100%) represent mixtures made up exclusively of
lithics and pumice, respectively. The Gaussian distribution is defined
by mean — 1.0 ¢ (2 mm) and standard deviation 1.0 ¢ (0.5 mm). The
Weibull distribution is defined as a three-parameter Weibull distribu-
tion type by the parameters scale (alpha) = 2.26, shape (beta) =

2.18, and shift (lambda) = —4.3 ¢, which corresponds to mean
—2.3 ¢ (4.9 mm), standard deviation 0.97 ¢ (0.51 mm) and skewness
+0.51 ¢.

For this study all mixtures were prepared using constant volume of
0.036 m>. We produced several mixtures with variable mass and densi-
ties (Table 1), spanning from 1440 kg/m?> for the pure lithic Gaussian
distribution (GPO) to 690 kg/m? for the pure pumice Gaussian distribu-
tion (GP100). And from 1360 kg/m> for pure Weibull distribution
(WPO), to 600 kg/m> for pure pumice Weibull distribution (WP100).
Velocities of all the experiments are listed in the appendix (Table A1).

The volcanic material consists of low-density (760 kg/m?) rhyolitic
pumice and dense (2700 kg/m>) dacitic lithics.

The angle of repose was measured using the cylinder method. A
1 x 1073 m® sample was placed inside a cylinder (20 cm high and
10.5 cm in diameter). A wooden plate covered by the rubber floor
(the same as the flume) was placed at the base of the cylinder. The
slow lifting of the cylinder produces a stack of granular material
whose slope corresponds to the angle of repose (Fig. A1).
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For each experiment the charge box was completely filled with the
mixture, and the granular material was released into the flume after a
free fall of 0.6 m. The falling material impacts the flume on a small
ramp having an inclination of 20°, in order to smooth the transition be-
tween free falling and flowing along the channel. As the granular flow
developed, sensors recorded the passage of the material until it came
to a complete rest. Two data cards (Texas Instruments® and MDA®
which record at 15,000 samples per second per channel) were used
for data capture on a laptop.

Each experiment consists of three runs with the same initial and
boundary conditions (Table 1). A total of 30 runs corresponding to 10
different experiments were carried out with the same flume configura-
tion (channel slope 38°, expansion box slope 4°). The deposit formed
after each run was photographed at high resolution for image analysis.

In order to measure runout we first individuated the flow front bor-
der (Fig. 3). We consider the flow front as the distal part of the deposit
where clasts are still in touch to each other (Fig. 3), forming a compact
body of grains. Measures were taken at this point.

In order to better compare the results of different runs, the experi-
mental data (velocity, mass and runout) were normalized against the
maximum-recorded value for each parameter. Velocity at laser 9 was
normalized against the maximum velocity registered for all experi-
ments at this point. For runout, data were normalized against the max-
imum runout measured, while the mass was normalized versus the
maximum mass. Once all values were normalized, the mean value and
standard deviation of each experiment (3 runs) was calculated.

Image analysis of two experimental deposits (GP50 and WP50 runs)
enabled the longitudinal segregation of pumice to be studied. Lateral
photographs of the deposit were taken and a panoramic image of the
whole micro-deposit was constructed. The resulting images were divid-
ed longitudinally into equal areas (taking the change in slope as the
starting point). A count of the number of pumice and lithic particles
was made for each area using the Image Pro Plus Software (Media Cy-
bernetics Inc.). By using this semi-manual technique, it is possible to
quantify the lateral segregation of pumice and lithic particles along
the deposits. In both case-study data shown trends, although in one
case data are scattered. For this reason, a quantile regression method
(Buchinsky, 1998; Koenker and Basset, 1978; Lee and Tanaka, 1999;
Yu et al.,, 2003), as implemented by Borselli et al. (2012), is used to an-
alyze the produced dataset. The quantile regression technique is useful
in these cases because it is more robust against local outliers influence
and can provide more robust measures of central tendency and statisti-
cal dispersion. We use three relevant quantiles in a distribution: q(0.5)
is the median and can be used to represent the main trend function of
the data, q(0.25) and q(0.75) represent the values farthest away from

hN WPs0
ol W0 WPS0
= wp10

Phi

25
Weibull Distribution
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Fig. 2. Granulometric distributions and pumice proportions used for these experiments.
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MPM
0.000
2.490
12.450
22.410
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0.000
2.190
10.950

(kg)

(gr/em?)

1.44
1.23
0.97
0.86
0.69
1.36
1.18

MAD

(dm?)
36.0
36.0
36.0
36.0
36.0
36.0
36.0

MV

MNTM
(kg)
1.000
0.851
0.669
0.597
0.479
0.940
0.820

5

MTM
(kg)
52
34.8
31.05
249
489
42,65

44.2

Rep. num.

