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Abstract

Geophysical granular flows such as pyroclastic density currents, debris flows,
and avalanches are mixtures of fluid and solid particles which propagate at
great velocities and distances away from the source. The dynamics of gran-
ular flows are governed by parameters such as the physical properties of the
individual particles, the particle-particle interactions, as well as the interac-
tions between the flow and the environment. Given the devastating nature
of geophysical granular flows, it is crucial to accurately model their flow path
and runout distance. Granular flows have often been described using depth-
averaged equations and form the basis of many geophysical numerical models
that unpin hazard maps. The main input parameters for such models are
the frictional properties of the granular flow, specifically the internal friction
angle and the bed (∼wall) friction angle. This study presents an experimen-
tal investigation into both the internal and the wall friction angles of natural
pyroclastic material of particle diameter < 710 µm. The internal friction an-
gles were measured for a range of pre-shear (consolidating) stresses, σp =
1.5-9 kPa. The wall friction angle was measured between the pyroclastic ma-
terial and sandpaper with the particle size to the sandpaper particle size
ratio, i.e., roughness, d50/ds = 0.07 - 3.90 for σp = 1.5-9 kPa. The internal
friction angle, the effective internal friction angle, the internal friction angle
at a steady-state flow, and the wall friction angles are all reported. The im-
portance of these angles for the flow dynamics is illustrated through Titan2D
simulations of a granular flow travelling down an idealised volcano.

Keywords: pyroclastic density currents, internal friction angle, wall friction
angle, shear cell, granular material, depth-averaged model



1. Introduction1

Granular gravity currents are mixtures of fluid and solid particles which2

propagate in an ambient fluid and are driven by the density difference be-3

tween the current and the ambient environment. Geophysical granular cur-4

rents such as pyroclastic density currents, debris flows, landslides, and snow5

avalanches are a common occurrence on the Earth’s surface and pose signif-6

icant hazards to the populations and infrastructures. The dynamics of such7

granular flows depend on parameters such as the size, shape, and density8

of individual particles, the ambient fluid density, substrate physical prop-9

erties, as well as the particle-particle, particle-fluid, and particle-substrate10

interactions. There have been numerous studies investigating the complex11

physical processes governing geophysical granular flows with the overarching12

aim of forecasting both the flow path and runout distance, which in turn in-13

forms hazard and risk mitigation strategies (Savage and Hutter, 1991; Iverson14

and Denlinger, 2001; Dartevelle, 2004; Hutter, 2005; Forterre and Pouliquen,15

2008; Delannay et al., 2017; Lube et al., 2020; Jones et al., 2023).16

17

One of the common models used for a granular flow propagating down18

a slope is a depth-averaged model (also known as a shallow-water or Saint-19

Venant model) which assumes that the flow is incompressible and thin com-20

pared to its down-slope extent (i.e., small aspect ratio) (Savage and Hutter,21

1991; Delannay et al., 2017). The model also assumes a Coulomb (1776)22

friction which relates the shear stress, τ to the normal stress, σ through the23

bed (also known as basal) friction angle, φbed24

τ = σ tanφbed + c, (1)25

where φbed is the bed (also known as basal) friction angle - an angle that a26

plane needs to be inclined at for the granular material to move downslope at a27

constant speed - and c is the cohesion. The mass and momentum conservation28

equations are averaged over the flow depth and the resulting system contains29

three unknowns, the thickness and the two mean (depth-averaged) velocity30

components of the granular flow. For a granular flow travelling down a31

plane inclined at θ, the depth-averaged mass and momentum conservation32

equations are33
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where g is the gravitational acceleration, h(x, y, t) is the thickness of the flow39

perpendicular to the local slope, u and v are the depth-averaged velocities40

parallel to the local bed surface in the x and y direction, respectively, and41

define the velocity vector u = (u, v). τ = (τx, τy) is the retarding stress42

opposing flow with τx and τy corresponding to the stresses in the x and y43

direction, respectively. The parameter kact/pass is the lateral stress coeffi-44

cient (also known as the Earth’s pressure coefficient), and is the ratio of45

bed-parallel to bed-normal stress (Savage and Hutter, 1991). The parameter46

kact/pass is derived assuming Coulomb (1776) model of rate-independent fric-47

tional behaviour in diverse granular media and it is defined by Iverson and48

Denlinger (2001) as49

kactpass = 2
1± [1− cos2 φint(1 + tan2 φbed)]

1/2

cos2 φint

− 1, (5)50

where φint is the internal friction angle, and ± is positive for a converging flow51

(kpass) and negative for a diverging flow (kact). A converging flow corresponds52

to a flow where the fluid propagates through a constriction, for example, wa-53

ter flowing from a wide pipe to a pipe of a smaller cross-sectional area. The54

change in area leads to an increase in the flow velocity (∂u/∂x+∂v/∂y < 0).55

Conversely, a diverging flow describes a situation where the flow path be-56

comes wider, for example, a wider path of a river, resulting in a decrease57

in the flow velocity (∂u/∂x + ∂v/∂y > 0). In general, the angle of internal58

friction, φint is a result of solid particles flowing against each other. Both59

angles are described fully within Section 2.60

61

The depth-averaged model has been the framework for several geophys-62

ical numerical models, for example, VolcFlow (Kelfoun and Druitt, 2005),63

TITAN2D (Patra et al., 2005), D-Claw (Iverson and George, 2014), and64

IMEX_SfloW2D (de’ Michieli Vitturi et al., 2019, 2023). These models are65

widely used by researchers, volcano observatories, risk and disaster advisory66
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centres, and governmental institutions for simulating pyroclastic density cur-67

rents, lahars, debris flows, landslides, avalanches, and many other geophysi-68

cal granular flows (e.g., Williams et al., 2008; Procter et al., 2010; Sheridan69

et al., 2010; Alcozer-Vargas et al., 2022; Azzaro et al., 2023; Aydar et al.,70

2025). Given that the resulting simulations may be used to help mitigate71

against the hazards posed by geophysical flows, it is of utmost importance72

that the simulations are as accurate as possible (Cui et al., 2025). Equations73

1-5 highlight the importance of understanding the properties of the granular74

flow (φint) and the terrain (i.e., the substrate/bed) it is travelling on (φbed)75

for physically accurate modelling of the flow dynamics. In this study, we76

present an experimental investigation into the internal and the wall friction77

angles of natural pyroclastic material, where the wall friction angle, φwall is78

the interface friction angle between the material and a prepared surface. For79

geophysical flows, the bed friction angle and the wall friction angle refer to80

the same quantity in the basal boundary condition. To relate our laboratory81

measurements to the physical properties of natural flows, we first provide an82

in-depth introduction to the properties of granular materials and associated83

analysis of laboratory data in Section 2, followed by the description of the84

experimental methodology in Section 3. Section 4 presents the analysis of the85

experimental data, i.e., the calculated friction angles, the impacts of which86

are illustrated in Section 5 through Titan2D simulations of a granular flow87

travelling down an idealised volcanic cone. Finally, the limitations of this88

study are discussed in Section 6.89

2. Properties of granular materials90

When an elastic solid is subjected to an external force acting along a91

plane α, it will deform elastically (Figure 1a). The resulting shear strain, γ92

can be related to the applied shear stress τ by a constitutive relationship of93

the form94

τ = f(γ). (6)95

In the case of viscous Newtonian fluids, this relationship takes the well known96

linear form of τ = µfγ, where µf is the fluid viscosity (Nedderman, 1992;97

Whorlow, 1992; Mader et al., 2013). When a bulk solid, i.e., granular mate-98

rial, is subjected to an external force acting along a plane α, it will deform99

elastically for small values of force. However, when the force reaches a criti-100

cal value, the granular material divides itself into two parts which slide past101
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each other along a plane inclined at an angle α (Figure 1a-b). This is called102

a rigid-plastic failure mode, where the granular material is assumed to divide103

