ﬁ Unive[sitg of
Nottingham

e 7
UK | CHINA [ MALAYSIA

Axisymmetric saturated granular column
collapses at elevated gravitational
accelerations

William O. Webb, MEng.

Thesis submitted to the University of Nottingham for the degree of
Doctor of Philosophy

March 2024



Abstract

Debris flows represent a prevalent natural hazard, posing a significant threat to com-
munities and infrastructure located in mountainous regions susceptible to intense pre-
cipitation events worldwide. Furthermore, the escalating impacts of climate change are
poised to intensify both the frequency and severity of these events. The dynamics of
debris flows, in contrast to other geophysical granular flows, exhibit heightened com-
plexity owing to substantial fluid volumes and a broad spectrum of particle sizes present
within the flow. The diverse composition of debris flows gives rise to highly heteroge-
neous flow states, wherein many contributing mechanisms, notably the interplay be-
tween the granular and fluid phases, remain inadequately understood within the wider
scientific community. Consequently, there persists a lack of consensus on the optimal
approach to incorporate the influence of grain-fluid interactions into numerical mod-
els which are essential for predicting debris flow behaviour and formulating effective
mitigation strategies.

This study aims to shed light on grain-fluid interactions within debris flows through
a programme of physical scaling analysis complemented by two numerical approaches,
inspired by the classical granular column collapse experiment. Focus was given to
the just-saturated case, where granular pores were filled with fluid up to the column’s
free surface. Crucially, a geotechnical centrifuge controlled the stress state within the
granular-fluid flow, enabling experiments across a wide parameter space, including
cases where force balances matched those in geophysical flows. The study’s param-
eter space considered variables such as gravitational acceleration, inertial particle size,
fluid viscosity, and the contribution of fine granular material, with different concentra-
tions of fine kaolin clay particles suspended within the fluid phase. High-speed imaging
and basal fluid pressure measurements were used to quantify characteristic acceleration
stage flow outcomes as functions of dimensionless parameters defined from the initial
column configuration.

The results from the physical experiments formed a substantial dataset applicable
for calibrating or validating numerical models. Two numerical modelling schemes, a

continuum-continuum (shallow water) approach, which was implemented within Mat-



lab, and a discrete-continuum (Discrete Element Method-Lattice Boltzmann Method)
approach, were used to replicate the observed behaviour from the experiments and gain
further insights into the nature of the grain-fluid interactions. The latter model was then
employed to investigate how the dynamics of the column collapses were influenced by
the rotation of the geotechnical centrifuge, focusing on the effects of centrifugal and
Coriolis accelerations. Key takeaways include the development of a design criterion
based on the log of the ratio of the centrifuge’s radius and the height of the mounted
model. It was found that when this ratio exceeds 4, it can be assumed that the centrifuge
model is subjected to a constant gravitational field, where the influence of horizontal
centrifugal and Coriolis accelerations are negligible.

This study emphasises that although complex experimental setups and numerical
models are necessary to replicate the flow conditions observed in natural debris flows,
simplicity is crucial for gaining insight into the specific mechanisms and processes that

drive their dynamics.
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Chapter 1

Introduction

1.1 Motivation

Debris flows, a subset of gravity-driven slope hazards, are a serious concern in moun-
tainous regions across the world (Jakob et al., 2005). These catastrophic events are
typically triggered by intense rainfall (e.g. Redshaw et al., 2019; Rodolfo et al., 2016)
or permafrost thaw (e.g. Allen et al., 2016; Sati, 2022), leading to the rapid movement
of substantial volumes of water, soil, rocks, and organic matter. Like other geophysical
flows, the substantial threat they pose to both communities and infrastructure situated in
mountainous regions worldwide has prompted intensive scientific investigation of their
complex dynamics.

The danger posed by debris flows emanates from their high fluid content, enabling
them to achieve remarkable velocities and travel great distances. This particular char-
acteristic complicates the prediction of their course and the implementation of diversion
strategies. While debris flows are a global phenomenon, the impact of these landslide-
style events exhibits notable disparities, intricately linked to variables like economic de-
velopment, population growth, and the local interplay of climate and topography (Petley,
2012) (Figure 1.1). Among vulnerable European countries, Italy’s geological composi-
tion, topographic features, and the surge in population density render it notably suscep-
tible to debris flows. This vulnerability is highlighted by multiple catastrophic events
within Italy over the past five decades (e.g. Bandis et al., 1999; Costa, 1991; Crosta and
Dal Negro, 2003; Guzzetti, 2000), including a series of rainfall-triggered landslides in
Southern Italy’s Campania region in May 1998, which claimed 167 lives (Guadagno
et al., 2011). This tragic event spurred the establishment of comprehensive landslide
inventories at both regional and national levels (Trigila and Iadanza, 2008), as well as
the development of an early warning system based on critical rainfall thresholds (Rossi
etal., 2012).

In stark contrast, developing countries contend with exacerbated challenges due to

extreme precipitation and burgeoning populations in previously uninhabited mountain-
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Figure 1.1: (a) Number of rainfall-triggered fatal landslide events from 2004 to 2017 by
country (data obtained from the Global Fatal Landslide Database (GLFD) (Froude and
Petley, 2018)). (b) Gross national income per capita (USD) by country (World Bank,
2023).

ous areas. In these regions, effective strategies for landslide mitigation are often lack-
ing. A poignant example occurred in Venezuela in 1999, where a devastating debris flow
resulted in tens of thousands of fatalities (Garcia-Martinez and Lopez, 2005). Further-
more, 70% of landslide-related fatalities in 2007 occurred in Asia (Petley, 2008), further
highlighting the gravity of the situation. As climate change amplifies the occurrence of
severe weather events, the frequency and magnitude of such mass movements are antic-
ipated to surge even further (Gariano and Guzzetti, 2016). Consequently, understanding
the intricate behaviour of debris flows and formulating effective mitigation strategies to
counter their destructive potential is becoming increasingly important.

