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ABSTRACT
Modelling pyroclastic density currents (PDCs) is a challenging yet essential element of hazard assessment. PDCs are unpre-
dictable and internal processes are often difficult to measure directly. Analogue experiments have been an important tool for
investigating internal PDC dynamics. Typically, analogue experiments have removed moisture from experimental materials to
limit cohesion. However, this does not represent natural systems well, where moisture can be introduced into a PDC through
a variety of processes. In this study, we characterise pyroclastic and analogue materials in dynamic (i.e. flowing), static (i.e.
stationary), wet and dry experiments to explore fundamental frictional and fluidisation behaviours. The addition of moisture
can lead to changes in material properties resulting in significant impacts on geomechanical behaviours (size, density, shear
strength), fluidisation and flowability. This work highlights the importance of validating the material choice used in modelling
experiments, especially in wet conditions.

RESUMEN
La modelización de las corrientes de densidad piroclástica (PDCs) es un elemento difícil pero esencial de la evaluación de
riesgos. Las PDCs son impredecibles y los procesos internos suelen ser difíciles de medir directamente. Los experimentos aná-
logos han sido una herramienta importante para investigar la dinámica interna de las PDCs. Normalmente, los experimentos
análogos han eliminado la humedad de los materiales experimentales para limitar la cohesión. Sin embargo, esto no represen-
ta bien los sistemas naturales, en los que la humedad puede introducirse en un PDC a través de diversos procesos. En este
estudio, caracterizamos materiales piroclásticos y análogos en experimentos dinámicos (es decir, fluidos), estáticos (es decir,
estacionarios), húmedos y secos para explorar comportamientos fundamentales de fricción y fluidización. La adición de hu-
medad puede provocar cambios fundamentales en las propiedades de los materiales, lo que tiene importantes repercusiones
en los comportamientos geomecánicas (tamaño, densidad, ángulo de fricción interna), la fluidización y la fluidez. Este trabajo
pone de relieve la importancia de validar la elección del material utilizado en los experimentos de modelización, especialmente
en condiciones de humedad.

KEYWORDS: Cohesion; Fluidisation; Erosion; Substrate; Volcaniclastics; Volcanology.

1 INTRODUCTION
A pyroclastic density current (PDC) is a volcanic hazard
formed during explosive eruptions and dome collapse events.
PDCs are rapidly moving, high temperature (up to 1000◦C)
currents of heterogeneous volcanic material and gas [Fisher
1979; Cas and Wright 1988; Branney and Kokelaar 2002;
Dufek 2016]. They are multiphase flows, where the solid,
granular phase consists of both juvenile and entrained ma-
terial, and the fluid phase contains a combination of volcanic
gas and vapour with entrained air [Burgisser et al. 2005; Es-
posti Ongaro et al. 2011; Esposti Ongaro et al. 2012; Lube et al.
2020].
Internal dynamics within PDC systems are difficult to ob-
serve in real time. In-situ data are rare, flows can be unpre-
dictable, and equipment can be damaged by extreme force
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[Wilson et al. 2014; Scharff et al. 2019]. The behaviour of
PDCs, including flow runout distance, duration and veloc-
ity, is collectively controlled by variations in flow parame-
ters such as mass flux, particle size, particle shape, density,
fluid medium and changes in topography [Bursik and Woods
1996; Branney and Kokelaar 2002]. Particle size variations, in-
cluding ash (<2mm) concentration, can be attributed to vari-
ous factors, including magma composition, fragmentation rate,
amount and duration, initial vent dynamics, erosion and sed-
imentation processes during flow propagation, and current
vertical density segregation [Sparks 1976; Zimanowski et al.
1997; Alidibirov and Dingwell 2000; Branney and Kokelaar
2002; Dufek and Manga 2008; Breard et al. 2023]. Particle
density contrast can be driven by variation in mixture com-
position and vesicularity and can lead to further vertical and
lateral particle segregation [Doyle et al. 2010]. Finally, the tem-
perature and fluid medium (gas or water) in PDCs can con-
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tribute to the generation of pore pressure or other controls on
interparticle forces, fundamentally affecting particle and bulk
material behaviour [Druitt et al. 2007; Lube et al. 2020]. Un-
derstanding these complex variations is crucial for exploring
the dynamics of PDCs.
Advances in the understanding of PDCs have been driven
by a multi-method approach of direct observation [e.g. Cole
et al. 1998; 2002; Lipman 2018; Vecino et al. 2022], detailed
geological stratigraphy [e.g. Fisher 1979; Branney and Kokelaar
1997; Brown et al. 2003; Brown and Branney 2013; Douillet
et al. 2013; Smith and Kokelaar 2013; Douillet et al. 2018],
small and large scale analogue experiments [e.g. Dellino et al.
2007; Rowley et al. 2014; Lube et al. 2015; Smith et al. 2018;
Lube et al. 2019; Smith et al. 2020; Walding et al. 2023] and
numerical modelling [e.g. Valentine 1987; Dufek 2016; Kelfoun
et al. 2017; Breard et al. 2018]. Analogue experiments validate
data and underpin the basic geophysical properties that can
then be used to generate new or update existing numerical
models.
The most common materials used in PDC analogue mod-
elling are soda-lime glass ballotini (microspheres/glass beads).
This is due to their widespread availability, narrow and well-
defined size distribution, and consistent physical properties
[e.g. Roche et al. 2004; Chedeville and Roche 2014; Rowley et
al. 2014; Smith et al. 2018; Gilbertson et al. 2020]. However,
when trying to simulate the behaviour of polydisperse and
non-spherical natural pyroclastic materials, the uniformity of
ballotini is not ideal. Given the importance of particle charac-
teristics in controlling frictional behaviours and permeability,
the choice of material for analogue experimentation is crit-
ical, and yet no known studies have directly compared the
behaviour of analogue material to a range of natural pyroclas-
tic samples under both static and dynamic conditions. Recent
work has shown the powerful impact of even small (<1 wt.%)
moisture contents on the fluidisation behaviours of pyroclas-
tic sediments [Walding et al. 2023]. This work sets out to
quantify the static (i.e. motionless material) and dynamic (i.e.
material undergoing changes in motion over time) behaviours
of various pyroclastic and analogue materials in dry and “wet”
(>0 wt.% water) environments, for use in analogue modelling.
The work aims to investigate the geomechanical behaviours
of these materials, to both establish a baseline for material
variability under these different conditions (i.e. a flowing cur-
rent, a stationary substrate or as a defluidising deposit), and to
determine the most suitable material for simulation of differ-
ent natural PDCs. This work adopts the same methodological
approach as Walding et al. [2023], expanding the range of py-
roclastic material tested and directly comparing behaviours to
a range of analogue material.

1.1 Material selection in experimental PDC modelling

A variety of analogue materials can be used in experimental
modelling to mimic the behaviours of natural material. The
choice of analogue materials used in PDC modelling is often
justified for their fluidisation properties. Fluidisation plays an
important role in PDC mobility [Sparks 1976; 1978; Wilson
1984; Branney and Kokelaar 1992; 2002; Roche 2012; Breard
and Lube 2017; Aravena et al. 2021; Breard et al. 2023; Salatino