EBA
4°
4
4
4°
4
4
4°

FI

38°
38°
38°
38°
38°
38°
38°

29°
28°
32°
30°
28°
31°
30°

RO cv
1.903
1.704
2.901
1.481
2.151
1.968
2.014

(%)

RO stdev

(cm)

2.887
2.517
4.041
2.000
2.646
2.887
2.887

RO mean
(cm)
151.67
147.67
139.33
135.00
123.00
146.67
143.33

(% in vol.)
0% pum
10% pum
50% pum
90% pum
100% pum
0% pum
10% pum

Label
GPO
GP10
GP50
GP90
GP100
WPO
WP10

Experimental setup and mixture characterization values.

Table 1
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MAD (gr/cm?)
MPM (kg)

RO nor.
RO nor. stdev

0.032

0.013

0.019
MTM (kg)
MNTM (kg)
MV (dm?)

0.871
0.871
0.785

19.710
21.900

e

.

Flow front.

0.94
0.68
0.61

Fig. 3. Photograph that illustrates the compact flow front. We used the compact flow front
to measure the runout of the flows.

36
36.0
36

the median and can be used to define the boundaries in which the
values are most reliable. In our case we carry out the quantile regression
using an exponential function as Eq. ((1), and using Microsoft® Excel
Spreadsheet Office 2013 Solver (Fylstra et al., 1998; Nenov and Fylstra,
2003):

0.648

0.474
0.421
xture pumice fraction by volume

xture pumice fraction by mass

xture apparent density (gr/cm?)
Normalized runout

xture normalized total mass
xture pumice mass (Kg)

xture total mass (kg)
xture volume (dm?)

Standard dev. runout normalized

M
M
M
M
M
M
M

P(d) = be® 1)

33.7
24.65
219

where P is % pumice; d is the normalized distance from the break in
slope using the maximum recorded runout (GPO mixture), b and a are
quantile regression coefficients. For more information about quantile
function the reader is addressed to Appendix A2.

o oon o™
3. Results
T 3.1. Changes in velocities and runout induced by break in slope
Flow velocity and runout were measured for the two granulometric
B TE distributions (Weibull and Gaussian) with five different pumice/lithic
53 . proportions (Table 1). The results presented here report flow velocities
. g g & o~ § recorded just before and after the break in slope. At laser 9 it is possible
RS _;': gg 'OG g 5: g g to observe the maximum velocities of any type of mixture, while on
SEREEXL Do laser 10 it is possible to see how each mixture responds to a topographic
change (slope change from 38° to 4°).
?’: 5 :[\: Three main groups with similar behavior can be identified. The first
R is pumice-rich and comprises WP100 and GP100 (Group A), the second
WP90, WP50, GP90 and GP50 (Group B), and the third group is lithic-
rich and consists of the WP10, WP0O, GP10 and GPO distributions
oo~ (Group C; Fig. 4).
883 Group A has an average mass of 23.3 &+ 1.5 kg. Group B is mostly
o made of pumice-rich to equal lithic/pumice distributions, with an aver-
age mass of 31 £ 1.51 kg. Group C has an average mass of 46.8 + 1.5 kg.
Prior to the change in slope, all the mixtures move at comparable av-
888 erage velocities, with the only exception of GPO (Fig. 4a, c). The velocity
SRR is not affected by the mass, with the only exception of GPO. After the
T break in slope the average velocities roughly separate between Gaussian
% = and Weibull distributions, although large overlapping of values is ob-
geE = é servable and the suggested difference has poor statistical meaning
2ad& T3 g o g (Fig. 4b, d). Also in this case the mass does not seem to significantly in-
gg8 §25: gEE fluence the velocity.
s E g }% 2 § Ee In Group A WP100 shows an increase in average velocity after the
SEZEE S g “§ change in slope. This velocity is in the same range as the fastest mixtures
2s § - $8%8%8 2 é % f’.é (of group C) before the change in slope, and is one of the three fastest
§ § % = E é 5 5 é‘ 2 u% E velocities recorded of all groups. In contrast GP100 undergoes a strong

decrease in velocity, making it one of the slowest mixtures after the
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Fig. 4. Normalized velocity before (laser 9) and after (laser 10) the break in slope compared to normalized runout (3a and b) and mass (3c and d). It is possible to observe the different
behavior of any mixture to the change in slope, as well as the three main groups according to the runout.