Despite persistent efforts, the compositional intricacies of debris flows continue to
elude complete understanding. The high fluid volume fraction and elevated relative den-

sity of the grains results in the forces developed in both phases significantly contributing
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to the dynamics of the mass movement (Iverson, 1997). The granular phase may also
comprise a wide range of particle sizes (Kesseler et al., 2018), which, due to the interac-
tion with the fluid phase, leads to complexity at both the grain- and macro-flow scales
and the formation of ubiquitous debris flow features such as: a ‘dry coarse head and fine
watery tail architecture’ (Johnson et al., 2012), lateral levees, and finger-like structures.

Laboratory scale experimental models can be employed to replicate particular mech-
anisms, or rheological conditions, observed in natural debris flow behaviour and study
them in isolation. Among the various experimental setups explored, dam break sce-
narios, particularly column collapse tests, have emerged as an optimal approach for
investigating the dynamics of unsteady flow motion.

The underlying concept is that, once these features are comprehensively understood,
they can be articulated mathematically and integrated into scalable numerical models
capable of predicting natural debris flow behaviour. However, the utility of experimen-
tal findings is constrained by scale effects influenced by geometry and force balance
dynamics. In natural flows, gravity and inertial forces predominantly govern these pro-
cesses. Contrastingly, at the laboratory scale, the size of the experiment and the relative
impact of other forces, such as viscosity and surface tension due to the incorporation of
a fluid phase, can attenuate gravity’s role as the prime driver of the flow (Iverson, 2003).

In recent years, Geotechnical centrifuge modelling has emerged as a potential tech-
nique to artificially enhance the influence of gravity within these model flows, allowing

for the exploration of flow behaviour across an otherwise unattainable parameter space.

1.2 Aims and objectives

The primary aim of this project is to investigate the mechanisms governing fluid-grain
interactions in experimental debris flows and their scalability with gravity. This outcome

can be achieved through the completion of the following objectives:

 To develop a centrifuge model configuration of the classic axisymmetric granular
column collapse experiment. This model will allow for an in-depth exploration
of the dynamics characterising fluid-grain interactions across a wide parameter
space. These parameters include gravitational acceleration, fluid viscosity, and

particle size distribution, encompassing both particle size and grading.

* To quantify the variations in fluid-grain interaction dynamics across the parameter

space through the analysis of images and fluid pressure signals in order to discern
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the dynamic processes that dictate flow outcomes.

* To develop a scalable mathematical framework that captures the observed be-

haviours.

+ To explore the effects of the centrifugal acceleration field on collapse dynamics.

By systematically addressing these objectives, this research aims to advance our funda-
mental understanding of how experimental debris flow models can be used to explore
the mechanics of their natural scale counterparts, ultimately contributing to a broader

comprehension of natural processes.

1.3 Outline

The material in this thesis will be presented as follows: Chapter 2 provides an overview
of the state-of-the-art research on debris flows. The chapter focuses on key aspects,
such as debris flow classification, analysis of the flow’s heterogeneous structure and
complex mechanisms, limitations of common experimental modelling configurations,
and a summary of the two most prevalent numerical modelling approaches for natural
granular-laden flows.

Chapters 3-6 are self-contained research articles that collectively form the core
of this work, focusing on the experimental and numerical modelling of a simplified
granular-fluid flow configuration. Chapter 3 delves into the analysis of a series of
just-saturated granular column collapse experiments conducted inside a geotechnical
centrifuge (https://doi.org/10.1007/s10035-023-01326-x). The primary em-
phasis lies in studying fluid-grain interaction and characterising the phase front of the
collapse.

Building on the concepts of Chapter 3, Chapter 4 investigates the same experimental
configuration with a non-Newtonian fluid phase composed of kaolin clay particles sus-
pended in water (https://doi.org/10.1051/e3sconf/202341501030). This chap-
ter explores how the concentration of fines affects phase front behaviour by analysing
the same quantities of interest used in characterising the Newtonian collapse case’s ac-
celeration phase.

In Chapter 5, the focus shifts from experimental modelling to the development of a
two-phase shallow-water model (https://doi.org/10.1007/s10035-023-01391-2).
This model is utilised to simulate the physical experiments conducted in Chapter 3, with

special attention given to fluid-grain interactions.
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Chapter 6 concludes the results chapters, where the DEM-LBM method is employed
to examine the influence of centrifugal accelerations and the Coriolis effect on the dy-
namics of experimental particle-laden flows inside a geotechnical centrifuge (https:
//doi.org/10.1007/s10035-024-01408-4). The analysis begins by reproducing
the Newtonian column collapse experiments discussed in Chapter 3. Subsequently, a
parameter space analysis is performed by varying the centrifuge radius and angular ve-
locity.

Chapter 7 provides the research project’s comprehensive conclusions and offers in-
sights into potential future research emanating from this study. The concluding remarks
highlight the significance of the findings and discuss avenues for further exploration.