et al. 2024] and the formation of deposit structures resulting
from defluidisation and degassing [i.e. gas escape structures;
Wilson 1980; Cas andWright 1991; Pacheco-Hoyos et al. 2020;
Walding et al. 2023]. The upward movement of gas can sup-
port particles within the flow, opposing the forces of gravity,
and reducing contact friction.
The fluidisation of pyroclastic materials can be assessed
through experimental set-ups such as the use of fluidisation
columns [Wilson 1984; Roche et al. 2001; Bareschino et al.
2007; Gilbertson et al. 2020; Walding et al. 2023], rotating
drums [Valverde and Soria-Hoyo 2015; Smith et al. 2020;
Walding et al. 2023] or flumes [Roche et al. 2004; Dellino et
al. 2007; 2010; Roche 2012; Lube et al. 2015; Smith et al.
2018; Brosch et al. 2021]. Additionally, the use of numerical
modelling can simulate the behaviour of PDCs under differ-
ent conditions [Esposti Ongaro et al. 2002; Dartevelle et al.
2004; Benage et al. 2016; Kubo Hutchison and Dufek 2021].
Observations of PDC deposits in the field offer valuable in-
sights into evidence of PDC fluidisation behaviours. This can
be through evidence of gas escape in deposits [Fisher and
Schmincke 1984; Cioni et al. 2015; Pacheco-Hoyos et al. 2020]
or by observations of recently deposited material [Whelley et
al. 2012].
Using the Geldart [1973] classification, pyroclastic materials
can be categorised based on their fluidisation behaviour. Gel-
dart [1973] separated powders into four distinct groups (A–D),
differentiated by their fluidisation behaviours, where powders
can exhibit a “very poor” to “excellent” fluidisation state, based
on particle size, shape and density. Group A (30–100 µm) and
Group B (100µm–1 mm) powders tend to uniformly expand
during fluidisation, and often display the most favourable flu-
idisation behaviours (e.g. homogeneous bubbling and chan-
nelling). In contrast, the finest particles (<20µm) in Group C
are dominated by the presence of interparticulate forces (e.g.
electrostatic cohesion and Van der Waals) and therefore flu-
idisation behaviours are usually poor. Group D (>1 mm) par-
ticles are the largest and require overall higher gas velocities
for effective fluidisation. Group D has moderate to poor flu-
idisation and often demonstrates slugging, channelling, and
spouting behaviours [Leturia et al. 2014].
To match the fluidisation behaviours of PDCs, and to min-
imise variability in other particle parameters such as shape,
density, and roughness, the most common analogue material
used to date are ballotini beads, commonly Geldart Groups
A and B (Table 1). Using mean particle diameters below
∼150µm generally ensures these materials can easily fluidise
at gas velocities achievable in the laboratory [Roche et al. 2004;
Montserrat et al. 2012; Rowley et al. 2014; Breard et al. 2019].
The benefit of using ballotini is that, as well as its excellent
fluidisation behaviours, it is widely available for use. How-
ever, it does not capture the full particle variability of natural
pyroclastic material.
Pyroclastic material has been used in small-scale experi-
ments, to investigate modelling of gas escape structures and
in geomechanical tests to explore material strength and flow
behaviours [Roche et al. 2001; 2004; Smith et al. 2018; Smith
et al. 2020; Osman et al. 2022; Walding et al. 2023]. However,
the large polydispersity can lead to issues such as scaling lim-
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itations (i.e. having a maximum size range to fit within the
limits of experimental apparatus and jamming in small-scale
hoppers) and behavioural challenges associated with fluidi-
sation (i.e. large particle polydispersity leading to issues in
homogeneous fluidisation of material) [Wilson 1984; Walding
et al. 2023]. Some of these issues can be alleviated by using
large-scale flow experiments [Dellino et al. 2007; 2010; Lube
et al. 2015; Brosch et al. 2021, Table 1]. Additionally, variables
introduced by using pyroclastic material (i.e. particle size dis-
tribution, particle density, roughness, composition, etc.) can
lead to added degrees of complexity when modelling using
natural pyroclastic materials. Furthermore, it is difficult to get
large, homogenous samples of natural materials and in cer-
tain areas of the world challenges can arise when trying to
obtain natural samples. The nature of each individual sample
of material can vary greatly due to changes in sample type (i.e.
location of material and volcano), eruption dynamics and age
(e.g. weathering and alteration). However, the use of natural
pyroclastic material in experimental modelling is a fundamen-
tal step in understanding natural processes and how these vary
from the behaviours of analogue material.
Previous studies [such as Breard et al. 2019; Smith et al.
2020; Osman et al. 2022; Walding et al. 2023; Vale et al. 2024]
have explored the use of analogue versus natural material to
begin to characterize properties such as material behaviour,
shear strength, flowability, fluidisation and permeability. Bal-
lotini [Roche et al. 2004; Smith et al. 2020; Vale et al. 2024] and
crushed industrial pumice [Osman et al. 2022; Vale et al. 2024]
has been used in a wide range of analogue studies. How-
ever, when using natural pyroclastic material it is often the
case that only small amounts of natural material is used from
single eruptions (e.g. 232 AD Taupō ignimbrite [Breard et al.
2019]; Ascension tephra [Osman et al. 2022]; andesitic ash sam-
ple from Ruapehu [Vale et al. 2024]) against which to compare
analogue materials. Table 1 collates published works of both
analogue and pyroclastic material behaviour used in static and
dynamic conditions. In this study, we expand on these ex-
ploratory results to investigate the geomechanical behaviours
of a wider suite of pyroclastic and analogue material through
static, dynamic, dry and wet conditions. Furthermore, we ex-
pand on work by Walding et al. [2023] and begin to further
investigate the role of water on a suite of pyroclastic material.

1.2 Moisture in a PDC system

Moisture, in the form of water vapor or liquid water, can en-
ter a PDC system during its formation, often due to water-rich
environments from phreatomagmatic interactions, during its
propagation or during and after deposit aggradation. This in-
troduction of moisture can result from a combination of atmo-
spheric conditions [e.g. humidity, Pepin et al. 2017; Camuffo
2019], topographic factors [e.g. elevation, Barclay et al. 2006;
Duane et al. 2008; Hartmann 2016], and meteorological con-
ditions (e.g. precipitation). Furthermore, PDCs can interact
with external bodies of water such as streams, lakes, the sea,
and snow [Cole et al. 1998; 2002; Dartevelle et al. 2004; Vale
et al. 2024], as well as water-saturated substrates [Moyer and
Swanson 1987; Brown and Branney 2013; Gilbertson et al.
2020].

The temperature within a PDC system can vary widely.
Low temperature (<100◦C) currents are interpreted to form
from phreatomagmatic interactions [Sparks and Wilson 1990;
Yamamoto et al. 1999] while high temperatures are interpreted
to reach in excess of 700 °C [McClelland and Druitt 1989; Bar-
dot 2000; Cioni et al. 2004; Lesti et al. 2011; Pensa et al. 2023].
Near the surface and in the upper parts of the flow, pressures
may be close to atmospheric and temperatures cooler, whereas
in the denser parts of PDCs, both pressures and temperatures
can increase significantly [Breard and Lube 2017]. Changes in
these conditions can lead to the condensation of water vapour
into droplets. As a result, the moisture content in PDCs and
their resultant deposits can vary in both time and space. For
example, the rapid vaporization of water into steam during
granular PDC interactions with wet substrates can create a
new gas source, increasing the mobility and fluidisation of the
current, whereas moisture influence from precipitation and at-
mospheric conditions may be more likely to affect the dilute
regime of the current.

1.3 The influence of moisture on experimental modelling ma-
terials

When conducting analogue experiments to model PDCs, pro-
cedures are often implemented to minimize the moisture con-
tent of the material used. This typically involves drying sam-
ples in an oven for 24 hours, which helps to remove adsorbed
moisture and reduce the effects of cohesion. However, vol-
canic eruptions and tephra plumes may include a high propor-
tion of water vapour, either from phreatic or phreatomagmatic
eruption processes or from entrainment of moisture from the
atmosphere and environment [Self and Sparks 1978; Morris-
sey and Mastin 2000; Van Eaton and Wilson 2012; Pardo et
al. 2014]. This can lead to moisture-rich PDCs forming at
source. Additionally, moisture can be incorporated into the
flow as a PDC propagates, even if initially dry, e.g. from rain-
fall into the current, travelling over water bodies, or encoun-
tering moisture-rich substrates such as vegetation or wet soils
[Walding et al. 2023, and references therein].
Walding et al. [2023] explored the behaviour of small quan-
tities of moisture on fine pyroclastic material (≤1000µm). The
findings revealed that the introduction of water (>0.50 wt.%)
into pyroclastic material can significantly change the cohesive
properties, which in turn alters the flowability from a free
flowing to a non-flowing material. This is due to the friction
coefficient increasing due to the formation of capillary bridges.
Results also demonstrated that changes in moisture content
could significantly affect fluidisation profiles and resulting gas
escape structures forming within a deposit. Fluidisation ex-
periments of the material showed gas bubbling throughout
most experiments (with minimum bubbling velocity 𝑈𝑚𝑏 ),
with gas bubbles rising from the basal gas supply [Walding
et al. 2023]. With increasing gas flux, or in more polydisperse
mixtures, gas escape can lead to channelling (with minimum
velocity to induce channelling 𝑈𝑚𝑐 ), where gas pathways
are concentrated into vertical channels (approaching Geldart
Group D behaviours). With the introduction of water (>
0.50 wt.%), drying profiles migrate through the moist deposit
and can form areas of wet lobes and bubbling dry pockets
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[Walding et al. 2023]. Explosive channelling (with minimum
velocity to cause gas escape feature formation𝑈𝑚𝑥 ) is also ob-
served in experiments of 0.50-5.00 wt.% water. This is where
the material dries, and an upper wet deposit inhibits gas es-
cape leading to a pressure increase and subsequent release.
Finally, under the highest moisture conditions, pressure builds
under the moist deposit until the deposit fractures into cracks
(𝑈𝑚𝑐𝑟 ) where gas can then easily permeate through. This
work highlights the impacts of water on pyroclastic material
and demonstrates the need to further explore the role of water
on PDC flow dynamics and deposit behaviour.
There is a notable gap in research into the behaviours of a
range of pyroclastic and analogue materials across static and
dynamic experiments, particularly in dry versus wet environ-
ments. This lack of comprehensive study may lead to inad-
equate experimental design, and it is therefore imperative to
enhance our understanding of these behaviours. Doing so will
facilitate the validation of analogue materials utilized in exper-
imental modelling and enable the exploration of fundamental
characteristics of natural pyroclastic materials. In these exper-
iments we aim to look at pyroclastic material behaviour in the
presence of moisture. These observed behaviours can then
be used to infer implications for PDC systems, from flow to
deposit.

2 METHODS AND MATERIALS
The experimental methods within this paper follow those
used in Walding et al. [2023] and are summarised here. More
detailed descriptions of the methods used are detailed in Sup-
plementary Material A.

2.1 Pyroclastic and analogue samples

Five natural samples of pyroclastic material were chosen to
cover a range of physical particle size characteristics (size,
shape, fines content; Table 2). Samples were collected from
a variety of global locations and represent different eruption
styles, lithofacies and geochemical compositions (Table 2).
The analogue samples include material that has previously
been used in experimental modelling of pyroclastic behaviours
(ballotini [Roche et al. 2004; Smith et al. 2018; Smith et al. 2020]
and exploratory samples (i.e. cornstarch, Table 3). The pyro-
clastic samples have maximum particle diameters of 2000µm
and the analogue samples have maximum particle diameters
of 1460µm (Figure 1). These size ranges were chosen to ac-
commodate the scaling limits of the fluidisation chamber ex-
periments.

2.1.1 Scaling

The work presented here arises from questions about how
volcanic materials physically respond to moisture. Although it
would be straightforward to analyse natural samples and mea-
sure their mechanical response to moisture changes, experi-
mental simulations of natural processes, such as PDC propa-
gation, often utilize various analogous materials instead of py-
roclastic sediment. To support this study, we tested a range
of these analogue materials alongside natural pyroclastic ones,
with the hope that this data will be useful for future research

Figure 1: Grain Size Distribution (GSD) plot of pyroclastic (solid
line) and analogue (dashed line) materials used throughout the
experiments. Materials in legend are organised by logarithmic
particle size mean (with cornstarch the finest grained material
used) (Φ) for this and subsequent figures.

on how these characteristics influence processes within cur-
rents, deforming sediments, and other related phenomena.
The scaling of experiments depends on the specific condi-
tions and apparatus design. Therefore, we provide a list of key
parameters for each of our tested materials (Table 4). The ex-
periments discussed here examine the mechanical properties
of the entire material, though there are limitations, notably, the
particle sizes used are restricted to the ash fraction (<2 mm).
This limitation is due to the apparatus, which requires a mini-
mum number of particle diameters to produce repeatable and
meaningful data. In natural settings, the particle size distribu-
tion can be much broader, which may have impacts on the
mechanical properties we are unable to quantify here.