itself into two rigid parts which slide over a narrow plastic zone, also known104

as the yield, slip, or failure plane (Nedderman, 1992). The shear stress act-105

ing on the slip plane can be related to the normal stress by a constitutive106

relationship of the form107

τ = f(σ). (7)108

Materials for which this equation takes the form of Equation 1 are known as109

ideal Coulomb materials (Coulomb, 1776; Iverson and Denlinger, 2001). If110

the shear stress τ < σ tanφbed+c, the force acting on the bulk solid is not suf-111

ficiently large, and the bulk solid remains undisturbed. If τ = σ tanφbed + c,112

a slip plane will be generated and the bulk solid will experience rigid-plastic113

failure (Nedderman, 1992; Pouliquen, 2025).114

115

Figure 1c shows the shear and normal stresses on a two-dimensional ele-116

ment of a bulk solid that is subject to a force acting along a plane inclined117

at an angle α. The stresses acting on the x-plane are σxx cosα and τxy cosα118

and the stresses on the y-plane are σyy sinα and τyx sinα. As a convention,119

compressive stresses are considered as positive, and shear stresses are taken120

as positive when acting on an element in an anticlockwise direction. Such121

stresses can be analysed using a method called Mohr’s circles and are plotted122

in a σ-τ diagram in Figure 1d (Jenike and Shield, 1959; Jenike, 1976; Schulze,123

2014; Pouliquen, 2025). The centre of the circle is located at124

(σ, τ) =
(σyy + σxx

2
, 0
)

(8)125

and the radius of the circle is126

R =
σyy − σxx

2
. (9)127

The Mohr stress circle thus represents the stresses on all slip planes at an128

arbitrary inclination angle α, i.e., on all possible slip planes within a bulk129

solid element. The centre of the Mohr stress circle is always located on the130

σ-axis (τ = 0), therefore each Mohr stress circle has two points of intersection131

with the σ-axis which define the normal stresses, also known as the principal132

stresses. The larger principal stress, σ1 is called the major principal stress133

and the smaller principal stress, σ2 is called the minor principal stress (Jenike134
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and Shield, 1959; Jenike, 1976; Nedderman, 1992; Schulze, 2014).135

136

The internal properties of a bulk solid can be measured through shear cell137

testing, as shown in Figure 1e. Frequently used tests include a direct trans-138

lational (Jenike) test and a rotational test (Jenike and Shield, 1959; Schulze,139

2014). Shear testing equipment includes a bottom cell for the granular mate-140

rial and the upper part to confine and shear the sample. In the Jenike shear141

tester, the upper part is moved vertically downwards to compress the sample142

at a pre-selected normal stress, then, it is displaced horizontally against the143

fixed bottom cell. The normal stress, σ, and the shear stress, τ are mea-144

sured. Although the Jenike Shear Tester is internationally recognised, its145

main disadvantages include long test durations and large errors associated146

with manual preparation of each measured sample (Schulze, 2014).147

148

A rotational shear test is performed in a shear cell (Figure 1f), where the149

granular material is compressed at a pre-selected normal stress σ and sheared150

at a constant rotation rate while the shear stress, τ is measured. A standard,151

internationally accepted (Schulze, 2014; ASTM International, 2015) shear152

test procedure exists and is detailed here as follows (Figure 1g). In order to153

measure the internal friction at a given pre-shear normal stress, the granular154

material is consolidated at the pre-selected value of pre-shear normal stress,155

σp (also known as a consolidating stress) before the measurement. Follow-156

ing this, the shearing test is initiated which measures the maximum shear157

stress, τ , as a response to the pre-selected normal stress, σ at the prescribed158

pre-shear normal stress, σp. The material is sheared at a constant rotation159

rate while maintaining σ until a maximum shear stress, τ is achieved and160

τ has subsequently reduced (incipient flow or failure point). This routine is161

typically performed for five measuring points, i.e., five pre-selected values of162

σ which are between 20% and 80% of σp.163

164

These shear test data enable calculations of the angle of internal friction,165

φint, the effective angle of internal friction, φeff , and the angle of internal166

friction at a steady-state flow, φss (Jenike, 1976; Nedderman, 1992; Schulze,167

2014). The data analysis starts with plotting the shear test points and the168

pre-shear point (the pre-shear normal stress, σp and the measured pre-shear169

shear stress, τp) on a σ-τ diagram (Figure 1g). The angle of internal friction,170

φint is the slope of the line going through all the shear test points (but not171

the pre-shear point). This line is called the yield locus. The intercept of the172
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yield locus with the τ -axis is the cohesion of the granular material. The effec-173

tive angle of internal friction, φeff informs about the internal friction during174

the flow of the granular material and forms the basis of a conventional silo175

design, for example (Jenike, 1976). This angle is a slope of the line crossing176

through the origin and tangent to the greater Mohr’s circle (steady-state flow177

circle; black Mohr’s circle in Figure 1g). This line is called the effective yield178

locus. The greater Mohr’s circle is constructed such that it crosses through179

the pre-shear point and its origin and radius are calculated using Equations180

8 and 9, respectively. Finally, the angle of internal friction at a steady-state181

flow, φss is the slope of the line crossing through the origin and the pre-shear182

point. This angle is the measure of the internal friction of granular material183

at a steady-state flow, i.e., when it is consolidated at σp. The angle φss is the184

angle used for the previously discussed depth averaged models of geophysical185

granular flows. In this study, we calculate and report the values of all the186

three angles of internal friction for completeness.187

188

The bed friction angle, φbed is defined as the angle at which a plane needs189

to be inclined for the granular material to flow at constant speed (Figure 2).190

In the basal region, the bed friction angle is equivalent to the wall friction191

angle. One of the methods of experimentally measuring the wall friction an-192

gle is a shear test performed in a shear cell (Figure 2b), where the granular193

material is compressed at a pre-selected normal stress σ and sheared at a194

constant rotation rate while the shear stress, τ is measured. The wall fric-195

tion angle is measured between the granular material and the top part of196

the shear cell, i.e., the part in contact with the material (here, sandpaper of197

different grits/roughnesses).198

199

A standard, internationally accepted shear test procedure also exists to200

determine the wall friction angle, φwall (Schulze, 2014; ASTM International,201

2015). The granular material is consolidated at a given pre-shear normal202

stress, σp (also known as a consolidating stress). Following this, the shear-203

ing test is initiated which measures the steady-state shear stress, τ , as a204

response to the pre-selected normal stress, σ. It is usual to measure the wall205

friction angle at incrementally decreasing normal stresses (Figure 1c), there-206

fore, the measurements start with the greatest normal stress, σ. The material207

is sheared at a constant rotation rate while maintaining σ until a constant208

value of shear stress, τ is achieved (steady-state point). The normal stress, σ209

is then reduced and the material is sheared until a lower steady-state shear210
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stress is achieved. This routine is typically performed for pre-selected values211

of σ which are between 20% and 80% of σp. Having collected these shear test212

data, the wall friction angle, φwall is calculated as the slope of the line going213

through all the data points on a σ-τ diagram 2c).214
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Figure 1: Figure caption on the next page.
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Figure 1: A set of diagrams presenting stresses and internal angle measurement methods
in bulk solids (granular materials). (a) Response of an element due to the application of
a force - elastic deformation (fluids) and rigid-plastic failure mode (bulk solid), where γ
is the shear strain, τ is the shear stress and σ is the normal stress. (b) An element of a
bulk solid in three dimensions showing the x-, y-, z-plane, and the slip plane α; (c) Stress
equilibrium on an element of a bulk solid in two dimensions, in the x-y plane; (d) The
Mohr’s stress circle in a σ-τ diagram, where σ1 and σ2 are the major and minor principal
stresses, respectively, R is the radius of the Mohr’s circle and α is the inclination angle of
the slip plane; (e) Measurement of the unconfined (i) yield strength, (ii) yield locus, and
(iii) major principal stress; (f) Schematic of a shear cell apparatus used for our internal
angle measurements; (g) Shear test procedure for measuring internal friction angles. Shear
stress, τ as a function of time and the corresponding shear test points in a σ-τ diagram,
where σp is the pre-shear (consolidating) stress, σi is the normal stress during the shear
test, φint, φeff , and φss are the angle of internal friction, the effective angle of internal
friction, and the steady-state flow angle of internal friction, respectively.