Finally, the remaining chapters consist of appendices detailing: the image and signal
analysis techniques employed throughout the physical modelling (Appendix A); insight
into the complexities of conducting these physical collapses at elevated accelerations
(Appendix B); the derivation of the two-phase shallow-water model used in Chapter 5
based on the principles of mixture theory (Appendix C); and the introduction of a pla-
nar experimental configuration that was proposed to further understand granular-fluid

interactions in debris flows (Appendix D).
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Chapter 2

Debris flows: From natural
phenomena to laboratory and

numerical representations

2.1 Debris flow classification

Due to their inherent complexity, achieving a widely accepted phenomenological de-
scription of debris flows has been a more recent advancement compared to other types
of natural hazards. Based on the Varnes landslide classification system (Varnes, 1958)
and other seminal works (e.g. Hungr et al., 2002; Hutchinson, 1997; Jakob et al., 2005),
Hungr et al. (2014) proposed an updated classification encompassing various landslide
related phenomena. This classification effectively segregated these mass movements
into 32 distinct categories, based on factors such as the movement type, characteris-
tics of the transported materials, water content, and the mass movement’s characteristic
velocity.

Within the framework of this classification, debris flows are defined as a ‘very rapid
to extremely rapid surging flow of saturated debris in a steep channel’ (Hungr et al.,
2014). Here, the term ‘flow’ denotes that gravitational forces primarily drive the mass
movement, while ‘saturated’ indicates that the voids within the granular matrix are filled
with interstitial pore fluid.

While this qualitative delineation is valuable for classification, it fails to encapsu-
late the diverse array of rheological behaviours observable in debris flows. To address
this, adopting a classification approach centred on the mechanical behaviour of the flow
through dimensional analysis proves advantageous. This strategy led Iverson (1997)
to identify three dimensionless parameters that not only differentiate debris flows from
other landslide-like mass movements, but also allow for the sub-classification of debris
flows.

The first parameter, termed the Savage number Ng,,, characterises the relative sig-
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nificance of flow resistance resulting from particle collisions as opposed to resistance
due to frictional contacts (i.e. Coulomb friction)
(2.1)
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where 7 represents the characteristic shear rate of the flow, p, and p are the densities of
the solid and fluid phases, d,, is the diameter of the solid phase grains, n,, is the number of
grains, g is gravitational acceleration, and ¢ is the friction angle for the granular phase.
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Figure 2.1: (a) Iverson’s (1997) classification scheme for debris flows (adapted from
Iverson, 1997). (b) Takahashi’s (2007) natural particle-fluid flow classification scheme

(adapted from Leonardi, 2015).
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The second parameter, known as the Bagnold number Np,, (Bagnold, 1954), quanti-
fies the relative impact of inertial grain stresses and viscous shear stresses on the flow’s

rheology
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where Cp is the bulk sediment concentration and 7 is the dynamic viscosity of the
fluid. The final parameter, the Darcy number Np,,., characterises the extent to which

grain interactions are mediated by the pressure of the interstitial pore fluid

ny
Npar = Cpik’ (2.3)
where k£ denotes the hydraulic permeability of the granular phase.

Thus, Iverson (1997) proposed that natural debris flow behaviour could be differ-
entiated from other mass movements by the parameter space constraints: Ny, < 0.1,
0.2 < Npye S 400 and Np,, 2 5000, within which Ny, Npa, and Np,, could vary
(Figure 2.1a). It is worth noting that this restricted parameter space may not be applica-
ble to experimental debris flow configurations (see Section 2.3).

Takahashi (2007) proposed an alternative classification system (Figure 2.1b) that,
similar to Iverson’s (1997) approach, considered the relative contributions of three
stresses namely, particle collision stress 7, viscous shear stress 7’ and turbulent mix-
ing stress 17, to flow dynamics. Additionally, Takahashi’s (2007) system incorporates

the coarse particle concentration, referred to as the solid volume fraction ¢,

Vo
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(2.4)

where V), and V; denote the volumes of the granular and fluid phases, respectively. The
inclusion of ¢, as a dimension allows for the consideration of the flow water content.
Low ¢, values correspond to mud flows, while sufficiently large ¢, values indicate
negligible fluid content (i.e. a rockslide). Takahashi (2007) proposed that debris flows
fall within a ¢, range of 0.2 to 0.5. The lower limit of this range corresponds to a
high Ng,, value, as Coulomb friction does not significantly contribute to the total stress
T. Increasing ¢, results in greater frictional resistance and Ny, < 0.1, which aligns
with the debris flow mechanics classification outlined by Iverson (1997). Within this
¢, range, the ratio of 1, Ty, and T to T' further influences the rheological behaviour
of the flow.
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While the mechanical classification of debris flows provides valuable insights into
their theoretical dynamics, its applicability to debris flow prediction and mitigation is
constrained due to its omission of the total mass of flowing material, a crucial parame-
ter when forecasting flow mobility and inundation areas (e.g. Chae et al., 2017; Rick-
enmann, 1999). This limitation exists alongside the consideration that the composition
and, consequently, the rheology of debris flows evolve both spatially and temporally
(Iverson, 2003).

2.2 Evolution of natural flows

A naturally triggering debris flow unfolds in three principal stages: initiation, trans-
portation, and deposition (Figure 2.2). This section sequentially delves into each phase,
elucidating on distinctive aspects of debris flow dynamics that hold paramount signifi-

cance from a scientific perspective.