2.1.2 Wetting process
To ensure the removal of residual absorbed moisture in the
experiments, all samples were dried for 24 hours at 80◦C. Any
agglomerations were broken-up by sieving prior to the start
of the experiments. For the moisture tests, water was then
added to the samples based on weight percentage (0, 0.25,
0.50, 1.00, 2.50, 5.00 wt.%). These moistures were chosen as
they have been identified in Walding et al. [2023] as being sig-
nificant in affecting the cohesive behaviour and the resulting
shear strength of material. Samples were mixed thoroughly
to ensure a homogeneous moisture distribution [Walding et al.
2023].

2.2 Particle size and shape analysis

Particle analysis of the pyroclastic and analogue material was
undertaken using a CAMSIZER X2, which uses particle imag-
ing to establish shape and size characteristics for dry material
samples. The CAMSIZER provides a maximum resolution of
0.8µm per pixel for both particle size and shape. We report
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Table 2: Pyroclastic samples used in the reported experiments, reporting formation processes, chemical composition, location
of sample collection and references (where applicable).

Material Eruption/Formation Composition Location References

Tung (1–6)
2006 VEI 3 eruption. Sieved
PDC units sampled by U.
Kueppers in 2009.

Andesitic Tungurahua,
Ecuador

Kelfoun et al. [2009],
Eychenne et al. [2012],
Douillet et al. [2013],
Hall et al. [2013]

Colima
2015 eruption. Sieved PDC
units sampled by T. Johnson in
2023.

Andesitic Volcán de Colima,
Mexico

T. Johnson [pers.
comm., 2023]

Atitlán

Unstudied ignimbrite deposit.
Sampled by P. Rowley from
massive PDC unit in 2023.
GR: 14°40’55.24"N,
91°15’29.15"W

– Volcán de San Pedro,
Guatemala

P. Rowley [pers.
comm., 2023]

Taupō (1 & 2)

Taupō 1: Sampled from the
proximal fine ash-rich facies
from the base of 232 AD
deposit.
Taupō 2: Sampled from 232 AD
proximal PDC deposits.
Sampled by E. Brosch and
colleagues.

Rhyolitic

Taupō, New Zealand
Taupō 1: 17 km from
vent
Taupō 2: 8 km from
the vent

Wilson [1985],
Brosch et al. [2021]

Milos
Basal pyroclastic sequence.
PDC units sampled by N.
Walding in 2023.

Rhyolitic to
Dacitic Milos, Greece Zhou et al. [2021]

Table 3: Analogue samples used in the experiments. Ballotini 1 and 2 represent the size variation of the two material samples
used.

Material Composition Material Information

Ballotini (1 & 2) Soda lime glass beads Sourced from sandblasters.co.uk
Fine Sand Redhill 110 (silica sand) Sourced from mineralsmarketing.co.uk
Cornstarch Cornstarch Sourced from Harry Harvey Ltd©
Industrial Pumice Unspecified pumice Sourced from Specialist Aggregates Ltd®

particle sphericity SPHT values using [Liu et al. 2019]:

SPHT =
4π𝐴𝑃
𝑈2

, (1)

where 𝑃 is the measured circumference of the particle and 𝐴
is the area covered by particle projection. For an ideal sphere,
SPHT is expected to be 1, otherwise it is smaller than 1 [Liu
et al. 2019].
Symmetry is measured by how evenly the shape of a parti-
cle is distributed around the centre line. For example, asym-
metric particles will be <1. The cumulative size and shape
data from CAMSIZER were subsequently processed using
GRADISTAT [Blott and Pye 2001] to derive various particle
size characteristics, using the moments method [Inman 1952]
to calculate logarithmic and geometric particle size mean 𝑥
(Φ), median (Φ), range (µm), sorting index σ (Φ), sorting σ𝐺 ,

skewness 𝑆𝑘 (Φ), kurtosis 𝐾 (Φ), and the geometric mean
(µm). The Sauter mean diameter 𝐷32 is a measurement that
describes the diameter of a sphere that has the same volume
to surface area ratio of a particle [Breard et al. 2019]:

𝐷32(mm) = 2
−
[
µ𝑚 (Φ)+ ln 22 σ2 (Φ)

]
, (2)

where µ𝑚 is the geometric mean and σ is the geometric stan-
dard deviation [both inΦ units, Breard et al. 2019]. 𝐷32 values
have been used to characterise the fluidisation behaviour of a
material [Breard et al. 2019]. Following the approach outlined
in Breard et al. [2019], we calculated the 𝐷32 (mm) and fines
content (<63µm, %) of the material.
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ō
2

2.3
5

2.3
7

<2
0–
20
00

52
.23

0.9
8

M
od
er
at
ely

So
rte
d

0.7
0

0.8
6

-0
.48

4.0
6

0.0
4

19
5.8

A,
B,
C,
D

Ta
up
ō
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Figure 2: Bulk and tapped bulk density results of dry pyroclastic
and analoguematerials. Results were used to calculated Haus-
ner ratio and Carr’s index to determine flowability. Flowability
field values are from Gorle and Chopade [2020]. Materials are
in order of particle size mean (Φ). Standard deviation of BTD,
uncertainty and error can be found in Supplementary Material
B.

2.3 Experimental procedure

Bulk and Tapped Density (BTD) measurements were com-
pleted to assess the mass and volume relationships of granular
material, both in their initial and compacted states [Amidon et
al. 2017]. Calculating the material bulk density involved pour-
ing 100 g of the material into a 250 mL cylinder. The initial
unsettled volume 𝑉0 was measured, and bulk density ρ𝑏 cal-
culated as:

ρ𝑏 =
𝑚

𝑉0
, (3)

where 𝑚 is mass (g). The cylinder was then tapped at
150 taps/min. The cylinder volume was measured every
minute until a stable, levelled reading was completed and
tapped density (ρ𝑡 ) was calculated using (Supplementary Ma-
terial B):

ρ𝑡 =
𝑚

𝑉 𝑓

, (4)

where 𝑉 𝑓 is the final tapped volume [Moondra et al. 2018].
These experiments were repeated with the addition of wa-
ter (0–5 wt.%). The bulk and tapped densities were then cal-
culated to see the effect of adding water. This enabled the cal-
culation of the Carr’s Index (CI; Equation 5) and Hausner Ratio
(HR; Equation 6), which are important parameters for under-
standing the flowability behaviours of a material (i.e. how
easily a material can flow or move):

CI = 100
(
ρ𝑡 − ρ𝑏

ρ𝑡

)
, (5)

HR = ρ𝑡

ρ𝐵
. (6)

Carr’s index evaluates a material’s strength and compressibil-
ity [Moondra et al. 2018]. The Hausner ratio assesses the pack-
ing efficiency of the material and its susceptibility to compact
under external forces [Yu and Hall 1994; Abdullah and Gel-
dart 1999]. For example, a low HR signifies good flowability
behaviours. BTD experiments were conducted for a repre-
sentative subset of the entire suite of experiments.
Static, and dynamic angle of repose (SAoR and DAoR, re-
spectively) experiments were completed to assess the angle of
internal friction and flowability of the material [Beakawi Al-
Hashemi and Baghabra Al-Amoudi 2018].
When a granular material is released freely onto a surface,
the particles will arrange themselves to form a natural slope,
where the maximum slope before collapse is called the static
“angle of repose”. The angle of repose has been explored in
granular science to investigate the physical and mechanical
properties, such as the friction coefficient, shear strength and
the flowability of granular material [Zhou et al. 2002; Beakawi
Al-Hashemi and Baghabra Al-Amoudi 2018; Dai et al. 2022].
In this work, the static and dynamic angle of repose (SAoR
and DAoR, respectively) were completed to explore the prop-
erties of the bulk behaviour of the particles with the addition
of moisture.
For the SAoR experiments, 100 g of each sample was re-
leased from a funnel held 35 mm above a circular platform.
The cone height was then measured, and the SAoR calculated
using:

SAoR = arctan
(
2ℎ
𝐷

)
, (7)

where ℎ is the height of the pile formed and 𝐷 = 85 mm is
the base diameter of the platform .
The DAoR experiments were completed by using 100 g
of material in a rotating drum. Material was rotated and
recorded, and the critical angles were measured using ImageJ
software [Schneider et al. 2012]. SAoR experiments were re-
peated three times and a subset of DAoR experiments were
run to demonstrate reproducibility (Supplementary Material
B).
Finally, fluidisation experiments investigated the fluidisa-
tion behaviours and states of each material at varying moisture
contents. This adopted the use of a rectangular, near 2D flu-
idisation chamber with a porous base [Gilbertson et al. 2020;
Walding et al. 2023]. Samples of 200 g were placed into the
chamber and levelled. A manometer then recorded basal pore
pressure changes throughout the experiment. Compressed
dry, unheated air was then incrementally passed through the
porous base into the chamber and at the points of minimum
fluidisation state (i.e. bubbling, channelling, etc.). The tests
were run until either a stable fluidisation state was achieved
(bubbling or channelling), excessive winnowing of material
occurred or where large pressure was reached without any
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resulting gas escape structures being formed. Experiments in-
creased the gas flow rate from 0 to 5 cm s−1 for a period of
0 min 31 s to 3 min 28 s. The short experimental time aided in
limiting the effects of material drying. Given time constraints,
we decided to focus on completing a range of fluidisation ex-
periments, rather than repeats of fewer experiments.