3. Methodology215

3.1. Pyroclastic material216

All the experiments were performed using pyroclastic material from Bend217

and Tumalo area in central Oregon, USA (Figure 3a). Bend pumice is a218

fallout deposit and the overlying deposit sequence H, and Tumalo Tuff are219

pyroclastic flow deposits, all resulting from a single eruption from a vent west220

of Bend (Deligne et al., 2017). The deposit was sampled at four locations,221

A through D. An example of stratigraphic log and a photo of the outcrop,222

representative of all the four locations sampled, is shown in Figure 3b-c. The223

deposit consists of a Bend Pumice unit (BP), a sequence H, and a Tumalo224

Tuff unit (TT). Each unit was divided into respective depositional layers.225

Here, we focus on measuring friction properties of a pyroclastic flow, and226

due to the amount of available material, we chose to study layer TT1. The227

grain size distribution for TT1 for all the four sampled locations (Figure S1228

in supporting information), shows that there are only very minor differences229

in the size distribution between the locations. Therefore, for this study, we230

mixed TT1 material from all the locations in their respective grain sizes and231

produced two mixes: one with particles of diameters 0 µm < d < 180 µm,232

which we refer to as "fine" herein and a second with particles of diameters233

d < 710 µm, which we refer to as "coarse" herein. These mixes were then234

split using a riffle box to form a set of homogeneous aliquots used for the235
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Figure 2: A set of diagrams presenting stresses and wall friction angle measurement meth-
ods in bulk solids (granular materials). (a) Illustration of a bed (wall) friction angle, φbed;
(b) Schematic of a shear cell apparatus used for our wall friction angle measurements; (c)
Shear test procedure for measuring wall friction angle. Shear stress, τ as a function of
time and the corresponding shear test points in a σ-τ diagram, where σp is the pre-shear
(i.e.,consolidating) stress, σi is the normal stress during the shear test, and φwall is the
wall friction angle.

experiments.236

237

The particle size distribution of each mix was measured using a Camsizer238

X2 particle analyser using a dry dispersion method (with an X-Jet module239

attached). The Camsizer X2 uses dynamic image analysis, where the parti-240

cles are dispersed by compressed air and fall vertically through the field of241

view of two high-resolution cameras, which capture the images of the moving242

particles. Here, the dispersion pressure was set to 120 kPa. The sample mass243

analysed by the Camsizer X2 was 3 g and 5 g for the fine and coarse material,244
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respectively. Each measurement was repeated three times. From the images245

captured by the Camsizer X2, the particle diameter, d, was measured as the246

minimum width of the particle, and thus is comparable to traditional sieving247

data. These size distribution data were used to calculate a mean diameter,248

d50, which informs that 50% of the sample volume is finer than this value.249

The mean diameter was calculated assuming a linear interpolation between250

the size fractions. The particle size distribution is presented in Figure 4 and251

the full dataset is provided in the Supporting Information. The mean di-252

ameter, d50 is 25 ± 1 µm and 170 ± 13 µm for the fine and coarse material,253

respectively.254

255

The density of the particles that comprise the two mixes was calculated256

using Anton Paar Ultrapyc 5000 and 5000 Micro helium gas pycnometers. A257

pycnometer applies the ideal gas law to calculate the volume of the sample of258

known mass (Webb et al., 1997). The measurement procedure was as follows.259

A sample of mass mp was weighed out using Ohaus Pioneer PX224 balance260

(with readability of 0.1mg) and loaded into the sample chamber, which was261

maintained at a constant temperature of 20℃ . The sample chamber was262

pressurised to the target pressure of 0.69 bar and 1.31 bar for the fine and263

coarse material, respectively. Then, a valve connecting the sample chamber264

to a reference chamber was opened, allowing gas to fill the reference cham-265

ber. The pycnometer measures the pressure in the sample chamber and the266

reference chamber and calculates the skeletal volume as267

Vp = Vch −
Vr

pi
pf

− 1
, (10)268

where Vch is the volume of the empty sample chamber, Vr is the volume of269

the reference chamber, and pi and pf are the initial and final pressures in270

the sample chamber, respectively. For both the fine and coarse sample sets,271

in order to obtain a representative value of the volume of the sample, ten272

measurements were performed for three sample aliquots of different mass.273

Having the mass and the skeletal volume of the sample, the skeletal particle274

density was calculated as the gradient of the linear regression to the data.275

The raw data is provided in the supporting information. The skeletal particle276

density is ρp = 2391 ± 2 kg m−3 and 2268 ± 1 kg m−3 for the fine and coarse277

material, respectively.278

279
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Before all measurements, the pyroclastic material was dried for 24 hours280

at 100°C in a laboratory oven to remove any moisture. The material was then281

kept in a sealed NalgeneTM desiccator cabinet which protected the samples282

from any atmospheric water absorption.283

3.2. Experimental apparatus284

The friction angle experiments were conducted using an Anton Paar285

MCR302 rheometer with a Powder Shear Cell attached (Figure 5). The286

Powder Shear Cell consists of a lower measuring cup for the granular mate-287

rial and an upper measuring geometry. The maximum volume of the material288

in the lower measuring cup is 18.9mL. For the measurements of the angle of289

internal friction, the measuring geometry is 32mm in diameter with 12 evenly290

spaced fins, which are 2mm in length (Figure 5). For the measurements of291

the wall friction angle, the measuring geometry is 32mm in diameter and292

has a removable plate to measure the friction between the granular material293

and the plate. The measuring geometry rotates at n rotations per minute,294

shearing the granular material and applying torque, M , defined as295

M =
τ

CSS
, (11)296

where τ is the shear stress and CSS is a Controlled Shear Stress (CSS) geom-297

etry factor, typically determined by calibration against a Newtonian material298

of known viscosity (Whorlow, 1992; Mezger, 2012; Mader et al., 2013). Here,299

the measuring geometry is based on ISO standard 3219 and has a CSS ge-300

ometry factor of 162492.82m−3 and 12355.2m−3 for the measurements of the301

internal friction angle and wall friction angle, respectively.302

303

In order to investigate the wall friction angle for surfaces or flow substrates304

of different roughness, we attached disks laser cut out of sandpaper sheets of305

different grit number to the base of the measuring geometry. The sandpaper306

grit number, nog corresponds to sand particles of diameter ds, and thus307

roughness, calculated using308

ds = 11764.71× no−0.93589
g . (12)309

ANSI (2018) requires that the commercially available abrasive materials sat-310

isfy this relationship within a 3% accuracy. Therefore, the sandpaper used in311

this study of grit 40, 60, 120, 240, 320, and 400 corresponds to sand particles312

of diameters 370 ± 10 µm, 255 ± 8 µm, 133 ± 4 µm, 70 ± 2 µm, 53 ± 2 µm,313
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and 43 ± 1 µm, respectively (Figure 6).314

315
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Figure 3: Location and properties of the pyroclastic material used in this study. (a) Map
of the central west coast of the US, showing the state of Oregon and the city of Bend.
Basemap from The MathWorks Inc. (2022) and created using Esri, HERE, Garmin, NGA,
USGS, NPS. The zoomed-in map shows Bend and Tumalo area. The yellow stars represent
the sampled locations A through D. Tumalo Tuff and Bend Pumice deposits locations from
Deligne et al. (2017). Basemap from The MathWorks Inc. (2022) created using Bureau of
Land Management, State of Oregon GEO, Esri, HERE, Garmin, INCREMENT P, NGA,
USGS, U.S. Forest Service. (b) Outcrop photograph of location A taken by authors. The
red arrow points to a bucket of height of approximately 37 cm. (c) Example stratigraphic
log of one of the sampled locations (Location A, Tumalo Reservoir Road, 44.13394 N,
121.33814 W). BP, H, and TT stand for Bend Pumice, Deposit Sequence H, and Tumalo
Tuff, respectively.
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Figure 4: Particle size distribution for the fine and coarse material used for the experiments
in this study. The dashed lines correspond to the mean diameter d50. The shaded areas
represent the 95% confidence intervals.