Initiation

Deposition

Figure 2.2: Aerial photograph of the Daniao tribe debris flow that occurred in Taiwan in
2009 (photograph taken from Tsai et al., 2011). The zones corresponding to each phase
of debris flow motion are highlighted.
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2.2.1 Initiation

Debris flows commonly materialise when a previously stationary mass of unconsoli-
dated granular material, such as soil, attains a critical state, prompting movement down
a steep incline (Iverson, 1997). The driver for failure arises from an increasing wa-
ter content that undermines the material’s stability by diminishing the normal effective
stress exerted upon it. Typically, the inflow of water stems from abrupt, intense rain-
fall events (Garcia-Martinez and Lopez, 2005). Additionally, instances occur where
water infiltration results from permafrost thawing or glacier melt (e.g. Chiarle et al.,
2007; Sattler et al., 2011). These failure mechanisms have undergone comprehensive
examination within the framework of slope stability analysis, leveraging methodolo-
gies commonly utilised within the discipline of Civil Engineering (Duncan et al., 2014;
Fang et al., 2022). Consequently, parameters encompassing the slope’s geometric and
geomorphological attributes, coupled with the static and temporal loading conditions
imposed upon it, have emerged as critical factors when determining its stability. It is
important to acknowledge that the mechanisms described above represent general trig-
gers for debris flows on steep slopes; however, it’s worth noting that factors such as
climate, topography, and lithology can play a substantial role in dictating the precise

locations where debris flow initiation occurs (Brayshaw and Hassan, 2009).

2.2.2 Transportation

2.2.2.1 Surge front architecture

Debris flows, once initiated, exhibit distinctive transport patterns, often involving a se-
ries of surges. These surges represent episodic movements, with the initial surge being
the most substantial, followed by subsequent smaller ones (Iverson, 1997; McCoy et
al., 2010). The transported material spans a wide range of sizes, from fine sediments,
such as silts and clays, to larger boulders and organic elements like timber (Turnbull
et al., 2015). Although surges can develop in more uniform flows, where the granular
phase primarily comprises fine particles, as in Takahashi’s (2007) definition of turbulent
mud flows, our focus here pertains to the more common scenario of surges transporting
granular material with diverse particle sizes.

Surge waves within debris flows typically exhibit a distinct architecture (Figure 2.3).
The leading portion, the dense, dry granular ‘head’, contains the highest concentration of
coarse materials and achieves the greatest flow depth (Hungr, 2000). This is followed by
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Flow direction
ﬂ

Figure 2.3: Schematic showing the typical distributions of particle size and fluid con-
centration (blue gradient) within a debris flow surge (inspired by Pierson, 1986).

a progressively more fluidised and shallower ‘tail’. While Takahashi (1981) attributed
this phenomenon to Bagnold’s (1954) theory of dispersive pressure, other studies have
reproduced this behaviour through the concepts of kinetic sieving and squeeze expulsion
(e.g. Johnson et al., 2012; Savage and Lun, 1988; Vallance et al., 2000). In mixtures of
polydispersed grains subjected to shear forces, smaller grains tend to settle into spaces
created by the movement of larger grains, leading to a downward migration. This pro-
cess results in a size-dependent inverse grading throughout the flow depth, as larger
particles are pushed towards the flow’s surface due to constrictions in the flow-parallel
direction. As the flow’s velocity at the free surface is larger than the average velocity
of the flow, the larger particles are able to migrate to the head of the flow. The presence
of larger pore spaces between the boulders at the head of the flow enables easy fluid
drainage, causing the head to become dry and its behaviour to be dominated by granular

friction (Iverson, 1997).

2.2.2.2 Heterogeneous pore pressure distributions

The architecture of debris flows, as observed through field observations (e.g. Berti et
al., 1999) and large-scale experiments (e.g. Major and Iverson, 1999), highlights the
spatial and temporal variability in particle concentration. This variability is compounded
by the broad spectrum of particle sizes present in field-scale flows, leading to varying
porosities within the granular material across both space and time (Iverson et al., 2010b).
Consequently, the distribution of pore fluid and, therefore, pore pressure within the flow
becomes heterogeneous and strongly coupled to local flow dynamics.

A key mechanism shaping debris flow behaviour involves the generation of excess

pore pressure, defined as the deviation of pore pressure from the expected hydrostatic
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pressure for a given location and time within the flow (Kaitna et al., 2016). Shear zones
within the flow trigger relative movements among particles, leading to either the dilation
(increased inter-grain spacing) or contraction (decreased spacing) of the pore space.
These shear-induced movements yield local pore pressure gradients, causing interstitial
fluid to be expelled or drawn into the spaces opened or closed by the shear motion, thus
altering the basal fluid pressure at that specific location (Iverson et al., 2000).

The continuous interplay of dilations and contractions, particularly in the more lig-
uefied regions of debris flows, can sustain positive excess pore pressures over extended
periods. Large-scale flume tests (e.g. Major and Iverson, 1999) and field observations
(e.g. McArdell et al., 2007) have demonstrated that this time scale can vary from hours
to days, spanning from flow initiation to post-depositional consolidation. This pro-
longed high pore-pressure retention significantly contributes to the enhanced mobility
of granular-fluid flows compared to dry granular flows. Elevated basal pore pressures
lead to reduced friction between the flow body and its basal boundary by decreasing
basal normal stress (Huggel et al., 2005), effectively lubricating the bulk flow’s motion.