change in slope (Fig. 4). Group B does not show appreciable change in
velocity before and after the break in slope (Fig. 4). Group C mixtures
are some of the fastest mixtures before the change in slope (WP0 and
GPO; Fig. 3a). After the change in slope, WP and GP mixtures preserve
their velocity but in different ways, forming two sub-groups (C1 and
C2; Fig. 4b and d). GP mixtures presented a loss in average velocity, es-
pecially GPO, which in this case had the lowest velocity of all. The C2
sub-group is made up of only GP mixtures. WP mixtures fall into the
C1 subgroup. GP10 and W10 show decrease in their average velocities
after the change in slope.
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Analyzing the runouts vs. mass, Group A mixtures (the lightest in
mass) have the shortest runouts of all (Fig. 5b). GPO had the maxi-
mum velocity, the longest runout and the highest mass of all the
mixtures (Fig. 5b). The normalized runout vs. normalized mass dia-
gram indicates similar power law relationship for both Gaussian
and Weibull distributions (Fig. 5a, b). The regression functions for
Gaussian and Weibull distribution are quite similar (Fig. 5b), and,
in average, can be expressed as:

N; = 0.973NTM02103 2)

B m  Normalized runout Gaussian Mixture
& Normalized runout Weibull Mixtures
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Fig. 5. Normalized runout vs. normalized mass and vs. pumice fraction by mass in the mixtures: a) Normalized rounout vs. normalized mass, global data; b) Normalized rounout vs.

normalized mass , with separate mixtures type groups.
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3.2. Longitudinal pumice distribution along the deposits

In order to study the segregation behavior of clasts in a mixture with
different densities, a quantitative study was made of the GP50 and
WP50 deposits.

A panoramic image of the experimental deposit was divided into
sectors of equal area. In order to obtain the longitudinal variation of
the pumice/lithic ratio, the panoramic image of GP50 (blue; Fig. 6)
was divided into 52 sectors each 2.6 cm wide. Pumice and andesite par-
ticles were counted (a total of 5636 particles in the image in Fig. 6).

Pumice fragments are preferentially concentrated in the upper part
of the deposit. The deposit shows a pumice concentration ranging be-
tween 50% and 60% starting from the break in slope, but after 70 cm
(0.5 normalized distance), which corresponds approximately to the
center of mass of the deposit, pumice content starts to gradually
increase and lithic content to decrease. At 110 cm (0.7 normalized
distance), it starts to show sectors formed exclusively by pumice.

The same experiment was performed using the WP50 mixture (Fig.
6, red). This deposit was split into 47 sectors 2.8 cm wide and 4725 par-
ticles were counted. In this case the longitudinal distribution of pumice
was more disperse, but showed the same trend. At 70 cm from the break
(0.5 normalized distance) the percentage of pumice in the deposit

ranged from 50% to 90% and it was not until after 110 cm (0.7 normal-
ized distance) that the percentage of pumice within the deposit reached
100%.

4. Discussion

Granular mixtures with different granulometry and pumice con-
tents, having the same volume and flowing at the same experimental
conditions, show different behaviors. Distinct groups of runouts were
identified, which did not depend on the initial velocity. The main factor
that affects such behavior is the mass (Figs. 4 and 5). This is because the
normalized velocities overlap, irrespective of mixture and grain size dis-
tributions (Fig. 4).

4.1. Influence of grain size on velocity and runout

Before the break in slope, both Weibull and Gaussian distributions
do not show any significant difference in velocity. After the break in
slope, the Weibull (coarse grained) distributions show, on average,
slightly higher values of velocity than the Gaussian (finer grained) dis-
tributions, although the difference is not statistically representative.
This may be explained in terms of the inertial properties of the two
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Fig. 6. Longitudinal variation in pumice content (expressed as percentage) from the break in slope to the maximum runout of the GP50 and WP50 mixtures. Distance was normalized
against the maximum runout of all mixtures, which was GPO. Black line represents q0.5 of all data.
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distributions. Finer particles have lower inertia than coarser parti-
cles (coarse particles are more agitated) and this contributes to
slowing down the velocity after the break in slope, which is the
first physical perturbation in the rectilinear trajectory. Mixtures
with a similar fraction of lithics and pumice (50% lithics, 50% pum-
ice) in both the Weibull and Gaussian distributions do not show
any significant change in velocity, while the other Weibull mixtures
show a slight increase in average velocity and the Gaussian mixtures
show an average reduction of velocity after the break in slope (Fig.
4). This is probably due to the bouncing effect of large clasts at the
break in slope, with elastic rebound at the base that accelerates the
coarsest clasts. This is particularly evident in the case of Weibull dis-
tributions, which have a larger amount of coarser clasts. On average,
runout is greater for finer mixtures, but it is worth noting that error
bars overlap in all cases (Fig. 5). Longer runouts for finer grained
flows were suggested by Cagnoli and Romano (2012) and Cagnoli
and Piersanti (2015), due to the greater energy consumption of
shacked coarse particles with respect to the finer ones. Our experi-
ments results are not in contrast with this suggestion, although it
is not statistically relevant for the grain size distribution we used. Fi-
nally particle agitation dissipates energy because it requires speed
components in random directions. That could be the reason why
Gaussian mixtures (finer grain size) reach a little bit longer runouts
than Weibull ones (coarser grain sizes).