3.3. Experimental procedure316

3.3.1. Internal friction angle317

The experimental procedure for measuring the internal friction angle in-318

cludes sample preparation and shear measurements and follows guidance319

from ASTM International (2015). The material is weighed out and loaded320

into the measuring cup. The measuring geometry is then lowered down such321

that it is in contact with the sample and the material is consolidated at the322

target pre-shear normal stress, σp (also known as consolidating stress) for 60323

seconds. Then, the material is sheared at n = 0.005 rotations per minute324

while maintaining σp until a steady state torque, M , has been achieved325

(within 0.2% tolerance error). The same pre-shearing cycle is performed by326

rotating the measuring geometry in the opposite direction. This completes327

the initial pre-shearing (consolidating) requirements. Additionally, using the328

input mass of the granular material, the vertical position of the measuring329

geometry, and the initial volume of the sample (i.e., the maximum volume330

of the shear cell, V = 18.9mL), the rheometer calculates its bulk density,331

ρ, i.e., the density of the material in the shear cell consolidated (i.e., re-332

duced in volume) at a specific value of σp. Following this, the shearing test is333
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Figure 5: Diagram of the experimental apparatus. (a) The shear cell with the measuring
geometry for the measurements of the angle of internal friction. (b) The shear cell with
the measuring geometry and sandpaper for the measurement of the angle of wall friction.
The same shear cell (the bottom part of the apparatus) is used for both measurements,
where Vc, hc, and dc are the volume, the height, and the diameter of the cell, respectively.

initiated which measures the maximum shear stress, τ , as a response to the334

pre-selected normal stress, σ at a prescribed pre-shear normal stress, σp. The335

shearing test begins with a single pre-shearing cycle at n = 0.005 rotations336

per minute at σp. Secondly, the normal stress is lowered to σ and the material337

is consolidated at σ for 40 seconds at n = 0 rotations per minute. Finally,338

the material is sheared at n = 0.005 rotations per minute while maintain-339

ing σ until a maximum shear stress, τ is achieved and τ has subsequently340

reduced. This routine is performed for all the measuring points, i.e., all the341

pre-selected values of σ. In our experiments, the pre-selected values of nor-342

mal stress, σ were chosen to be 20, 35, 50, 65, and 80% of σp (Table 1). In343

order to enhance repeatability of the measurements and ensure consistency344

of the granular material, each sample was used only once and a new sample345
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Figure 6: Binocular microscope images of the sandpaper of grit (a) 40, (b) 60, (c) 120, (d)
240, (e) 320, and (f) 400 taken under a binocular microscope. The black circles are used
as a common reference scale and are of diameter 4mm in all images.

was loaded into the shear cell before each measurement. The grain size dis-346

tribution before and after the measurements is provided in the Supporting347

Information. Due to the amount of available material, the experiments using348

fine material were performed at pre-shear normal stress of σp = 1.5, 3.0, 4.5,349
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6.0, 7.5, and 9.0 kPa, where σp = 3.0, 6.0, and 9.0 kPa were repeated five350

times, and σp = 1.5, 4.5, and 7.5 kPa were performed once. The experiments351

using coarse material were performed at pre-shear normal stress of σp = 3.0,352

6.0, and 9.0 kPa, where all the experiments were repeated three times. The353

number of repeats performed for each measurement condition is provided in354

Table 1.355

3.3.2. Wall friction angle356

Similarly to the measurements of the internal friction angle, the experi-357

mental procedure for measuring the wall friction includes both sample prepa-358

ration and shear measurements ASTM International (2015). The material359

is weighed out and loaded into the measuring cup. A sandpaper disk is360

attached to the plate with adhesive tape, which is then attached to the mea-361

suring geometry. Each sandpaper disk was used only once and a new disk was362

attached to the plate before each measurement. The measuring geometry is363

lowered down such that it is in contact with the sample and the material is364

consolidated at the target pre-shear normal stress, σp for 50 seconds. Then,365

the material is sheared at n = 0.05 rotations per minute while maintain-366

ing σp. This completes the initial pre-shearing (consolidating) requirements.367

As for the internal friction measurements, the rheometer calculates the bulk368

density of the granular material, ρ consolidated at a specific value of σp.369

Following this, the shearing test is initiated which measures the steady-state370

shear stress, τ , as a response to the pre-selected normal stress, σ at a pre-371

scribed pre-shear normal stress, σp. The shearing test begins with lowering372

the normal stress to σ and consolidating the material at σ for 50 seconds at373

n = 0 rotations per minute. Secondly, the material is sheared at n = 0.005374

rotations per minute while maintaining σ until a steady-state shear stress,375

τ is achieved. This routine is performed for all the measuring points, i.e.,376

all the pre-selected values of σ. In our experiments, the pre-selected values377

of normal stress, σ were chosen to be 20, 40, 60, and 80% of σp (Table 2).378

Due to the amount of available material, the experiments using fine material379

were performed at pre-shear normal stress of σp = 3.0, 6.0, and 9.0 kPa using380

sandpaper of ds = 370 ± 10 µm, 255 ± 8 µm, 133 ± 4 µm, 70 ± 2 µm, 53 ±381

2 µm, and 43 ± 1 µm, which corresponds to the roughness ratio d50/ds = 0.07382

± 0, 0.10 ± 0, 0.19 ± 0.01, 0.35 ± 0.01, 0.46 ± 0.02, and 0.57 ± 0.02. The383

experiments using coarse material were performed at pre-shear normal stress384

of σp = 3.0, 6.0, and 9.0 kPa using sandpaper of using sandpaper of ds = 370385

± 10 µm, 133 ± 4 µm, and 53 ± 2 µm, which corresponds to the roughness386
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Table 1: Normal stress, σ and number of repeats, no for each pre-shearing normal stress,
σp for internal friction angle measurements.

σp (kPa) σ (kPa) no
FINE COARSE

9.0 1.80 3.15 4.50 5.85 7.20 5 3
7.5 1.50 2.63 3.75 4.88 6.00 1 -
6.0 1.20 2.10 3.00 3.90 4.80 5 3
4.5 0.90 1.58 2.25 2.93 3.60 1 -
3.0 0.60 1.05 1.50 1.95 2.40 5 3
1.5 0.30 0.53 0.75 0.98 1.20 1 -

ratio d50/ds = 0.46 ± 0.04, 1.27 ± 0.14, and 3.19 ± 0.71. The number of387

repeats performed for each measurement condition is provided in Table 2.388

4. Results and analysis389

4.1. Internal friction angle390

Figure 7a presents an example of the raw data collected by the rheome-391

ter, i.e., the shear stress, τ and the normal stress, σ data as a function392

of time. The figure also indicates the pre-shearing (consolidating) interval393

(stars) and the shear test intervals (circles). As explained in Section 3, for394

the calculations of the internal friction angles, the pre-shear data point is395

the pre-selected value of the normal stress and the maximum value of the396

measured shear stress. The shear test data points are the maximum values397

of the normal and the shear stress in the shear test interval. The data pre-398

sented in Figure 7 are representative of all the performed measurements and399

all the data were processed and analysed using the methods described in the400

previous section. A full raw dataset is provided in the online repository as401

referenced in the Open Research Section.402

403

The measurements of the bulk density, ρ, the internal friction angle, φint,404

the effective internal friction angle, φeff , and the internal friction angle at405

a steady-state flow, φss for fine and coarse material are reported in Table406

3. Figure 8 presents the shear test data for the measurements of the inter-407

nal friction angles. Since the internal friction is a result of particles moving408

against each other, it must depend on the physical properties of particles,409

such as size, shape, angularity, and surface texture (e.g., Cagnoli and Manga,410
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Table 2: Normal stress, σ and number of repeats, no for each pre-shearing normal stress,
σp and roughness ratio, d50/ds for wall friction angle measurements.