An in-depth laboratory investigation by Kaitna et al. (2016), involving rotating drum
experiments, uncovered a further layer of complexity within the pore-pressure feedback
loop. These findings corroborated Iverson’s (2015) research and highlighted that the
grain size distribution of the solid-phase granular material substantially influences the
flow’s capacity to maintain elevated pore pressures. The rate at which coarser material
from the flow’s front is overridden and recirculated into the bulk dictates the speed
of pore space contraction within the liquefied flow regions, thus affecting the rate of
pore pressure reduction. By increasing the proportion of finer material that remains
suspended within the flow, effectively increasing the density of the interstitial fluid,
the settling of coarser particles is curtailed, prolonging their suspension within the flow
and restraining pore pressure dissipation. The grain size distribution, specifically the
inclusion of a high percentage of fine granular material, has also been found to play a
significant role in material erosion, entrainment and deposition processes (e.g. de Haas
et al., 2015; Roelofs et al., 2022).

2.2.3 Deposition

Within the transportation zone, it has been observed that material carried by the flow can
be deposited through the development of lateral levees (Iverson, 2014; Johnson et al.,

2012). However, the deceleration and cessation of motion of the bulk flow primarily re-
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sults from the distinct changes in topography between the transportation and deposition
zones. Specifically, the diminishing slope angle and the topography no longer providing
the necessary lateral confinement essential for the containment of the flow (Delannay
et al., 2017; Garcia-Martinez and Lopez, 2005). Consequently, this lack of confinement
allows the flow to disperse laterally and diminish in height, eventually reaching a critical
threshold that curtails its sustained momentum.

In the context of hazard assessment and risk mitigation, understanding the final
runout distance of the flow and the geometry of the primary deposition area, commonly
known as the alluvial fan, is of utmost importance. To this end, it is common to utilise
geometric, volumetric and material data from previous mass movement events to cal-
ibrate empirical scaling relations that are capable of predicting these significant flow
characteristics (Rickenmann, 1999). However, it is important to recognise the suscepti-
bility of these techniques to uncertainties stemming from the approximation of material
properties (see Section 2.3.1), the volume of flowing material, and the meteorological
conditions during the event.

Analysis of the stages of debris flow motion highlights the complex interplay of spa-
tial and temporal dynamics, revealing the heterogeneous nature of debris flow behaviour.
Local flow characteristics are profoundly influenced by the specific composition of the
flow in a given region. Moreover, this analysis highlights the multi-scale nature of
the mechanisms governing debris flow dynamics, operating across multiple length and
time scales. Hence, while classification schemes based on flow mechanics (discussed
in Section 2.1) offer valuable insights, their limitations become evident in the context of
temporal and spatial variations. Classifications that hold true for certain locations within
the flow at specific moments might not remain applicable to all points throughout the
entire duration of the mass movement event. This intricate variability highlights the
need for a comprehensive understanding of the underlying processes that dictate debris

flow behaviour. Most pertinently, the interaction between the granular and fluid phases.

2.3 Field measurements and physical modelling

2.3.1 Field measurements and large-scale testing

The most intuitive approach to understand debris flow mechanics is through the observa-
tion of naturally triggered events (McArdell, 2016). Field measurements obtained from

such events play a pivotal role in the validation of research conducted at smaller scales
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Main monitoring
locations

Figure 2.4: Oblique view of the Illgraben catchment as well as the location of the main
monitoring locations within the active catchment and along the main flown channel
(image taken from Google Earth).

(as elaborated in Section 2.3.3) and provide valuable data for empirical and statistical
studies, especially concerning flow runout and volume estimation (Rickenmann, 1999).
However, acquiring field measurements from naturally occurring debris flows presents

significant challenges. Two primary factors hinder this process:

1. Unpredictable initiation: Debris flows are typically triggered by short, heavy
downpours, making the initiation of these events unpredictable.

2. Safety concerns: The inherent danger posed by debris flows limits researchers’

ability to approach and gather data during these events.

To address these challenges, researchers often deploy unmanned measurement equip-
ment within catchment areas before an event occurs. Therefore, the choice of catchment
is critical, as it should provide recordable mass movement events at a sufficiently high
frequency.

One notable catchment that has been extensively studied is the Illgraben catchment
in South-west Switzerland (Figure 2.4). Since the opening of the observation station in
2000, this catchment has recorded 75 individual debris flow events (accurate as 0of 2019)
(Hirschberg et al., 2019). In addition to monitoring rainfall within the catchment using
a network of rain gauges, various monitoring locations within the active catchment and

along the basin’s channel are equipped with instruments to measure essential parameters
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such as flow depth, flow velocity, basal normal and tangential forces (e.g. McArdell et
al., 2007), flow erosion and deposition (Berger et al., 2011; de Haas et al., 2023), and
other variations in flow and bed geometry (e.g. Spielmann et al., 2023).

Despite the valuable insights provided by monitored research catchments like IlI-
graben, they are not without limitations. A significant constraint is that information ob-
tained from naturally occurring debris flows is often constrained by the lack of data on
initial and boundary conditions of the mass movement (Iverson et al., 2010b). Further-
more, material parameters derived from the final flow morphology are typically poorly
constrained. Thus, interpreting the data recorded from such events is typically a two
stage processes, requiring assumptions to be made about the flow’s composition before
its behaviour can be understood. This is often done by back-calculating the dynamics
of an event using a numerical tool where material and boundary input parameters are

systematically varied to reproduce the observed flow outcomes (see Section 2.4).

Figure 2.5: Photograph of the USGS debris flow flume during a test (photograph taken
from George and Iverson, 2014).