2.4 Statistical analysis

The experiments presented here explore a wide array of vari-
ables. We assess the correlation between the different vari-
ables by using Spearman’s rank correlation coefficient (𝑟𝑠 ).
The 𝑟𝑠 is statistically useful in identifying trends in large data
sets and evaluates the monotonic relationship between two
independent variables [Gauthier 2001]. From this, the confi-
dence interval can be calculated to better constrain relation-
ship correlations for the use of principal component analysis.
A principal component analysis (PCA) is used on all samples
to summarize the correlated variables as highlighted using the
𝑟𝑠 . Data analysis has been completed using the statistical soft-
wares Microsoft Excel, RStudio (Version 4.3.2, 2023) and
the R packages FactoMineR [Lê et al. 2008], factoextra [Kas-
sambara and Mundt 2016] and ggplot2 [Wickham 2009].

2.5 Limitations

In nature, pyroclastic materials are more polydisperse than the
materials used within these experiments. Their natural varia-
tion shows a vast distribution of size, density, shape, compo-
sition, and temperature than the parameter space explored in
this work. The limitations on particle size (<2000µm) reflects
the limitations of equipment size used in the experiments, such
as scaling limits of the fluidisation chamber. Future work en-
compassing a wider size range could overcome this by using
larger fluidisation chamber equipment. At high moisture per-
centages, the materials used in the DAoR experiments begin
to clump, stick and slide to the wall of the drum. Therefore,
some DAoR values have been excluded from the results.

3 RESULTS I: BEHAVIOUR OF MATERIAL IN DRY CONDI-
TIONS

3.1 Particle size analysis

The pyroclastic materials used in these experiments (Figure 1)
have particle size distributions ranging from 2.5 to 2000µm
and the analogue materials (Figure 1) have a particle size dis-
tribution from 2 to 1460µm. Based on the logarithmic particle
mean (Table 4) all materials are expected to exhibit fluidisa-
tion behaviours typically associated with Groups A and B in
Geldart’s classification.

3.2 Bulk and tapped densities

In dry (0 wt.%) conditions, the finest materials (cornstarch,
Colima, Atitlán and Taupō 2) display poor and very poor
flowability properties as defined by their HR and CI values
(Figure 2).
These correlate with the exceptionally high fines content of
these materials (>52 %). The remaining materials all exhibit
fair to excellent flowability, which is influenced by both fines

content (<52 %) and high sorting values (Table 4; Supplemen-
tary Material B).

3.3 Angle of repose

At 0 wt.% moisture, the SAoR of the pyroclastic sam-
ples range from 28° (Milos) to 43° (Taupō 1, Colima), and
the analogue materials from 18° (ballotini 1) to 38° (corn-
starch;Supplementary Material B). Comparing these results
against the materials properties in Table 4, demonstrate that
the increase in SAoR correlates to size, shape, and sorting (Fig-
ure 3). The DAoR ranges from 39° (Tung 5 and 6) to 61° (Ati-
tlán) for pyroclastic samples and from 32° (ballotini 1 and 2)
to 59° (cornstarch) for the analogue materials. An increase in
particle size median results in an increase in both SAoR and
DAoR (Figure 3A). Fines content also plays a dominant role on
angle values. As fines contents increase, SAoR and DAoR in-
crease until ~52% fines where we see a divergence and larger
gap between DAoR and SAoR values (Figure 3B). With an in-
crease in 𝐷32 · SPHT, we see lower SAoR and DAoR values
(Figure 3E and 3F). Finally, sphericity and symmetry controls
on SAoR and DAoR are demonstrated in Figure 3C and 3D,
where a decrease in SAoR and DAoR correlates with increas-
ing sphericity and symmetry. This is particularly evident for
ballotini 1, which has the highest sphericity (0.90, 0.91) and
symmetry values (0.93, 0.93).

3.4 Fluidisation

Results from the fluidisation experiments were investigated
via sidewall video analysis of the fluidisation chamber. We
used ballotini to characterise the frictional properties against
the side wall (Perspex) by completing tilt experiments (exper-
imental set-up from Lowes and Perry [1965]). This allowed
us to calculate the dry wall friction angle, which showed a
value of 21.5° (standard deviation of 2.4°). Note that this value
is likely to change with the addition of moisture and during
fluidisation of material but has not been further explored in
these results.
Observations of gas escape structures (e.g. bubbling, chan-
nelling) were taken and gas velocity was recorded from the
base of the chamber. Fluidisation behaviours are categorized
into bubbling (𝑈𝑚𝑏), channelling (𝑈𝑚𝑐), explosive channelling
(𝑈𝑚𝑥 ) and cracking behaviours (𝑈𝑚𝑐𝑟 ) following Walding et
al. [2023] (Figure 4). In addition, a new feature is identified in
this paper and named “diffusive cracking” (𝑈𝑚𝑑𝑐 , Figure 4F,
Supplementary Material C). Diffusive cracking is defined here
as small cracks that can move in-between packages of material
and are not fixed (in comparison to cracking, where wet mate-
rial forms large cracks which only move with increased drying
of the material). The individual packages in diffusive cracking
can be fluidized, or as gas velocities increase, the packages of
material can fracture into smaller packages aiding bubbling
and channelling before once again settling into a package and
repeating behaviours as mentioned above (Figure 4F).

3.4.1 Pyroclastic materials
At 0 wt.% moisture, the pyroclastic samples exhibit bubbling,
diffusive cracking, channelling, and explosive channelling.
Milos, Taupō 1 and Taupō 2 display channelling of the coarser
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Figure 3: Comparison of particle [A] methods of moments logarithmic mean size, [B] fines content, [C] sphericity, [D] symmetry,
[E] Sauter mean diameter and [F] Sauter mean × sphericity (𝐷32 · SPHT) against SAoR and DAoR values of pyroclastic and
analogue materials. Materials are listed in order of fines content (%). Standard deviation, error and uncertainty are shown in
Supplementary Material B.

material in the lower deposit and bubbling in the upper de-
posit (𝑈𝑚𝑏 : Milos, 0.28; Taupō 1, 0.21; Taupō 2, 0.14 cms−1).
However, Colima and Taupō 1 show small amounts of diffu-
sive cracking with no significant change in pressure observed
(Figure 4F). At 0 wt.% moisture, both the diffusive cracking
(𝑈𝑚𝑑𝑐 : Taupō 1, 0.069; Colima, 0.069 cm/s) and explosive
channelling (𝑈𝑚𝑥 : Atitlán, 0.069; Colima, 0.208 cm/s) agitate
the material and improve heterogeneous bubbling and chan-
nelling throughout the whole of the deposit (Figure 4A–4F).
The variations in fluidisation behaviours of Atitlán, Colima
and Taupō 1 can be attributed to their high fines content (38–
84%; Table 4). Fluidisation and 𝑈𝑚𝑏 values are significantly
lower in material with a higher proportion of fines. These
are indicative of Geldart Group C behaviours. Taupō 2 also
displays a high percentage of fines (52%) but does not display
cracking or explosive channelling at 0 wt.% moisture. This
corresponds to the behaviours seen in the Tungurahua and
Milos samples, where sorting is moderate to well sorted.

3.4.2 Analogue materials
Fluidisation experiments with the cornstarch were not at-
tempted due to its tendency to disperse into the air. At 0 wt.%

moisture, all the other analogue samples tested display bub-
bling of the deposit (Geldart Group B; Figure 4). In the finer
material (ballotini 1), bubbles are small and spherical and form
throughout the whole of the deposit (𝑈𝑚𝑏 = 0.056 cms−1).
Ballotini 2 and fine sand are overall coarser and denser ma-
terials, so sluggish bubbling is limited to the upper portion of
the deposit (𝑈𝑚𝑏 : ballotini 2, 2.08; fine sand, 0.417 cms−1).
Finally, the industrial pumice has a larger size range than the
others and exhibits channelling of the lower coarser material
and bubbling (𝑈𝑚𝑏 = 0.382 cms−1) of the upper finer material
(Figure 5). The good fluidisation behaviours of these materi-
als can be attributed to the low fines content (0.00–14.78%)
and moderate to well sorting values (Table 4). Furthermore,
the fluidisation behaviours of the analogue material at 0 wt.%
moisture all exhibit Geldart Groups A, B and C characteristics
[Geldart 1973].
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Figure 4: Images demonstrating the key behaviours described in these experiments showing [A] bubbling, [B] channelling, [C]
pocketing, [D] explosive channelling, [E] cracking [fromWalding et al. 2023], and [F] diffusive cracking features seen in the present
fluidisation experiments.

4 RESULTS II: BEHAVIOUR OF MATERIAL IN WET CONDI-
TIONS

4.1 Bulk and tapped densities

With increasing moisture contents (0–5 wt.%), bulk and
tapped densities overall decrease rapidly with an increase
from 0 to 0.5 wt.% moisture and then steadily from 0.5 to
5 wt.% moisture (Supplementary Material B). However, this
is not the case for ballotini 1 and 2. From 0–0.5 wt.% mois-
ture, ballotini 2 increases in tapped density before levelling out.
The tapped density for ballotini 1 shows a decrease in density
from 0–1 wt.% moisture before increasing in tapped density
from 1–5 wt.% moisture. Both particles are highly spherical
and hydrophobic, therefore added water may form capillary
bridges between the particles. It is thought that with increas-
ing water, lubrication is increased, allowing for the particles
to display overall better packing.

The Hausner Ratio and Carr’s Index calculations can be
used to assess how moisture effects the flowability of a ma-
terial (Supplementary Material B). The largest change seen in
both CI and HR from 0–5 wt.% moisture are Tung 4 samples
and the lowest change was seen in Tung 6. This is thought
to be due to the high sorting and small size range of Tung 4
and the high size mean of Tung 6 (Table 4). The CI and HR
results show that increasing moisture (0.5–5.0 wt.%) has a neg-
ative effect on the flow property of the material (i.e. showing
poorer and more difficult flowability; Figure 6). However, this
is not the case for Tung 6 which decreases in CI and HR. This
is thought to be due to water induced lubrication and better
packing of material.