σp (kPa) σ (kPa) d50/ds no
F
IN

E

9.0 1.8 3.6 5.4 7.2

0.07 ± 0.00 3
0.10 ± 0.00 1
0.19 ± 0.01 3
0.35 ± 0.01 1
0.46 ± 0.02 3
0.57 ± 0.02 1

F
IN

E

6.0 1.2 2.4 3.6 4.8

0.07 ± 0.00 3
0.10 ± 0.00 1
0.19 ± 0.01 3
0.35 ± 0.01 1
0.46 ± 0.02 3
0.57 ± 0.02 1

F
IN

E

3.0 0.6 1.2 1.8 2.4

0.07 ± 0.00 3
0.10 ± 0.00 1
0.19 ± 0.01 3
0.35 ± 0.01 1
0.46 ± 0.02 3
0.57 ± 0.02 1

C
O

A
R

SE

9.0 1.8 3.6 5.4 7.2
0.46 ± 0.04 3
1.27 ± 0.14 3
3.19 ± 0.71 3

C
O

A
R

SE

6.0 1.2 2.4 3.6 4.8
0.46 ± 0.04 3
1.27 ± 0.14 3
3.19 ± 0.71 3

C
O

A
R

SE

3.0 0.6 1.2 1.8 2.4
0.46 ± 0.04 3
1.27 ± 0.14 3
3.19 ± 0.71 3
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Figure 7: Example of the raw data collected by the rheometer for (a) Measurements of the
internal friction angles and (b) Measurements of the wall friction angle. The solid lines
and the left-hand-side y-axis correspond to the measurements of the shear stress, τ , while
the dashed lines and the right-hand-side y-axis correspond to the normal stress, σ. The
stars indicate the pre-shear (consolidating) intervals and the circles indicate the shear test
intervals. These symbols are used only to differentiate between the intervals and do not
correspond to any real data points.

2004; Samuelson et al., 2008; Vangla and Latha, 2015). Here, we analyse the411

impacts of particle size, and related to this, the bulk density of the material.412

The mean diameter for the fine material is nearly seven times smaller than413

the mean diameter for the coarse material, and the average bulk density pre-414

consolidation, i.e., σp = 0 kPa, is ρ0 = 820 ± 21 kg m−3 and ρ0 = 670 ± 18 kg415

m−3 for the fine and the coarse material, respectively. Figure 9 shows that416

as the material is consolidated with greater pre-shear normal stress, σp, the417
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bulk density, ρ increases. This change is much more pronounced for the fine418

material which supports previous studies (Shi et al., 2018; Samuelson et al.,419

2008). The average bulk density for the consolidated material is ρ = 1018420

± 41 kg m−3 and ρ = 707 ± 21 kg m−3 for the fine and the coarse material,421

respectively, which gives the normalised bulk density ρ/ρ0 between 1.09 and422

1.36 for the fine material and between 1.04 and 1.06 for the coarse material.423

424

Although the fine material consolidated at σp = 9 kPa generates a granu-425

lar mixture that is more dense than at σp = 1.5 kPa, this difference appears426

to be insignificant as there is no clear relationship between σp and any of427

the internal friction angles. Similarly, for the coarse material, there are only428

minor fluctuations in the internal friction angles with σp. However, all the in-429

ternal friction angles are smaller for the fine material compared to the coarse430

material (Figure 9a). For the fine material, the internal friction angle falls431

in the range φint = 44.9◦ - 48.8◦, the effective internal friction angle is in the432

range φeff = 45.3◦ - 48.5◦, and the steady state internal friction angle is in433

the range φss = 34.1◦ - 42.4◦. For the coarse material, the internal friction434

angle falls in the range φint = 48.2◦ - 53.6◦, the effective internal friction an-435

gle is in the range φeff = 49.4◦ - 53.9◦, and the steady state internal friction436

angle is in the range φss = 40.6◦ - 49.5◦. Cohesion, C of the granular mate-437

rial was determined as the intercept of the yield locus with the τ -axis, where438

the yield locus is a linear regression fitted to the shear data. Interestingly,439

only measurements at σp = 9 kPa (our highest consolidation/pre-shear stress440

used) have non-zero cohesion, however, this is not universally true and only441

reported for some of the repeats, giving average cohesion values with large442

relative errors, C = 0.08 ± 0.09 kPa and 0.34 ± 0.30 kPa for the fine and443

coarse material, respectively. The average coefficient of determination, R2 is444

0.99 ± 0.01 and 0.97 ± 0.01, for the fine and coarse material, respectively.445

The average Root Mean Square Error, RMSE is 0.12 ± 0.09 and 0.38 ±446

0.20. The values of C, R2, and RMSE for all the test repeats are provided447

in the Supporting Information.448

449

Higher internal friction angles suggest that the coarse material can with-450

stand greater stress before failing (flowing). If we were to imagine a suffi-451

ciently great external force acting on a bulk solid that one particle’s energy452

increases and it moves, this particle will then transfer the energy to a neigh-453

bouring particle. The amount of the transferred energy depends on how much454

of the energy is lost in the gap between the two particles. In general, the455
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larger the particles, the larger the inter-particle gaps and the more energy is456

lost. On the other hand, the smaller inter-particle gaps in the fine material457

mean that the particles stay in contact with each other for a longer duration,458

minimising energy losses. Therefore, in general, bulk solids composed of finer459

material are more susceptible to failure, which means they are more flowable.460

4.2. Wall friction angle461

Figure 7b presents an example of the raw data collected by the rheome-462

ter, i.e., the shear stress, τ and the normal stress, σ data as a function of463

time. These data are representative of all measurements performed and all464

these data were processed and analysed using the methods described within465

Section 3.466

467

The wall friction angle was measured between the pyroclastic material468

and the sandpaper with the roughness ratio d50/ds = 0.07-3.90. The shear469

test data is presented in Figure 10 and in Table 4. While the bulk density470

does not affect the wall friction angles in the same way as it does the internal471

friction, we report the bulk density values for completeness. For the fine472

material, for d50/ds = 0.07 ± 0, the wall friction angle is in the range φwall473

= 31.7◦ - 39.0◦, for d50/ds = 0.10 ± 0, φwall = 33.7◦ - 36.3◦, for d50/ds =474

0.19 ± 0.01, φwall = 31.9◦ - 37.5◦, for d50/ds = 0.35 ± 0.01, φwall = 35.5◦ -475

36.1◦, for d50/ds = 0.46 ± 0.02, φwall = 32.2◦ - 36.7◦, and for d50/ds = 0.57476

± 0.02, φwall = 33.9◦ - 35.8◦. For the coarse material, for d50/ds = 0.46 ±477

0.04, the wall friction angle is in the range φwall = 32.3◦ - 40.5◦, for 1.27 ±478

0.14, φwall = 29.5◦ - 37.4◦, and for d50/ds = 3.19 ± 0.71, φwall = 27.4◦ - 36.8◦.479

480

The wall friction angle appears to be slightly lower for a larger d50/ds481

ratio, however, there is no clear relationship between the measurements and482

the roughness ratio. Therefore, we performed a statistical analysis which con-483

sidered all the measurements (including repeats) for a given d50/ds ratio. In484

order to keep the data consistent, only the measurements with three repeats485

were included in the analysis. This gives six roughness ratio groups d50/ds486

= 0.07 ± 0, 0.19 ± 0.01, 0.46 ± 0.02, 0.46 ± 0.04, 1.27 ± 0.14, and 3.19487

± 0.71 with nine measurements in each group. The repeated d50/ds = 0.46488

corresponds to the measurements using fine and coarse material. We used489

a one-way analysis of variance (ANOVA) which is a technique to determine490

whether data from several groups have a common mean (e.g., Doncaster and491

Davey, 2007). The analysis was performed in Matlab2022b using anova1492
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Table 3: Measurements of the bulk density, ρ, the normalised bulk density, ρ/ρ0, where ρ0
is the average bulk density pre-consolidation, the internal friction angle, φint, the effective
internal friction angle, φeff , and the steady state internal friction angle, φss for fine and
coarse material for pre-shearing stress σp. Zero error corresponds to the measurements
that were performed only once.