To address the limitations of field measurements, researchers often conduct dynam-
ically similar studies at large-scale flume testing facilities. Such facilities, like those
at the US Geological Survey (USGS) in the USA (95 meters long and 2 meters wide)
(e.g. Iverson et al., 2010b; Johnson et al., 2012) or the Kadoorie Center in Hong Kong
(28 meters long and 2 meters wide) (Lam et al., 2022; Lam and Wong, 2021), offer
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the opportunity to study various aspects of debris flow behaviour and their interaction
with potential mitigation structures. However, it’s important to note that these facili-
ties are limited in number due to the substantial financial backing and space required
for their construction. Furthermore, the preparation of a single test in these facilities is
time-consuming, making the acquisition of repeatable results for verification relatively

uncommon.

2.3.2 Laboratory-scale experimental configurations

In contrast to large-scale testing, laboratory experiments offer a distinct advantage in
the study of granular-fluid flows. This advantage lies in the ability to exert precise con-
trol over all parameters governing the flow and the boundary conditions throughout the
duration of the mass movement. This level of control offers the invaluable benefit of
generating highly repeatable datasets (Iverson, 2003). Such experiments play a pivotal
role not only in the calibration and validation of numerical models used for predicting
granular-fluid flow behaviour (e.g. Berzi and Jenkins, 2008; Ceccato et al., 2020; Meng
et al., 2022) (see Section 2.4 for further details), but also in advancing our comprehen-
sion of intricate flow characteristics.

Laboratory experiments serve as a means to distil specific aspects of natural debris
flow behaviour into simplified physical models. This abstraction facilitates parametric
studies aimed at understanding the influence of various parameters on the mechanisms
under investigation (MiD1i, 2004). The ability to isolate and manipulate these parameters
enables researchers to gain insight into the nuanced controls governing granular-fluid
flows.

Forterre and Pouliquen (2008) categorised most steady-state experimental configu-
rations used to investigate particle-laden flow behaviour into six general configurations
(Figure 2.6). While their focus was on dry granular material, these configurations are
also applicable to granular flows containing an interstitial fluid. In all six cases, either
volume- or pressure-controlled conditions are imposed to simplify the stress-state of the
test material.

The first three experimental configurations, the plane shear (Figure 2.6a), the annular
shear (Figure 2.6b), and the vertical silo (Figure 2.6¢), analyse the response of the gran-
ular material to an imposed shear stress (e.g. Contreras and Davies, 2000; Coussot et al.,
1998; Iverson et al., 2010a; Major and Pierson, 1992). The plane and annular shear ex-

periments work by shearing the granular material between two surfaces, one static and
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Figure 2.6: Typical experimental configurations for the study of steady dense granular
flows (taken from Forterre and Pouliquen, 2008). (a) plane shear, (b) annular shear,
(¢) vertical silo, (d) inclined plane, (e) heap flow, and (f) rotating drum. Black arrows
indicate the forces applied to the system while red arrows highlight the typical shape of
the subsequent flow’s velocity profile.

one driving the material’s deformation, in order to assess variations in the material’s
behaviour under different loading and shearing conditions. Similar assessments of ma-
terial properties from in-situ samples are also performed using triaxial shear test config-
urations (e.g. Gabet and Mudd, 2006; Hu et al., 2016). The vertical silo configuration
(Figure 2.6¢) is primarily relevant to granular flow in industrial processes, investigating
how the dynamics of the collapsing material are controlled by the geometry of the open-
ing through which the material exits and the mass of the material contained within the
structure (e.g. Dorbolo et al., 2013; Orpe and Kudrolli, 2007; Pacheco-Martinez et al.,
2008).

The remaining three configurations are primarily used to analyse the dynamics

of flowing mass movements demonstrating steady flow characteristics. The heap
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flow configuration (Figure 2.6¢), is used to study the temporal release and evolution
of avalanches arising from the accumulation of granular material (Fan et al., 2017,
Lemieux and Durian, 2000). The rotating drum configuration (Figure 2.6f) allows re-
searchers to investigate the kinematics of granular flows under steady-state conditions,
where the forces driving (predominantly gravity) and retarding (i.e. basal friction)
the flow are approximately equal. Such investigations are useful for understanding
flow mechanisms that contribute to flow dynamics over prolonged timescales, such as
segregation (e.g. Gray, 2001; Kaitna et al., 2016; Turnbull, 2011).

Finally, the inclined plane configuration (Figure 2.6d) is of particular relevance to de-
bris flow research. Much like the large-scale testing facilities discussed in Section 2.3.1,
it involves allowing a predetermined quantity of granular material to freely move down
an inclined slope where parameters like the roughness of the bed and the lateral con-
finement of the flow can be adjusted. This configuration can be adapted to investigate
unsteady granular motion which, as discussed in Section 2.2, is the behaviour observed
over the duration of a natural mass movement. Flow dynamics can then be tracked and
analysed throughout the flow’s duration. The specific configuration pertinent to the cur-
rent research, the dam-break over a horizontal plane (e.g. Lajeunesse et al., 2004; Lube
et al., 2004; Trepanier and Franklin, 2010; Warnett et al., 2014), will be described in
Chapter 3.

2.3.3 Scaling

In order to draw meaningful comparisons between laboratory-scale experiments and
large-scale events, it is imperative to consider appropriate scaling laws, as emphasized
by previous research (e.g. Heller, 2011; Iverson and Denlinger, 2001). As stated by
Heller (2011), an experimental model can only achieve complete mechanical similarity

to a natural (i.e. prototype) event by meeting the following criteria:

1. Geometric similarity: ensuring that the physical dimensions of the model’s ge-
ometry are proportional to those of the prototype event. For the analysis of free-
surface flows, parameters such as channel width, length, and angle of inclination

assume significance.