4.2 Angle of repose

An increase in moisture from 0 to 5 wt.% results in an in-
crease in SAoR and DAoR values for pyroclastic and analogue
materials and therefore a decrease in flowability (Supplemen-
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Figure 5: Fluidisation profiles of pyroclastic and synthetic ma-
terials at 0 wt.% moisture. Tung 1–6 values obtained from
Walding et al. [2023]. Materials are in order of particle size
mean (Φ).

Figure 6: Changes in Hausner Ratio and Carr’s Index as a func-
tion of water addition to the material for [A] 0.5 wt.% and [B]
5 wt.%. Flowability field values are from Gorle and Chopade
[2020]. Materials are in particle size mean (Φ) from finest
(cornstarch) to coarsest (ballotini 2). Standard deviation, error
and uncertainty of BTD can be found in Supplementary Mate-
rial B.

Figure 7: [A] SAoR at 0 and 5 wt.% moisture and [B] DAoR at
0 and 2.5 wt.% moisture of pyroclastic and analogue materials
and fine content (%). Materials are listed vertically are in order
of fines content (%) from cornstarch to Tung 6. Standard devi-
ation, error and uncertainty are in Supplementary Material B.

tary Material B). Further detailed analysis of Tungurahua 1–6
samples can be found in Walding et al. [2023].

4.2.1 Pyroclastic materials
Overall, the highest SAoR change (>29°) from 0 to 5 wt.% mois-
ture are seen in Tung 1, Tung 2, Tung 3, Milos, Tung 4 and
Tung 5. From 0 to 1 wt.% moisture, Tung 2, Tung 3, Tung 4
and Tung 5 show a rapid increase in SAoR which then in-
creases at a lower rate from 1 to 5 wt.% moisture (Supplemen-
tary Material B). In some materials (Tung 2, Tung 3) we see a
decrease in SAoR value at 5 wt.% moisture. Taupō 2, Colima,
and Atitlán show the smallest change from 0 to 1 wt.% and
some of the largest from 1 to 5 wt.% moisture. The lowest
overall SAoR change (8°) from 0 to 5 wt.% moisture is Col-
ima. For the DAoR experiments, the highest change from 0 to
2.5 wt.% moisture is Tung 1 (39°) and Tung 4 (48°) and the
lowest is Atitlán (−11°) (Figure 7).
The overall largest changes are seen in the Tungurahua
and Milos samples. These samples span the size range of py-
roclastic mean sizes, are all moderately to well sorted (0.252–
0.868) and show similar sphericity values (0.74–0.84) (Table 4).
These samples also all display the lowest fines content ranging
from 0.04% (Tung 6) to 36% (Tung 1) (Figure 7). Conversely,
the lowest overall changes as seen in Colima, Atitlán, Taupō 1
and Taupō∼2 which have a broad size mean, are moderately
to poorly sorted (0.98–1.50) and sphericity values of 0.70–0.83.
Notably, these samples display the highest fines content which
ranges from 39% (Taupō 1) to 84% (Colima) (Figure 7).

4.2.2 Analogue materials
Values of SAoR increase with increasing moisture from 0 to
5 wt.%. From 0 to 1 wt.% moisture, ballotini 1 and ballotini 2
show a rapid increase in SAoR (Figure 7). Cornstarch, fine
sand and industrial pumice all show a more gradual increase.
From 1 to 5 wt.% moisture the SAoR values become steadier
and ballotini 1, fine sand and ballotini 2 all show the same
or lower values than their 1 wt.% moisture SAoR results. The
largest changes can be seen in the ballotini 1 and ballotini 2
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samples. These samples are both moderately well to very
well sorted (0.62–0.24) and have high sphericity values of 0.90
and 0.91 (Table 4, Figure 7). The lowest overall change is
cornstarch (11°), which displays the largest size range, sorting
value (0.989) and lowest sphericity value (0.79).
The DAoR experiments show a similar pattern, where from
0 to 2.5 wt.% moisture there is an increase of DAoR in ballo-
tini 1 (24°), fine sand (39°), industrial pumice (12°) and ballo-
tini 2 (30°). However, the cornstarch shows a decrease of −4°
with increasing moisture from 0 to 2.5 wt.%. This is due to
the high percentage of fines in cornstarch (96.1%) compared
to the other samples (Table 4).

4.3 Fluidisation

The results presented correspond to the observed fluidisation
behaviours of both pyroclastic materials (Atitlán, Colima, Mi-
los, Taupō 1 and Taupō 2) and analogue materials (ballotini 1,
ballotini 2, fine sand, industrial pumice) utilised in these exper-
iments across water addition of 0.50, 1.00, 2.50 and 5.00 wt.%.
A detailed review of the fluidisation behaviours of Tungu-
rahua 1–6 samples can be found in Walding et al. [2023] and
Supplementary Material D. Overall, results show that with in-
creasing water content, a higher gas velocity is required to flu-
idise the material. A Geldart Group has been assigned to the
fluidisation behaviours observed throughout the experiments
[Geldart 1973; Cocco and Chew 2023].

4.3.1 Pyroclastic materials
At 0.50 wt.% moisture (Figure 8A, 8F), Colima (𝑈𝑚𝑏 =

0.139 cms−1) and Taupō 2 (𝑈𝑚𝑏 = 0.069 cms−1) display bub-
bling towards the top of the deposit and diffusive cracking at
the base (Geldart Groups A and C). When the cracking rup-
tures, the overlying material is agitated and bubbles with the
rest of the deposit before settling to the base of the deposit. Ati-
tlán (𝑈𝑚𝑏 = 0.069 cms−1) and Taupō 1 (𝑈𝑚𝑏 = 0.069 cms−1)
(Figure 8B, 8G) show bubbling of the upper and channelling
of the lower deposit (Geldart Groups A, B and C). Milos (Fig-
ure 8D) forms pockets of bubbling (𝑈𝑚𝑏 = 0.972 cms−1) at
the base of the material, which increase in size throughout the
experiment (Geldart Group B).
At 1.00 wt.% moisture (Figure 8B), Atitlán shows bub-
bling throughout the upper portion of the deposit (𝑈𝑚𝑏 =

0.069 cms−1) and channelling in the lower portion (Geldart
Group B). Colima, Taupō 1 and Taupō 2 (Figure 8A, 8F, 8G)
show diffusive cracking in the deposit and some bubbling at
𝑈𝑚𝑑𝑐 of 0.556, 0.347 and 0.208 cms−1, respectively (Geldart
Groups B and C). At higher gas velocities, explosive chan-
nelling happens multiple times throughout the deposit, but
does not release significant amounts of pressure from the base.
At 2.50 wt.% moisture (Figure 8B), Atitlán shows bub-
bling throughout the upper portion of the deposit (𝑈𝑚𝑏 =

0.069 cms−1) and channelling in the lower (Groups A and
C). Explosive channelling occurs at 0.972 cms−1 for Col-
ima (Figure 8A) followed by a large pocket forming with
bubbling and drying of material (Geldart Groups C and A;
𝑈𝑚𝑏 = 1.11 cms−1). Taupō 1 and Taupō 2 (Figure 8F, 8G)
display explosive channelling and cracking (Geldart Group
C), but with no observed gas release. Bubbling observed in

Taupō 1 (𝑈𝑚𝑏 = 1.25 cms−1) is sluggish. Small pocketing
occurs at the base of the Milos (Figure 8D) deposit, with no
observed bubbling (Geldart Group C). Slow drying continues
until the end of the experiment.
Finally, at 5.00 wt.% moisture (Figure 8B), Atitlán again
shows similar behaviours as described previously and bub-
bles at 0.069 cms−1 (Geldart Group A). Milos (Figure 8D)
shows cracking at 3.19 cms−1 and explosive channelling at
4.17 cms−1 (Geldart Group C). Taupō 1 (Figure 8F) forms
a large pocket at the base of the deposit, slight cracking
(1.39 cms−1) and explosive channelling at 1.53 cms−1 (Gel-
dart Group C). Finally, Taupō 2 (Figure 8G) bubbles in a slug-
gish way in the upper deposit (𝑈𝑚𝑏 = 0.069 cms−1) and dis-
plays channelling in the lower deposit. With increasing gas
velocity, cracks begin to form and breakaway from each other
in “blocks” which rise and fall (Geldart Group C).
Compared to the Tungurahua 1–6 samples (Supplementary
Material D), Atitlán, Colima, Taupō 1 and Taupō 2 exhibit
“higher moisture” fluidisation behaviours (Group C: i.e. crack-
ing and explosive channelling) at significantly lower moisture
levels. These materials also display significantly higher fines
content (%) than any other samples (Table 4). This may ex-
plain why we see more sluggish bubbling behaviour and dif-
fuse cracking happening at a lower moisture content.

4.3.2 Analogue materials
At 0.50 wt.% moisture (Figure 8), no gas escape structures
are observed in ballotini 1 and ballotini 2. Fine sand (Fig-
ure 8E) and industrial pumice (Figure 8H) both display bub-
bling (𝑈𝑚𝑏 = 0.292 and 0.458 cms−1, respectively) in the
upper deposit and channelling of the lower (Geldart Groups
A, B and C). At higher gas velocities, explosive channelling
(0.514 cms−1) occurs in the fine sand but there is no signifi-
cant change in pressure.
At 1.00 wt.% moisture, no gas escape was observed for bal-
lotini 1 and ballotini 2 (Figure 8C, 8I). Once material was dried
by the fluidising gas, the ballotini deposit had stuck together
as a “fused” package and had to be manually broken apart.
No further fluidisation experiments were undertaken on the
ballotini samples. Both the fine sand and industrial pumice ex-
hibited pocketing and bubbling of dry material at 0.2778 and
0.5694 cms−1 (Geldart Groups A, B and C). At higher gas ve-
locities, explosive channelling was observed in the industrial
pumice. Explosive channelling at 1.069 cms−1 released 0.33
kPa. Due to time constraints, fluidisation of industrial pumice
at 2.5 and 5 wt.% were not completed.
At 2.50 wt.% moisture, fine sand (Figure 8E) forms bub-
bling pockets at 0.69 cms−1 and explosive channelling at
1.81 cms−1 (releasing 0.69 kPa). Finally, at 5.00 wt.% moisture
(Figure 5B) fine sand shows pocketing and subsequent bub-
bling of the material (𝑈𝑚𝑏 = 1.39 cms−1) (Geldart Groups C
and A).