σp ( kPa) ρ ( kg m−3) ρ/ρ0 φint ( ◦) φeff ( ◦) φss ( ◦)

F
IN

E

9.0 1060 ± 10 1.32 ± 0.04 45.4 ± 0.6 45.9 ± 0.6 38.4 ± 4.3
7.5 1050 ± 0 1.29 ± 0.00 48.0 ± 0.0 48.0 ± 0.0 42.4 ± 0.0
6.0 1040 ± 10 1.25 ± 0.09 47.5 ± 0.8 47.5 ± 0.8 42.9 ± 1.3
4.5 1010 ± 0 1.20 ± 0.00 48.5 ± 0.0 48.5 ± 0.0 41.8 ± 0.0
3.0 1000 ± 0 1.27 ± 0.00 47.8 ± 0.0 47.8 ± 1.0 41.3 ± 0.5
1.5 950 ± 0 1.15 ± 0.06 45.6 ± 1.0 46.3 ± 0.0 37.6 ± 0.0

C
O

A
R

SE

9.0 730 ± 30 1.05 ± 0.01 50.6 ± 0.7 52.7 ± 1.2 44.4 ± 3.8
6.0 700 ± 20 1.05 ± 0.00 52.3 ± 1.3 52.3 ± 1.3 48.0 ± 1.6
3.0 690 ± 10 1.05 ± 0.01 49.8 ± 1.6 51.4 ± 2.0 47.8 ± 0.4

and multcompare functions which computed test statistic, F , and a p-value,493

where the p-value is a probability that the test statistic can take a value494

greater than F (The MathWorks Inc., 2022). A p-value smaller than 0.05 is495

considered as a statistically significant difference. Thus, the ANOVA analy-496

sis informs whether there is a statistically significant difference between the497

roughness ratio groups. The smallest p-value, p = 0.07, was calculated be-498

tween the groups with the smallest and the largest d50/ds, i.e., d50/ds = 0.07499

± 0 and d50/ds = 3.19 ± 0.71. None of the groups, however, have p-value500

< 0.05, which means that none of the groups are statistically different from501

each other. Thus, for our experiments, the wall friction angles did not de-502

pend on the roughness ratio. The p-values for all the groups are provided in503

the Supporting Information.504
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Figure 8: Shear test data (circles) for (a)-(c) fine material, and (d)-(f) coarse material
for pre-shear normal stress (stars) σp = 9 kPa (top row), 6 kPa (middle row), and 3 kPa
(bottom row). The dashed, dotted, and solid lines show the yield locus, the effective yield
locus, and the steady state flow yield locus, respectively. The slopes of those lines are the
internal friction angle, φint, the effective internal friction angle, φeff , and the steady state
flow internal friction angle, φss. The shaded areas represent the 95% confidence intervals.
The black dash-and-dot lines are the Mohr’s circles plotted for a given shear test data
point (circle with a thick black border) and the pre-shear point (star).
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Figure 9: Bulk solid properties as a function of pre-shear normal stress, σp. (a) Internal
friction angle, φint, effective internal friction angle, φeff , and steady state flow internal
friction angle, φss, (b) Normalised bulk density, ρ/ρ0 for the internal friction measure-
ments. The symbols are coloured according to the bulk density of the sample, ρ consoli-
dated at normal stress σp. The error bars for σp = 1.5, 4.5, and 7.5 kPa are zero because
the measurements were performed only once.
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Figure 10: Wall friction shear test data for (a)-(c) fine material, and (d)-(f) coarse material
for pre-shear normal stress (stars) σp = 9 kPa, 6 kPa, and 3 kPa. The dashed lines show
the wall yield locus and the shaded areas represent the 95% confidence intervals. The
slope of those lines is the wall friction angle, φwall.
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Figure 11: Bulk solid properties for the wall friction measurements. (a) Wall friction
angle, φwall as a function of pre-shear normal stress, σp, (b) Wall friction angle, φwall as a
function of roughness ratio, d50/ds, (c) Normalised bulk density, ρ/ρ0 for the wall friction
measurements. The symbols are coloured according to the bulk density of the sample, ρ
consolidated at normal stress σp. The error bars for d50/ds = 0.07 ± 0.00,0.19 ± 0.02,
and 0.46 ± 0.10 are zero because the measurements were performed only once.

30



5. Titan2D numerical simulations505

In order to illustrate the importance of the internal and the wall friction506

angles on the dynamics of the geophysical flows, we modelled a granular flow507

travelling down an idealised volcanic cone. The simulations were modelled508

using Titan2D software (Patra et al., 2005) with a Coulomb rheology. The509

main input parameters for running simulations are: (1) a digital elevation510

model (DEM), (2) the volume of the granular flow, V , (3) the internal fric-511

tion angle, φ′
int, and (4) the bed friction angle, φbed. As explained in the512

Introduction Section, the internal friction angle used in the depth-averaged513

models is the internal friction angle at the steady-state flow, φss. However, in514

order to keep the nomenclature consistent with the Titan2D model and with515

the previous studies, in this section and in the related Figures 12-14, we refer516

to this angle as the internal friction angle, φ′
int. Additionally, since in the517

basal condition the wall friction angle is equivalent to the bed friction angle,518

we refer to the wall friction angle as the bed friction angle in this section.519

As the purpose of these simulations is to show the effects of φ′
int and φbed on520

the flow dynamics, the dimensional parameters are provided for complete-521

ness only and all the results are presented in a non-dimensional form, i.e.,522

normalised by the initial conditions, to show relative differences.523

524

The Digital Elevation Model (DEM) of the fictive volcano was generated525

by assuming that the volcano is a symmetric cone and its elevation is defined526

as527

z(r) = H(1− rs), (13)528

where r is the radial distance from the vent normalised by the radius, R, of529

the volcano, H is the maximum elevation of the volcano (summit), and s is530

the slope factor, where s > 1 represents a shallower slope. The volcanic slopes531

were made more realistic using Perlin noise which is a technique used to pro-532

duce natural appearing textures on procedurally generated terrain (Perlin,533

1985). Perlin noise scale was set to ps = 1.0 and three noise amplitudes were534

investigated: pa = 0.5, corresponding to a nearly smooth DEM, pa = 2.5,535

corresponding to vertical variations of ± 2m (e.g., rubble-covered lava and536

small levees), and pa = 5.0, corresponding to a very rough terrain controlling537

flow paths. The parameters used to generate the DEM are provided in Table538

5. Three volcanoes were created of height H = 500m, 785m, and 1630m,539

each having average slopes at mid-elevation of 10◦, 15◦, and 30◦. Table 5 also540
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Table 5: Parameters used to generate the DEM of the three idealised volcanic cones and
parameters used for Titan2D simulations.