2. Kinematic similarity: In addition to achieving geometric similarity, kinematic
similarity demands that the model faithfully replicates the patterns of motion ob-

served in the prototype flow. This involves maintaining consistent ratios of time,

18



Chapter 2: Debris flows: From natural phenomena to laboratory and numerical
representations

velocity, acceleration, and discharge (particularly relevant for fluid phenomena)

between the model and the prototype (Heller, 2011).

3. Dynamic similarity: In addition to the previous two conditions, dynamic similar-
ity necessitates that the force ratios (see Section 2.1 for examples) in the prototype

are identically reproduced in the model.

Failure to meet all three criteria results in experimental flows that exhibit scale ef-
fects. Achieving complete mechanical similarity with a laboratory model is typically
not possible. As such, experimentalists try to achieve partial similarity but the selected
scaling laws are dependent on the processes being investigated. For example, to miti-
gate the influence of scale effects on flow dynamics, some experimental studies, often
conducted using typical flume or chute configurations, employ Froude similarity scaling
(e.g. Choietal., 2015; Kesseler et al., 2018; Scheidl et al., 2013). Froude scaling aims to
match the ratio of inertial and gravitational forces within both the model and prototype
flows (Heller, 2011). While valuable, Froude scaling has limitations when applied to
modelling debris flows, primarily due to the inherent complexity of such flows.

Small-scale models frequently struggle to achieve dynamic similarity with their pro-
totype flows, primarily due to the scale-dependence of certain forces contributing to
flow dynamics. Notably, laboratory-scale debris flows tend to overemphasise the con-
tributions of fluid viscosity and particle collisions to bulk shear resistance while under-
representing the effects of pore pressure diffusion, as compared to their influence on
natural flows (Cabrera and Wu, 2017; Iverson, 2015). Furthermore, the simplification
of natural flows’ often well-graded grain size distribution to a monodispersed mixture in
small-scale experiments can overlook vital mechanisms that affect flow behaviour over
smaller length and time scales (Sanvitale and Bowman, 2017). Conversely, including
smaller particle sizes in small-scale experiments with a fluid phase can lead to an over-
statement of surface tension effects relative to gravitational forces at the macro-flow
scale (Iverson, 2003; Iverson, 2015).

2.3.4 Centrifuge testing

As discussed previously, gravity plays a pivotal role in governing the behaviour of gran-
ular flows, serving as the primary driving force. To attain dynamic similarity between
an experimental model and a prototype flow, one potential approach is to manipulate
the acceleration field applied to the model. This can be accomplished through the utili-

sation of a geotechnical centrifuge (Taylor, 1995). By rotating a laboratory-scale model
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at a given angular velocity at the end of a centrifuge arm, a centripetal acceleration is
imposed on the model. When this centripetal acceleration exceeds Earth’s gravity by a
scaling factor [V, it augments the self-weight of the material within the model, thereby
enabling precise control over the gravitational effects in the model (Cabrera and Wu,
2017). By adopting principles of geometric similarity and constructing an experimental
model scaled down by a factor of NV compared to the prototype scenario, it is possible
to derive valuable scaling laws that establish relationships between parameters in the
model and those in the prototype (refer to Table 2.1).

Table 2.1: Centrifuge model scaling relationships most relevant to granular mass flows
(Garnier et al., 2007).

Scaling factor
Parameter &

(model /prototype)

Pressure, stress 1
Strain 1
Density 1
Length 1/N
Gravity N
Time (inertial) 1/N
Force 1/N?
Velocity® 1
Frequency N
Kinetic energy (free-fall) N3
Acceleration N
Stiffness 1/N

Centrifuge modelling is a well-established technique in the field of Civil Engineering,
widely employed to investigate various geotechnical problems, including the behaviour
of soils under different levels of saturation (e.g. Caicedo and Thorel, 2014; Mirshekari
and Ghayoomi, 2017), static and dynamic soil-structure interactions (e.g. Marshall et
al., 2012; Stewart and McCartney, 2014), and issues related to soil stability and im-
provement (e.g. Liu et al., 2023; Zhang et al., 2001a). As evidence of its significance,
over 100 such facilities have been established worldwide. A selection of these facilities
are shown in Figure 2.7, delineating their maximum allowable acceleration and model
payload capacities. The centrifuge facility at the University of Nottingham lies in the
middle of the distribution, with the capacity to spin a 335 kg payload at a centripetal
acceleration equivalent to 150g.

Recently, centrifuge modelling has found applications in the study of geophysical
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Figure 2.7: Maximum allowable acceleration against the allowable model payload for
a selection of centrifuge facilities around the world. The allowable testing range of
the University of Nottingham’s geotechnical beam centrifuge is confined by the green
dashed line (adapted from Idinger, 2016 and Cabrera, 2016).

flow behaviour. This application primarily centres on the exploration of pressure-
dependent mechanisms that influence flow behaviour. Initial studies focused on scaling
the flow kinematics of simple dry granular flow configurations (e.g. Brucks et al., 2007,
Vallejo et al., 2006). More recent fundamental research has delved into specific aspects
of geophysical flow behaviour, such as bed erosion and entrainment (Bowman et al.,
2010) and particle breakage (Bowman and Take, 2015; Bowman et al., 2012). Addi-
tionally, the examination of flow-structure interaction has gained prominence (e.g. Ng
et al., 2018; Song et al., 2019), given its direct relevance to disaster mitigation.