5 DISCUSSION
In this discussion, we identify the key controls that influence
the behaviours of pyroclastic material with increasing mois-
ture content. We then discuss material recommendations for
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Figure 8: Fluidisation behaviours of pyroclastic and analogue materials at 0, 0.5, 1, 2.50 and 5 wt.% moisture addition [A] Colima,
[B] Atitlán, [C] Ballotini 1, [D] Milos [E] Fine Sand, [F] Taupō 2, [G] Taupō 1, [H] Industrial Pumice [I] Ballotini 2. Symbols show
fluidisation behaviours of material. Data is presented in material mean size order. Fluidisation results from Tung 1–6 are in
Supplementary Material D.

use in experimental modelling in dry and wet conditions in a
flow and substrate.

5.1 Controls on behaviour of pyroclastic material

To better constrain the controls on material behaviours in dry
and wet conditions, we conducted principal component anal-
ysis (PCA) on SAoR and DAoR results and material character-
istics (e.g. symmetry, sphericity, particle size mean, sorting,
Sauter mean, geometric mean and fines content).
The results from the PCA analysis (Figure 9; Supplementary
Material E) show that SAoR and DAoR values at 0 wt.% mois-
ture correlate to mean, fines content, sorting, HR and CI. How-
ever, as we increase moisture from 0 to 0.50 wt.% the results
become more positively correlated with sphericity, symmetry
and Sauter mean and therefore more negatively with sorting
and fines content. A further increase in moisture from 0.50 to
2.5 wt.% shows no correlation to any of the aforementioned
variables.
These results are interpreted as reflecting the transition of
the material from a non-capillary to a capillary state with the
introduction of water. In the capillary state [Kim and Hwang
2003; Kim and Sture 2008] particles become semi-supported
by capillary bonds. With no moisture, the SAoR and DAoR
is dominated by material characteristics (fines and sorting)
as there are no inter-capillary bonds present. At low mois-
ture addition, the control becomes more correlated to physi-

cal particle characteristics (sphericity and symmetry). Finally,
at the highest moisture values, we infer a transition due to
changes in capillary bonds forming in interparticulate spaces,
and thus, behaviours are less controlled by material parame-
ters (i.e. fines content, shape, etc.).

5.1.1 The importance of the proportion of fines content

The presence of fines in a material influences its behaviour
in both static and dynamic conditions, as well as in wet and
dry environments, as demonstrated in the BTD (Figure 2, 6;
Supplementary Material B), SAoR (Figure 3, 7; Supplementary
Material B), DAoR (Figure 3, 7; Supplementary Material B), flu-
idisation (Figure 5, 8A–8I) tests and PCA results (Figure 9). At
0 wt.% moisture, the angle of repose (both SAoR and DAoR)
increases with mean size, sphericity, symmetry, Sauter mean
and proportion of fines content (up to ~66%). Note that the
DAoR results are significantly higher than the SAoR results,
this is attributed to boundary friction of the drum [Dury et al.
1998]. At 84% fines content, there is a clear divergence be-
tween SAoR (decreasing) and DAoR (increasing) values (Fig-
ure 3B). Interestingly, at very high fines contents, pyroclastic
material shows a decrease in flowability in a dynamic envi-
ronment and an increase in flowability in a static environment
(Figure 3B, 7). This may indirectly influence the mechani-
cal properties of a material, such as the friction coefficient
and cohesion-related shear strength [Beakawi Al-Hashemi and
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Figure 9: Loading plot from PCA analysis [Lê et al. 2008; Kas-
sambara and Mundt 2016; Team 2023]. Dim1 and Dim2 are the
principal components and show percentages. Each variable
used in the data set is showed as a vector. The direction of the
vector indicates the correlation between the variable and the
principal component, while the length of the vector represents
the magnitude of the correlation (cos2). Vectors that group to-
gether or point in similar directions may indicate similarities or
underlying relationships.

Baghabra Al-Amoudi 2018]. For example, a material that has
greater than 30% volume of fines results in the stress forces
being dominated by the fines fraction [Li et al. 2020; Breard
et al. 2023].
In dry conditions, material with a low fines content can be
expected to behave based on its physical particle character-
istics such as size, sphericity, and symmetry [Abdullah and
Geldart 1999]. With increasing sphericity of a particle, the an-
gle of repose will decrease; and vice versa, with decreasing
sphericity of a particle (i.e. increasing angularity), the angle of
repose will increase [Beakawi Al-Hashemi and Baghabra Al-
Amoudi 2018]. This is due to interparticle contacts, where
angular particles increase jamming and interlocking connec-
tions [Beakawi Al-Hashemi and Baghabra Al-Amoudi 2018].
Our results somewhat agree with these observations as seen
through the sphericity and symmetry values increasing in Fig-
ure 3C and 1D.
The addition of moisture to material with high fines con-
tent leads to a decrease in both SAoR (cornstarch, Colima, Ati-
tlán, Taupō 2; Figure 7A) and DAoR (cornstarch Atitlán and
Colima; Figure 7B) values. This may be due to friction be-
tween particles due to particle morphology characteristics and
moisture-induced clumping of material. The fines material is
more likely to form interlocking “clumps” of material in dry
conditions or moisture-induced clumps when wet. In turn,
both instances of clumping will increase the size of the mate-
rial to form more spherical clumps, which are more likely to
have greater translational and rotational velocities [Chen et al.
2019]. Similarly, the presence of fines significantly increases
the material surface area [Figure 8E, 8F; Huang et al. 2009] and
the surface tension of free moisture cannot mix well in the
fines-dominated mixture. This may result in the formation of
liquid bridges which reduce the contact friction, resulting in a
decrease of SAoR and DAoR values.

Bulk behaviour can significantly change with fines content
[Beakawi Al-Hashemi and Baghabra Al-Amoudi 2018]. An in-
crease in fines creates more interparticle contact points, which
in turn can increase the packing of material [Breard et al. 2023].
This is demonstrated in the BTD experiments where loose
and tapped bulk densities increase with fines content and size
(e.g. cornstarch, Colima, Atitlán; Supplementary Material B).
This leads to better packing of material and thus poorer flowa-
bility. This also corresponds to what we observe in the DAoR
experiments where an increase in fines content and a decrease
in size results in higher DAoR values, and therefore a poorer
flowability value (Figure 2). These results highlight a clear
relationship between fines content, particle size, loose/tapped
behaviour and flowability.

5.1.2 Age, composition and environment effects
Age, composition, and environment will all play a role in the
decay or alteration of material [Nagasawa 1978]. Furthermore,
post-deposition hydrothermal alteration over time may cause
the alteration and decay of minerals into clay [Mirabella et al.
2005]. Increasing clay content may result in changes in physi-
cal material properties (i.e. increase in cohesion, fines content,
density, etc.). We examined our results against composition
and age of material to rule out any effect of age or composition
on our results.
Our samples range from felsic (Taupō 1, 2 and Atitlán), in-
termediate (Milos) and mafic (Colima and Tung 1–6) in com-
position [Table 2; Wilson 1984; Kelfoun et al. 2009; Eychenne
et al. 2012; Douillet et al. 2013; Hall et al. 2013; Zhou et al.
2021]. The degree of magmatic evolution does not appear to
be correlated with the changes in cohesive behaviour with
increasing moisture. In this study, we have found no correla-
tion between ages of samples to cohesive behaviours (from the
SAoR and DAoR experiments). For example, the Tungurahua
(Tung 1–6) samples from 2006 showed significantly higher
SAoR difference from 0 to 5 wt.% moisture (22–29° difference
between 0 and 5 wt.% SAoR) in comparison to the more re-
cent 2015 Colima samples (8° difference between 0 and 5 wt.%
moisture SAoR). The oldest Taupō samples (235 AD) show a
change of 17° (Taupō 1) and 18° SAoR (Taupō 2) from 0 –
5 wt.% moisture.

5.2 Implications for PDCs and their Deposits

Static and dynamic friction coefficient and shear strength, as
determined by the SAoR and DAoR values will play a critical
role at different stages within a PDC system. For example,
static friction coefficient may play an important role in the
initial movement, remobilisation and entrainment of sediment
from an overriding PDC. Once material is moving, dynamic
friction will be the dominant force. However, in the case of the
DAoR method used in these experiments, the angle of repose
is high which is thought to be due to boundary friction of the
drum.