Parameter Value
Volcano height, H 500m, 785m, 1630m
Volcano slope near crater 1◦, 2◦, 3◦
Volcano slope at mid-elevation 10◦, 15◦, 30◦
Volcano slope at the base 27◦, 38◦, 59◦
Volcano radius, R 2500m
Crater radius, rc 250m
Crater depth, hc 25m
Slope factor, s 2.5
Horizontal resolution 10m
Terrain noise scale, ps 1.0
Max noise amplitude, pa 0.5, 2.5, 5.0
Height of the pile, h0 1000m
Radius of the pile, r0 100m
Flow volume, V 107 m3

presents the values of the volcanic slopes near the crater, at mid-elevation,541

and at the base. The simulations will be referred to by the mid-elevation542

slope angle.543

544

The simulations were ran assuming an initial pile of material with a height545

of h0 = 1000m and a radius of r0 = 100m, giving an approximate flow volume546

of V = 107 m3. The flow is simulated using a collapsing, initial stationary547

pile of granular material, i.e., with a zero flux source akin to a dome collapse.548

This means that there is no eruption/flux duration associated with the sim-549

ulations and t = 0 s is the start of the simulation. All the simulations were550

run for t = 3600 s. While in some simulations, the flows have not reached551

their final velocity after 3600 s and would have still been propagating, the552

aim here is to illustrate the effects of the internal and bed friction angles553

and not to predict the flow path and final deposit thickness. Similarly, the554

dimensional parameters of the volcano and the initial pile are deliberately555

exaggerated for sensitivity illustration.556

557

Figure 12 shows the lateral stress coefficient, kact/pass calculated for all the558

measured angles φ′
int and φbed. For the diverging flow, for all values of φbed,559
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the corresponding values of kact/pass indicate that the ground-normal (bed-560

normal) stress dominates over the ground-parallel stress (lateral stress), while561

the opposite is true for the converging flow. When the bed is of maximum562

roughness ratio, i.e., φ′
int = φbed, kact/pass has only one value, which means563

that a granular material can move down the slope with zero divergence (no564

thinning or thickening) only if the bed friction equals the internal friction565

angle (Iverson and Denlinger, 2001). Based on this analysis, the internal566

and bed friction angles for the simulations were chosen to be the maximum567

and the minimum values of φ′
int and φbed but with the condition that φ′

int >568

φbed. Additionally, we tested φbed = 20◦. The Titan2D model was therefore569

implemented with φ′
int = 38◦ and 48◦, and φbed = 20◦, 30◦, and 37◦ (stars570

in Figure 12), which gives six different simulations. We will refer to the six571

simulations using the friction angles and the noise amplitude, e.g., a simula-572

tion with pa = 5, φ′
int = 38◦ and φbed = 30◦ will be referred to as "simulation573

53830".574

575

Figure 13 presents temporal evolution of the normalised flow thickness,576

h/h0 Titan2D simulations for the 10◦ volcano and for pa = 5 for φ′
int = 30◦,577

38◦ and φbed = 30◦, 37◦. At t = 30 s, the flow area appears to be governed578

by the angle of internal friction, φ′
int and the bed friction angle, φbed. Even579

though the 54830 flow area in Figure 13a is similar to the 53830 flow area580

in Figure 13g, the flow areas for 54837 and 53837 (Figure 13d and 13j) are581

noticeably different, implying that the internal friction strongly affects the582

flow behaviour in those cases. This can be explained by the fact that the583

volcanic slope is shallower around the summit and the internal friction of the584

granular material plays an important role in the flow dynamics. For the same585

volume, granular material with a greater φ′
int can form a flow unit inclined586

at a steeper angle, i.e., can form a higher (thicker) flow unit.587

588

As the terrain slope becomes steeper, the bed friction becomes more im-589

portant and the simulations begin to group according to the bed friction590

angle, φbed. For t ≥ 1500 s, the 54830 flow area is comparable to the 53830591

flow area (Figure 13b-c and 13e-f). Similarly, the 54837 flow area matches592

the 53837 flow area (Figure 13h-i and 13k-l). It is thus observed that while593

initially the internal friction angle has a significant impact on the flow be-594

haviour, the bed friction becomes more important with time as the flow595

propagates over steeper local slopes. It is significantly easier for the mate-596

rial with a lower bed friction angle to flow down the slopes of the volcano.597
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Therefore, the flow areas for φbed = 30◦ are greater than for φbed = 37◦. The598

effects of internal friction are also still apparent with the flow areas greater599

for φ′
int = 38◦, the smaller internal friction angle.600

601

Figure 12: Lateral stress coefficient, kact/pass calculated using Equation 5 for the internal
friction angle, φ′

int and the bed friction angle, φbed measured in this study. The stars
correspond to the values of the angles used for the Titan2D simulations.

Quantitative relationships between the flow area and the friction angles602

are illustrated in Figure 14 for all the studied volcanic slopes and all the603

terrain noise amplitudes. Although the time varies, we observe a transition604

from internal-friction-dependence to bed-friction-dependence for all the sim-605

ulations. The differences in the time at which this transition occurs are a606

direct consequence of the local slope of the volcano. For instance, the vol-607

canic slope proximal to the crater for the 30◦ volcano is three times greater608

than for the 10◦ volcano, which means that the internal friction will domi-609

nate for longer for the shallower volcanic slope. It also appears that in our610

simulations, the noise amplitude does not affect the flow dynamics. Although611
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we modelled and studied three idealised volcanic cones, the simulations show612

that regardless of the volcanic slope and the noise amplitude, the flow dy-613

namics is governed by the angle of internal friction, φ′
int near the crater, while614

the bed friction becomes more important further away from the vent, i.e., as615

the volcanic slopes become steeper. Figure 14 also shows that all the flows616

with φbed = 20◦ result in the largest flow area in the shortest time, implying617

great velocity and high-mobility. These results suggests that, in general, the618

bed friction angle might be considered as more important for modelling the619

flow path and runout distance of granular flows.620
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Figure 13: Titan2D simulations of a volcanic mass flowing down a 15◦ volcano with pa = 5 showing the normalised flow
thickness, h/h0 for (a)-(c) The internal friction angle, φ′

int = 48◦ and the bed friction angle, φbed = 30◦; (d)-(f) The internal
friction angle, φ′

int = 48◦, the bed friction angle, φbed = 37◦; (g)-(i) The internal friction angle, φ′
int = 38◦, the bed friction

angle, φbed = 30◦; and (j)-(l) The internal friction angle, φ′
int = 38◦, the bed friction angle, φbed = 37◦. Each simulation is

presented at time t =30 s (top row), t = 1500 s (middle row), and t = 3000 s (bottom row) with a corresponding colour scale
for h/h0.
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Figure 14: Temporal evolution of normalised area of the flow, A/A0 for Titan2D simu-
lations of a mass flowing down a volcano with a 10◦ slope (top row), 15◦ slope (middle
row), and 30◦ slope (bottom row) for noise amplitude (a)-(c) pa = 0.5, (d)-(f) pa = 2.5,
and (g)-(i) pa = 5.0. A0 is the area of the pile at t =0 s.

6. Discussion621

While this work reports measurements of frictional properties of real vol-622

canic material, there are several limitations that need to be taken into account623

when interpreting the results. Firstly, we were only able to study two grain624

size distributions, "fine" and "coarse". Although our work provides impor-625

tant experimental data, they have to be extrapolated to a wider parameter626

space with caution. In terms of the internal friction values, our results cor-627
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roborate previous studies which showed that granular material composed of628

smaller particles has lower values of the internal friction angles than material629

comprising coarse particles. For example, Prokes et al. (2024) reports that630

1-1.4mm clay particles have greater values of the angle of internal friction631

than particles of 0-0.5mm diameter. Similarly, the study of Vangla and Latha632

(2015) shows that the angle of internal friction is smaller for sand particles633

of diameter 75-425 µm than for 2000-4750 µm. In our study, the wall friction634

angles were measured for roughness ratio d50/ds = 0.07 - 3.90. The statistical635

analysis shows that the wall friction does not depend on the roughness ra-636

tio which contradicts previous studies, at least within our studied parameter637

space. Jing et al. (2016) investigated friction behaviour of granular materials638

with roughness ratio d50/ds = 0.4 - 2.0 and reported that d50/ds = 0.4 and639

0.5 leads to nonslip basal conditions, while considerable slip always occurs640

for d50/ds = 2.0. A nonslip basal condition means that a granular flow layer641

immediately in contact with a stationary surface has zero velocity, i.e., the642

surface is sufficiently rough that the flow cannot propagate without friction.643