4.2. Influence of mass (pumice/lithic ratio) on velocity and runout

All the mixtures move at same velocity (within the error bar) be-
fore the break in slope (Fig. 4a, ¢), irrespective of their mass. Inspec-
tion of Fig. 5 shows how the normalized runout has power law
dependence on the normalized mass. The regression functions for
Gaussian and Weibull distribution are quite similar, and can be
expressed with exponent close to 0.2 (Eq. (2)). It means that up to
0.5-0.6 of normalized mass value (~25-32 kg), a slight increase in
mass of the mixture produces a significant larger runout. This effect
is reduced for values of normalized mass greater than 0.7 (~35 kg).
If we consider the runout as the balance between inertial/frictional
forces, it seems that pumice clasts increase friction and lithic frag-
ments increase inertia. This is probably due to the different elastic
properties of the two components (pumice and lithics) of the mix-
tures, which dissipate kinetic energy in different ways even at simi-
lar (within 10%) mass of the mixtures.

The normalized runout drop down with increase of pumice fraction
by mass (with constant volume of the mixture) following a linear law as
indicated in Fig. 5a and b, and this is related to the progressive decrease
of mass due to increase of total pumice fraction. All the experiment was
planned in order to evaluate the flow behavior with different mass but
with constant flow volume.

It is important to note that Gaussian mixtures always show longer
runouts than the correspondent Weibull mixtures. This is related to
the masses of the mixtures; Gaussian mixtures are heavier than
Weibull, although they have the same volume and granulometric distri-
bution. The greater the mass the greater the inertia and therefore this
will be reflected in the runout results.

4.3. Pumice-lithic segregation with distance

The experiments with 50% pumice, in which the most important
velocity conservation was observed, were also used to study the
segregation effects between pumice and lithics inside the final de-
posits at rest. Fig. 6 shows the percentage of pumice present in the
resulting deposits at different relative distances from the break in
slope.

Two types of segregation were observed acting at the same time
in our experiments: segregation by size and density. In general the
segregation process appears to be more efficient for the Gaussian

mixtures (finer grain sizes). Reverse grading was observed in both
GP50 and WP50 mixtures. The coarsest clasts of both materials
were concentrated at the top of the deposits, and in the case of
Weibull mixture, also in the distal part. Concerning the segregation
for density, this is more evident in the Gaussian mixture and longi-
tudinally along the deposits. Data concerning pumice distributions
in the deposits are more scattered in the case of the Weibul mixture
where the coarse clasts are more abundant. This observation sug-
gests that in coarsest mixtures the segregation process by size may
be predominant.

The segregation process observed in our experiments supports
observations on natural cases of PDCs where segregation of pumi-
ceous materials has been observed (Calder et al., 1999; Calder et
al., 2000; Pittari et al., 2005), as well decoupling of the less dense
portion, which is usually concentrated in the upper portions of the
flow. This separation generally leads to a secondary flow consisting
mostly of pumice, which runs longer and affects a more extensive
area. The denser lithic portion is deposited on more proximal
areas, resulting in deposits with greater pumice content in distal
areas. Similar behavior was observed in our laboratory experiments.
Fig. 6 shows that the distal portion of the studied deposit has higher
pumice content than the proximal areas.

At approximately 70 cm (0.5 normalized distance) from the change
in slope, the pumice content starts to increase and concentrate toward
the top, forming two layers with different properties. According to
Calder et al. (2000), the interface between the layers becomes the
zone of greatest shear due to the very different properties of pumices
and lithics (density, restitution coefficient, friction coefficient, particle
shape etc.) Buesch (1992) suggested that decoupling might occur due
to inefficient transfer of momentum between the upper pumice layer
and the lower and denser lithic layer. According to our data and observ-
ing how the velocity changes after the change in slope for different mix-
tures (i.e. a mixture made of pumice and one of lithics), it is
understandable that reactions of flows to a change in slope are extreme-
ly different, so an efficient energy transfer between materials (lithics
and pumice) could be not fully achieved, and decoupling (independent-
ly of the scale) would occur.