5.2.1 Implications for deposits
In Walding et al. [2023] three types of gas escape structures
were observed, dependent on moisture content. Type 1 (0–
0.25 wt.% moisture) showed bubbling and channelling of ma-
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terial and relatively “good” fluidisation behaviours. Type 2
(0.50–5.00 wt.% moisture) resulted in bubbling, channelling,
pocketing, a drying profile and explosive channelling. Type 3
(7.50 and 10 wt.% moisture) showed a bubbling drying profile,
pocketing and cracking of the deposit (Figure 4A–4D). These
results showed that fluidisation and gas escape may be stalled
or stopped by the presence of moisture (from 0.50 wt.%).
In this study, we observe the same gas escape structures
as Walding et al. [2023], but sometimes at significantly lower
moisture contents. Additionally, we describe a new behaviour,
“diffusive cracking” (Figure 4E; Supplementary Material C).
The present study expands on the types of behaviour of gas
escape shown in Walding et al. [2023] and demonstrates that
gas escape structures are highly variable with differing mate-
rial characteristics, their geomechanical properties and mois-
ture content.
Material behaviours differed greatly with varying presence
of fines. At a high fines percentage (>38%) fluidisation be-
haviours behave more like the “high moisture” structures (i.e.
explosive channelling, cracking) seen in Walding et al. [2023].
This is due to the larger influence from Group C Geldart
Group particles [Geldart 1973]. In dry conditions, Group C
particles are dominated by interparticle forces and are known
to demonstrate poor fluidisation behaviours of spouting, slug-
ging, and channelling [Leturia et al. 2014]. Materials moved
through the different fluidisation stages described by Walding
et al. [2023] with increasing moisture. However, the Atitlán
material which comprises of 66% fines showed no significant
changes in fluidisation behaviour with increasing moisture.
This may be due to having a large surface area, or the pres-
ence of H2O-scavenging minerals. Further study would ben-
efit from investigating the impact of varying chemical compo-
sition and H2O scavenging in more detail.

5.2.2 Implications for secondary explosions
We show that secondary explosions may form from the cohe-
sive nature of a dry high fines (%) material as well as with the
introduction of moisture, expanding the findings ofWalding et
al. [2023]. This behaviour is demonstrated in work completed
by Gilbertson et al. [2020] where vertical changes in fine and
coarse particle sizes resulted in secondary explosions. The co-
hesive nature of fine material creates an almost impermeable
deposit therefore hindering gas release Torres et al. [1996] and
Gilbertson et al. [2020] and subsequent pressure increase and
release.

5.2.3 Implications for flow behaviour
We demonstrate an increase in cohesive behaviour, and result-
ing shear strength, with increasing fines content and moisture,
consistent with the findings of Walding et al. [2023]. However,
at high volumes of fines (>84%), 0 wt.% moisture SAoR val-
ues decrease, therefore suggesting an increase in flowability.
Breard et al. [2023] suggest that fines and packing behaviours
can explain the relative long run-out distances of block and
ash flows, as an increase in fines increases packing behaviour
and elevates pore pressure within the flow. Our results sup-
port this finding, where with increasing fines %, flowability
increases.

Walding et al. [2023] hypothesised that an increase in fines
and moisture influences the cohesive behaviours and there-
fore, higher moisture contents may reduce flowability and re-
duce the maximum runout distances of PDCs. However, at
the maximum volume of water added (2.5 and 5 wt.%) in these
experiments, material with a high fines content >84% showed
a decrease in SAoR (cornstarch, Colima, Atitlán and Taupō 2)
and DAoR (cornstarch, Colima) values, suggesting an increase
in flowability.
The moisture content ranges used in these experiments are
not high enough to mobilise the material as a slurry, therefore,
the changes in flowability state are not due to the material
becoming “laharic” or “saturated”. This may have implica-
tions for PDCs with a high proportion of fines in moisture in-
fluenced environments, such as phreatomagmatic or phreatic
events [McPhie et al. 1990]. In this work we only looked at
the finer fractions of material, compared to the natural poly-
disperse nature of PDCs. Future work would benefit from
investigating this behaviour at the bulk scale, or whether this
behaviour is just indicative of a fine material. Furthermore, the
use of a fluidised channel may show these behaviours better.
Our results from the 𝐷32 ·SPHT, SAoR and DAoR data (Fig-
ure 3E, 3F) show that fines-rich and irregular shaped mixtures
will have low permeability, indicating that gas retention and
fluidisation may be increased [Breard et al. 2019]. This is also
supported by our fluidisation experiments, where finer ma-
terial shows diffusive cracking (Figure 4F) in comparison to
bubbling (Figure 4A, Supplementary Material C), suggesting
that increased surface area is influencing frictional drag from
the fluidising gas.

5.3 Material recommendations for experimental modelling

We have demonstrated that material behaviour is controlled
by various properties which may have implications for PDCs
and their deposits. Therefore, it is important to choose ana-
logue material carefully, depending on the behaviour experi-
mentalists are aiming to recreate. Here, we compare the mate-
rial behaviours of pyroclastic samples with a range of analogue
materials. We discuss the suitability of those materials for use
in experiments conducted under both dry and wet conditions.

5.3.1 Dry experiments
For simulating a flow
Analogue material is often chosen based on its ability to flu-
idise in small laboratory experiments [Roche et al. 2010; Row-
ley et al. 2014; Smith et al. 2018]. In this work we only inves-
tigate fluidised flow behaviour rather than free-falling from
gravity. The particle size measurements suggest that all ma-
terial should be able to exhibit good fluidisation behaviours,
associated with Groups A and B of Geldart’s classification
[Geldart 1973]. This is important because, in analogue ex-
periments it is important that the clogging of fine material in
hoppers does not occur.
Due to the analogue materials used in these experiments
having less polydispersity (e.g. size range, fines content, shape
parameters) than the natural, pyroclastic material, it is thought
that these will present better flowability and fluidisation re-
sults. As the size ranges of our analogue materials span the
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size ranges of the pyroclastic material, it is expected that finer
particles (i.e. cornstarch) may behave in a similar manner
to fine pyroclastic particles (e.g. our Atitlán or Colima sam-
ple). This is the same for the coarser material such as Tung 6
against ballotini 2.
For the dry SAoR experiments, cornstarch, fine sand and
industrial pumice fall into the range of all the pyroclastic ma-
terial used (Table 5). In the DAoR experiments, the dry values
of analogue material lie in between 39–59° DAoR and for py-
roclastic material range from 39 to 61° DAoR. However, both
ballotini 1 and ballotini 2 show dramatically lower DAoR val-
ues of 13° to 32° for DAoR and therefore, generally do not fit
too well when comparing to pyroclastic material in a dynamic
testing environment (Table 5).
The results of the fluidisation experiments completed
demonstrate that 𝑈𝑚 𝑓 is greater with increasing particle size
mean and increasing density (Tung 5, Tung 6, ballotini 2).
However, 𝑈𝑚 𝑓 can also increase with mean particle size and
with the proportion of fines content within the material. This
results in more Group C behaviour [Geldart 1973] of powders,
where fluidisation begins to be inhibited by cohesive forces
between finer particles. The results from the static (SAoR and
BTD) experiments can also be used to calculate the flowability
of a material. The results from these static tests correlate well
to what is observed in the fluidisation experiments. How-
ever, with increasing fines content the projected flowability
from the static experiments does not match that of the fluidi-
sation experiments. This is best shown in the behaviours of
cornstarch, Atitlán, Taupō 2 and Colima where with increased
fines content we see a decrease in SAoR values (Figure 3B).
Therefore, for material at high fines concentration it is impor-
tant that we not only consider the use of SAoR and BTD in
determining flowability behaviours, but also how the material
will perform in a fluidised environment.
For experiments where matching fluidisation behaviours is
important, fine sand, ballotini and cornstarch show the clos-
est match to the range of natural samples used in this study
(Table 5). However, it should be noted that although bal-
lotini shows useful fluidisation behaviours in comparison to
pyroclastic material, the BTD and SAoR values are consider-
ably lower in a dry environment. This is due to their high
sphericity and smoothness, which will reduce contact friction
between particles. For future experiments, the combination of
different mixtures of these materials could potentially be used
to simulate a full dynamic regime (i.e. turbulent to granular).
Although we have been careful to consider a range of py-
roclastic options in these experiments, their natural variability
means that different experiments may benefit from using dif-
ferent types of material. It should be noted that the practical
considerations of using ballotini (i.e. being readily available,
easy to characterize, does not deform, does not break) as well
as its good fluidisation behaviour [Roche et al. 2004; Roche
2012; Rowley et al. 2014; Smith et al. 2018] are of importance.
Therefore, different experiments (i.e. such as fluidisation-
based experiments) will benefit from different materials (i.e.
good flowability results of ballotini). In the case of SAoR ex-
periments, ballotini shows approximately half the values of
the pyroclastic material. Therefore, descriptions remain qual-

itative when exploring bedforms of flow deposits using ballo-
tini. A more quantitative bedform analysis will require mate-
rials with frictional behaviours similar to natural pyroclastic
sediments.
For use as a substrate for flume experiments
The strength or resistance of a material can be determined
by its interparticulate forces (i.e. capillary, van der walls or
electrostatic). Their influence can cause fundamental ma-
terial properties to change, resulting in variations in mate-
rial strength [Pierrat and Caram 1997; Kim and Sture 2008;
LaMarche et al. 2016; Chen et al. 2021]. This can determine
a materials ability to be eroded, deposited, or transported. In
PDC modelling, investigating substrate and flow interaction
is pivotal in our understanding of deposit architecture [Row-
ley et al. 2011; Lucchi et al. 2022; Brand et al. 2023]. Here
we explore the most replicable material for use in future ex-
periments wishing to explore flows over erodible substrates
(Table 5).
When exploring the behaviour of material to be used in a
substrate, the angle of repose can be a representation of the
shear strength [Keaton 2018; Breard et al. 2022; Dai et al. 2022].
The shear strength is the ability for a material to withstand a
shear stress [Keaton 2018]. Therefore, directly correlating to
the “resistance” of a material to this shear stress (i.e. whether
the material is more or less likely to be moved by a force).
In dry, granular material SAoR tends to be governed by par-
ticle shape [Beakawi Al-Hashemi and Baghabra Al-Amoudi
2018; Keaton 2018] and in our results we also see a strong
influence from fines content (Figure 3B). This is likely to be
due to a range of packing at which particle jamming occurs.
For example, with the increase in fine particles, jamming also
increases. Furthermore, the temporal evolution of the strain
rate, for instance, can have a strong impact on where jam-
ming occurs. The materials that most closely match the range
of the pyroclastic SAoR values are cornstarch, fine sand and
industrial pumice (Table 5). Ballotini 1 and 2 can be used
but display lower SAoR values. This is not a problem for
substrate modelling but may mean that ballotini displays a
lower friction coefficient and may be more likely to be moved
under shearing conditions. Analogue material may be cho-
sen based on the parameters to be investigated. For example,
in substrate experiments, a finer material such as cornstarch
or ballotini 1 may be adopted. In contrast, for experiments
requiring a coarser or more angular material, fine sand, in-
dustrial pumice, or ballotini 2 would make a good analogue
alternative.