The experiments of Jing et al. (2016) thus showed, that granular materials644

comprising particle diameters twice as big as the substrate roughness flow645

over these rough surfaces as if the surfaces were smooth. In our experiments,646

it is likely that the presence of fine material in the "coarse" mixture was suf-647

ficiently high to influence the measurements. The small particles might have648

filled the spaces between the sandpaper particles, changing the roughness ex-649

perienced by the bulk of the granular material. Goujon et al. (2003) refers to650

this phenomenon as the hole-filling mechanism, where the roughness of the651

substrate depends on whether or not the spaces between the sand particles652

are filled with the granular material.653

654

Secondly, the experiments were performed using a pre-dried material655

which was stored in a desiccator cabinet to avoid any moisture adsorption.656

We cannot fully rule out that extremely low moisture contents could have657

contributed to the calculated cohesion values, which are very low or zero for658

all the measurements. Walding et al. (2023) show that cohesion, and con-659

sequently the internal friction, increases drastically even for relatively small660

changes in moisture content (>0.5%). Additionally, the measurements were661

conducted at ambient (room temperature) and are thus focused on parti-662

cle behaviour at temperatures below their glass transition temperature, Tg.663

High temperatures at vent proximal locations and near the base of pyro-664

clastic density currents that support conditions > Tg could lead to particle665
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agglutination, sintering, and a marked increase in cohesion (Valentine et al.,666

2000; Heap et al., 2014).667

668

Thirdly, here, the main purpose of the numerical simulations was to illus-669

trate the impact of the studied friction angles on the dynamics of granular670

flows. Our simulations were performed with a symmetrical cone as a volcano671

which significantly simplified the simulations and resulted in symmetrical672

flow areas. In nature, volcanoes are rarely symmetrical and volcanic flows673

often favour certain slopes, resulting in more complex flow paths. Our re-674

sults show that while the internal friction angle initially influences the flow,675

the bed friction quickly becomes more important and dominates the flow be-676

haviour. We expect that the transition from the internal-friction-dependence677

to bed-friction-dependence would not occur at the same time and distance678

from the vent for all the flanks of the volcano with a more realistic edifice.679

The internal- and bed-friction-dependence finding agrees with previous re-680

search where the Titan2D simulations were shown to be nearly independent681

of the internal friction angle but highly sensitive to the values of the bed682

friction angle (e.g., Charbonnier and Gertisser, 2009; Sheridan et al., 2010;683

Rupp et al., 2006; Macías et al., 2008; Neglia et al., 2021). Moreover, several684

studies argue that in order to accurately model flow propagation over com-685

plex terrain, a spatially varying bed friction angles should be implemented686

(e.g., Stinton et al., 2004; Charbonnier et al., 2015; Ogburn and Calder, 2017).687

Additionally, although we used the experimentally determined friction angles688

in the numerical simulations, those values were measured during small-scale689

experiments where particle size, shape, and morphology all played a cru-690

cial role in the behaviour of the granular material. In particular, extra care691

needs to be taken when upscaling the calculated wall friction angle to the692

bed friction angle used in geophysical models such as Titan2D. Previous, and693

numerous research highlights that in order to match the simulations to the694

field deposits, the bed friction is often surprisingly low. For instance, Ten-695

nant et al. (2021) found that a basal friction angle of φbed = 6◦ was required696

to reproduce lithic-rich PDCs at Gede volcano, Indonesia. A low value was697

also required for accurate modelling the Mixcun block and ash flow at the698

Tacana Volcanic complex, Mexico-Guatemala (φbed = 7◦) and the 2010 PDCs699

at Soufrière Hills, Montserrat (φbed = 7◦) (Vázquez et al., 2019; Ogburn and700

Calder, 2017).701

702

Finally, pyroclastic density currents are highly mobile granular flows ca-703
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pable of travelling tens to hundreds of kilometres on slopes of only a few704

degrees (Wilson, 1980; Sparks et al., 1978; Dufek, 2016). Their mobility is705

often attributed to gas–particle interactions and pore-pressure effects that706

promote partial fluidisation (e.g., Delannay et al., 2017; Lube et al., 2019).707

PDCs are typically density-stratified, with a concentrated basal region un-708

derlying a more dilute turbulent ash cloud (Sulpizio et al., 2014; Dufek,709

2016; Lube et al., 2020; Jones et al., 2023). However, the basal concentrated710

layer is not necessarily dominated by coarse particles; rather, its rheology711

is governed by an effective grain-size scale such as the Sauter mean diame-712

ter, d32, which is strongly controlled by polydispersity and fine-particle con-713

tent (Breard et al., 2019). As a result, even apparent "coarse" PDCs with714

millimetre-scale median grain sizes (d50) may exhibit much smaller dynam-715

ically relevant length scales. The particle size distribution in natural PDCs716

spans from micron-sized ash to metre-scale clasts, but the experiments pre-717

sented here focus on particles with diameters <710 µm and without imposed718

fluidisation. These conditions are therefore most representative of the dense,719

sheared basal regions where compaction, shear at the bed, and suppression720

of fluidisation are expected (Druitt et al., 2004; Bareschino et al., 2007; Lip-721

iejko and Jones, 2024). Importantly, this does not diminish the relevance722

of the measurements: continuum two-phase and mixture-theory frameworks723

increasingly couple dry granular rheology with pore-pressure diffusion, en-724

abling laboratory-derived constitutive behaviour to be incorporated directly725

into models that account for transient fluidisation. In this context, the ex-726

perimental findings provided here offer valuable input for such closures, par-727

ticularly in regimes where effective stress, compaction, and shear-dependent728

permeability control the evolution of excess pore pressure and mobility.729

7. Conclusions730

This contribution reports an experimental investigation into the internal731

and the wall friction angles of pyroclastic material. We studied two granular732

material mixes: "fine" with particles of diameters 0 µm < d < 180 µm and733

d50 = 25 ± 1 µm, and "coarse", with particles of diameters d < 710 µm734

and d50 = 170 ± 13 µm. The internal friction angles were measured for735

pre-shear normal (i.e., consolidating) stresses, σp = 1.5-9 kPa and the wall736

friction angle was measured for σp = 1.5-9 kPa against a range of sandpapers737

with particle diameters 42 µm- 380 µm. The studied particle to sand particle738

ratio, i.e., the roughness was d50/ds = 0.07 - 3.90. The effects of the friction739
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angles on the dynamics of a granular flows was discussed through a series740

of Titan2D (depth-averaged model) numerical simulations. The simulations741

involved granular flows with the bed friction angle, φbed = 20◦, 30◦, and742

37◦, and the internal friction angle, φ′
int = 38◦ and 48◦, travelling down an743

idealised volcanic cone with slopes inclined at 10◦, 15◦, and 30◦. The key744

findings of this study are as follows.745

1. For the range of studied particle sizes, coarse material has greater angles746

of internal friction than the fine material, suggesting that fine material747

is more susceptible to flowing for a given applied force.748

2. The studied consolidating normal stress, σp = 1.5-9 kPa, which con-749

trols the bulk density of the material, has an insignificant effect on the750

internal friction angles.751

3. In our experiments, the particle size to the sandpaper particle size ratio,752

i.e., roughness, d50/ds = 0.07 - 3.90, do not impact the wall friction753

angles.754

4. The numerical simulations show that, for all the studied volcanic slopes755

(10◦ - 30◦), the internal friction governs the flow dynamics around the756

volcanic crater, while the bed friction dominates regions further away757

from the vent.758

5. This study provides an experimental data set of the measurements of759

frictional properties of pyroclastic material of diameters 0 µm < d <760

180 µm with d50 = 25 ± 1 µm, and d < 710 µm with d50 = 170 ± 13 µm761

for consolidating stress, σp = 1.5-9 kPa.762
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