5. Conclusions

The experiments described here reveal important information about
granular flows constituted of mixtures with materials of different densi-
ty and elastic properties.

According to these results, the pumice/lithic ratio in a polydisperse
natural granular flow influences the flow runout and, even roughly,
the velocity after the break in slope. Polydisperse monolithologic mix-
tures composed of 100% pumice or 100% dense lithics have a more evi-
dent response to changes in slope, gaining or losing velocity. Flow
velocity is directly related to inertial forces and elastic properties of
the materials and how they respond to a break in slope. Granulometry
has an important role because the bouncing effect of large clasts at the
break in slope is very different in Weibull mixtures (coarse) and Gauss-
ian mixtures (finer).

Runout relates to mass, following a power law with 0.2 exponent
(Eq. (2)). Mixtures fully composed of lithics have far longer runouts
than fully pumiceous mixtures of the same granulometry. This is be-
cause at equal volumes Gaussian mixtures are heavier than Weibull
mixtures (due to granulometric distributions), which means Gauss-
ians are denser and therefore have greater inertia than Weibull
mixtures.

Deposits of CPDC with mixtures of pumice and lithic clasts in the
Montserrat, Tenerife and Lascar volcanoes show a clear density segrega-
tion/separation, which ends with deposits made up mostly of lithic frag-
ments in proximal areas and mostly pumiceous in distal areas.
Experiments carried out in our flume reproduced similar behavior and
produced deposits that show very similar characteristics. Our
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experiments show enriched pumice content in the distal parts of the de-
posits, in analogy with what is observed in nature. The presence of a less
effective pumice segregation in Weibull mixture deposits suggests that
in coarse mixture segregation for size is probably more efficient than the
segregation for density contrast.

The results of our study show that the pumice/lithic ratio in pyro-
clastic density currents affects their behavior. This effect is particularly
evident for pumice content greater than 10% vol. Taking into account
the density factor in programs that simulate PDCs can help in calculating
more realistic hazardous areas.

Appendix A1
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The angle of repose was measured using the cylinder method (Fig. A1). The material flows from the base when the cylinder rises slowly. The static
internal friction angle corresponds to the slope of the pile of granular material.
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Fig. A1. Instrumentation and methodology used to obtain the repose angle in these experiments.

Table A1

Velocity in all lasers (m/s).
Laser L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14
Dist. (m) 0.96 1.46 2.14 2.56 3.11 3.51 3.92 438 493 525 538 5.80 6.00 6.20
GPO 243 333 3.94 3.62 4.84 4.80 4.03 5.55 6.65 4.60 3.10 3.18 2.10 1.70
GP10 242 335 3.80 3.62 4.67 442 435 458 521 5.58 3.96 3.42 217 1.29
GP50 240 3.22 3.82 3.68 451 437 439 494 5.27 5.90 3.62 2.79 2.22 1.81
GP90 2.40 3.17 3.78 3.62 433 474 4.12 494 497 5.58 3.52 3.18 224 1.37
GP100 2.39 3.15 3.72 332 459 428 421 5.16 5.16 5.13 276 295 2.10 0.75
WPO 240 3.08 3.85 349 5.32 437 3.59 4.99 6.38 7.80 3.96 2.95 1.86 1.34
WP10 240 3.09 3.89 3.59 437 497 3.73 4.94 5.42 7.11 3.63 3.02 1.92 1.10
WP50 237 2.96 3.58 338 430 5.53 3.77 5.05 5.16 6.25 423 2.55 217 1.59
WP90 237 3.08 3.78 322 4.67 437 3.88 5.04 4.89 557 4.89 345 1.38 1.59
WP100 239 3.08 3.64 338 430 415 3.73 432 5.26 7.11 3.63 255 1.67 0.41

Appendix A2 B is a vector that contains the values of the coefficients defining the

According to Koenker and Basset (1978) the optimal quantile re-
gression function g, (x) may be obtained by minimizing the following
generalised objective function f(obj):

>

ie{iy;z fi(B x) }
> (A-p)yi—fi(BLx)] ]
ie{iyi<fi(B %)}

f(obj) = min] plyi—fi(Bx)| +

where:

i is the index that identifies element i of the data set;

X;, y; are the coordinates of the ith element of the data set;
p is the chosen regression quantile (e.g.: 0.1, 0.5, 0.75 ...);

quantile function to be optimized (i.e., coefficients a and b, to be found
during the optimization process);

fi( B, x;) is the regression quantile function as defined by 53" and the po-
sition x;.

The objective function (Eq. ((2)) was implemented in the Solver for a
set of quantile values (0.25, 0.5, 0.75) for Weibull and Gaussian datasets.
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