5.3.2 Wet experiments

For simulating a flow
As moisture content increases, the cohesive behaviours and re-
sulting shear strength of both pyroclastic and analogue mate-
rial changes drastically, even with the addition of small weight
percentages (>0.50 wt.%). This heightened moisture can lead
to a transition in flow characteristics, shifting from a state of
free-flowing material (i.e. low HR, CI, SAoR and DAoR values)
to that of a non-flowing material (Figure 6). With increasing
moisture added to the material, SAoR, DAoR, HR and CI values
increase, representing poorer flowability. This is until ~80%
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Table 5: Dry pyroclastic material in comparison to analogue material for use in experiments. × is where fluidisation behaviours
were present, n/a symbolises experiments that did not take place.

Dry Experiments Pyroclastic materials Ballotini 1 Ballotini 2 Fine Sand Cornstarch Industrial pumice

HR 1.1–1.3 1.0 1.0 1.1 1.4 1.2
CI 6.6–24 3.3 0.0 8.6 27.1 18.3
SAoR 28–43 17.4 18.8 30 37 30
DAoR 39–61 32 32 39 59 41
Bubbling fluidisation × × × × n/a ×
Channelling × – – – n/a –
Explosive channelling – – – – n/a –
Cracking – – – – n/a –

fines content where there is a decrease in SAoR and DAoR
which indicates better flowability (Figure 7). This is thought
to be due to effects of interparticle lubrication or clumping of
material. Cornstarch, fine sand and industrial pumice all sit
well within the limits of SAoR, DAoR, HR and CI values of
wet pyroclastic material used in this study (Table 6). With
increasing moisture, ballotini 1 & 2 display more similar re-
sults to the pyroclastic material and also sit within the wet
pyroclastic material range (Figure 7, Table 6).
Ballotini is one of the most commonly used analogue ma-
terials in experimental modelling due to its spherical proper-
ties and simple characterisation behaviours [Roche et al. 2004;
Montserrat et al. 2012; Rowley et al. 2014; Smith et al. 2018;
Smith et al. 2020, Table 1]. Ballotini glass beads are made of
soda-lime glass and follow the Group A Geldart classification
[Geldart 1973] meaning that they are non-cohesive and dis-
play homogeneous fluidisation behaviours [Smith et al. 2020].
In dry conditions, our experiments also show this behaviour,
however with the addition of moisture behaviours changed
drastically. A key observation made from these experiments
is the effect of wetting and quick drying of ballotini beads
from very small moisture levels (>0.50 wt.%). During the flu-
idisation experiments, it became evident that ballotini beads
would “bind” together creating a strong lattice of the particles
which had to be manually broken. This may be due to leach-
ing of the coating on the ballotini or by salt-like precipitation
occurring at the bonds between particles. Material in a nearly
dry condition can experience greater strength due to the ef-
fect of suction [Ciantia et al. 2015] and interparticle friction
factors can increase between 3.5 to 30 just by the wetting of
material [Skinner 1969]. Liu et al. [2009] added small concen-
trations (0.3, 0.5, 0.6, 0.8 and 1.0%) of a binder liquid (water) to
ballotini and created compressed pellets of materials. It was
noted that an increase in binder viscosity (from water to sili-
cone oil) and a decrease in particle size increased the overall
granule strength [Liu et al. 2009]. However, this behaviour
could also be due to lack of cleaning and contamination of
the ballotini, as material from the supplier may be affected by
contaminants on their surface. Ultimately, the origin of this
ballotini behaviour is unknown. Nonetheless, the results from
these experiments show that caution should be taken when
(a) using ballotini in the presence of moisture in quick-drying
environments, (b) preparation and cleaning of ballotini before
use to remove surface contaminants and (c) if using ballotini

within a moisture experiment, limit the wetting and drying of
ballotini and complete experiments quickly to reduce this af-
fect. Alternatively, this behaviour may also be utilized to take
in-situ samples of material to look at internal structures.
For experiments in which moisture is being explored, fine
sand and cornstarch are good substitutes and match the range
of pyroclastic behaviour in wet conditions. Our recommenda-
tion is the use of fine sand because it shows similar fluidisation
behaviours to the pyroclastic material. However, these mate-
rials may not adequately represent material with high fines
content. Therefore, to better explore the role of fines content
a combination of fine sand and cornstarch is recommended.
For use as a substrate for flume experiments
For substrate interaction experiments in wet environments,
we again recommend fine sand and cornstarch. Ballotini 1
and 2 make strong analogues but should not be used in wet
environments under quick drying (i.e. basal drying from gas
flux) or left for a long period of time prior to use.
The materials used within these experiments cover a range
of sizes and densities comparable to those of equivalent py-
roclastic materials and exhibit similar flowability behaviours
as demonstrated in the SAoR, DAoR and BTD results. In sit-
uations where pyroclastic material is limited or unsuitable for
experimental modelling, it is essential to carefully select ap-
propriate analogue materials. We recommend tailoring the
choice of material to suit the specific experimental and scal-
ing requirements, as there is no “one size fits all” material so-
lution. By employing a series of static and dynamic exper-
iments, we have investigated the optimal analogue materials
for investigating PDC behaviour’s for both the deposit and cur-
rent itself. Furthermore, we examine these behaviours under
varying moisture conditions. Our findings indicate that parti-
cle size, shape, sorting, and fines content profoundly influence
the static and dynamic behaviours of pyroclastic materials in
both dry and wet conditions.

6 CONCLUSIONS
Modelling pyroclastic density currents (PDCs) is a challenging,
yet essential element of hazard forecasting and assessment.
The dynamics within these systems are difficult to understand
and observe. PDCs exist as multiphase flow and are inferred
to show behaviours of various rheology under different con-
ditions. Furthermore, PDCs are unpredictable, and internal
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Table 6: Wet (0.5, 1, 2.5 wt.%) pyroclastic material in comparison to analogue material for use in experiments. × is where
fluidisation behaviours were present, n/a symbolises experiments that did not take place.

0.5, 1, 2.5 wt.% moisture
experiments

Pyroclastic
materials Ballotini 1 Ballotini 2 Fine Sand Cornstarch Crushed

pumice

0.5 1.1 – 1.4 1.20 1.2 1.2 1.4 1.2
1 1.0–1.5 1.5 1.1 1.2 1.4 1.8HR
2.5 1.0–1.6 1.5 1.0 1.2 1.3 1.2
0.5 9.1–29 16.7 14.29 14.6 28.4 18.7
1 5.4–35 33.3 11.8 15.0 27.3 15.2CI
2.5 11–36 34.2 3.23 15.1 25 17.2
0.5 23 – 38 54 50.7 33 34 28
1 36–54 54.2 50.3 54 46 36SAoR (°)
2.5 32–48 55 53.4 45 37 30
0.5 45–68 66 50.5 59 59 46
1 49–86 62 60 73 53 49DAoR (°)
2.5 50–90 56 62 78 55 53
0.5 × – – × n/a ×
1 × – – × n/a ×Bubbling

fluidisation 2.5 × – – × n/a n/a
0.5 × – – – n/a –
1 × – – – n/a –Diffusive

Cracking 2.5 – – – – n/a n/a
0.5 × – – – n/a –
1 × – – – n/a –Channelling
2.5 × – – – n/a n/a
0.5 × – – × n/a –
1 × – – – n/a ×Explosive

Channelling 2.5 × – – × n/a n/a
0.5 × – – × n/a ×
1 × – – × n/a ×Pocketing
2.5 × – – × n/a n/a

processes are often difficult to directly measure and can be ob-
scured by a co-ignimbrite cloud. The use of analogue experi-
ments are an important and attractive tool for investigating the
internal dynamics of PDCs. Better understanding of the fun-
damental physics of PDCs will lead to deeper insights into the
physical properties underlying these phenomena. In turn, this
will lead to the better comprehensive integration of variables
into numerical equations and computational models. Missing
from our current understanding, is the comparison of a wide
range of pyroclastic samples with well-known analogue mate-
rials in a range of environments (i.e. static, dynamic, wet and
dry).

The use of analogue experiments are an important tool for
investigating internal PDC dynamics. Previous analogue ex-
periments have ensured the removal of moisture within a ma-
terial to limit the impact of moisture related cohesion. How-
ever, this does not reflect the reality of natural systems where
moisture can be introduced into a PDC, such as, where tem-
perature and pressure allow the water phase to condense and
form droplets. The addition of moisture can lead to funda-
mental changes in material properties resulting in significant
impacts on geomechanical behaviours (size, density, shear
strength), fluidisation and flowability. For example, the rapid

vaporisation of water into steam on PDC interaction with a
wet substrate can lead to formation of a new gas source, in-
creasing mobility and fluidisation.

Our findings explore the significant variations in behaviours
of a suite of pyroclastic material under varying experimental
conditions. The geomechanical properties of natural pyro-
clastic material are controlled by particle shape and size. In-
terestingly, the fines content (%) of a material has significant
controls on angle of repose, fluidisation and flowability. Fur-
thermore, the addition of moisture can greatly influence mate-
rial behaviours in both static and dynamic environments and
creates a package of material which is less likely to fluidise
and flow. This work highlights the importance of validating
the material choice used in modelling experiments, especially
in wet conditions. Our findings not only enhance the fidelity
of experimental models, but also offer practical guidance and
values for future research endeavours in this domain.
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