While centrifuge modelling has proved invaluable in advancing our understanding of
geophysical flows, several areas still require further investigation and improvement. A
critical challenge, similar to the one faced by laboratory-scale experiments, pertains to
accurately scaling flows to replicate natural observations. While matching the Froude
number and elevating the g-level can achieve similarity in macro-scale flow character-
istics, particle size and size distributions remain influential regulators of flow dynamics
(Cuietal., 2018; Jiang et al., 2015). Consequently, some researchers have proposed the
need to scale particle size when designing centrifuge experiments (Song, 2016; Turnbull

et al., 2015). Moreover, the study of grain-fluid interactions within saturated flows un-
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der elevated gravitational fields represents a relatively unexplored area (Cabrera et al.,
2018; Song et al., 2019). This stems from the complex nature of pore fluid lubrication
and drag mechanisms, which operate across a multitude of scales (Huang and Zhang,
2022). The effects of centrifuge configuration on debris flow experiments are discussed
in Chapters 3, 5 and 6.

2.4 Numerical modelling

In the context of geophysical flow research, laboratory-scale physical experiments serve
as invaluable tools for isolating and exploring the fundamental mechanisms governing
flow behaviour. However, the insights derived from these experiments remain con-
strained in their utility unless we can establish meaningful connections to geophysical-
scale flows. Consequently, it becomes imperative to express these physical mechanisms
in mathematical terms and construct numerical models capable of capturing the dynamic
evolution of flow states over time. These numerical models not only serve a pivotal
role in predicting geophysical flow behaviour but, once calibrated and validated, extend
their utility to the exploration of parameter spaces that are challenging to access through
physical experimentation (Cabrera et al., 2020).

Within the domain of granular-laden flow prediction, two main categories of models
have gained prominence: the continuum approach and the continuum-discrete approach.
The following section provides an overview of these two approaches, highlighting their

respective strengths and limitations.

2.4.1 The continuum approach using shallow-water equations

2.4.1.1 Dry granular flows

The continuum approach is used throughout the field of fluid mechanics (Batra, 2006).
It works on the assumption that local flow properties, such as density, granular tem-
perature, and velocity, change gradually and continuously throughout the flow. Conse-
quently, we can treat the constituents of the flow, such as grains, as part of a continuous
medium.

Notably, Savage and Hutter (1989) built upon the pioneering work of Savage (Sav-
age, 1984, 1979), developing what is now regarded as the foundational framework for
modelling dry granular flows within this continuum approach. Using differential equa-

tions to describe mass and momentum conservation of the system, their model describes
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the motion of a finite mass of granular material down an inclined plane, mirroring the
classic shallow-water equations but in a granular context (Vreugdenhil, 1994). Like
these other models, Savage and Hutter’s (1989) formulation assumes a shallow-flow
condition, where the flow depth is considerably smaller than the flow’s length, and the
flow’s velocity profile is known and remains uniform throughout the flow (Pudasaini
and Hutter, 2007). To account for granular basal frictional resistance, they employ the
Mohr-Coulomb friction criterion (Labuz and Zang, 2012), wherein frictional resistance
is directly proportional to the applied normal pressure with a constant friction coeffi-
cient.

Subsequent models have expanded upon Savage and Hutter’s (1989) foundation to
accommodate more intricate bed geometries (e.g. Gray et al., 1999; Greve and Hutter,
1993; Hutter and Koch, 1991; Pudasaini and Hutter, 2003) and the lateral spreading of
the flow (e.g. Greve et al., 1994; Hutter et al., 1993), thereby capturing a wider range of

granular flow dynamics.

2.4.1.2 Single phase debris flow models

For continuum models to be utilised in predicting the dynamics of debris flows, it is
essential to incorporate a fluid phase into the framework. The simplest approach is to
treat the granular material and the fluid as a single, combined phase that exhibits a non-
Newtonian constitutive relationship (Delannay et al., 2017). While the specific form of
the non-Newtonian rheology may vary, most models introduce rigid flow behaviour at
low shear strain rates by including a yield stress term (Iverson, 1997). They also incor-
porate a rate-dependent component that augments the viscosity of the yielded material
typically following either a linear (i.e. a Bingham, 1922 fluid), a shear thickening (i.e. a
Bagnold, 1954 fluid) or a shear thinning (i.e. a viscous plastic fluid (Coussot, 2017,
Herschel and Bulkley, 1926)) relationship.

Generally, dilatant shear thickening rheology models prove more adept at replicat-
ing flows with lower particle concentrations since they can account for particle-particle
interactions. Takahashi (1981) proposed a model based on the collisional regime de-
scribed by Bagnold (1954), which successfully reproduced coarser heads and inversely-
graded deposits observed in field-scale debris flows. However, the effectiveness of
this modelling approach heavily relies on access to hard-to-obtain calibration data from
field-scale flows for accurately representing the non-Newtonian flow rheology (Iverson,
2003).

In an effort to mitigate this, many models (e.g. Frank et al., 2017; Graf and McArdell,
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2009; Hussin et al., 2012) have employed the Voellmy fluid rheology, where the
Voellmy-Salm friction relation (Salm, 1993) accounts for the basal friction contri-
butions of the two phases as separate terms. This approach makes these models far
more amenable to calibration based on previous events. Nevertheless, as previously
discussed, many distinct features of debris flow behaviour stem from spatial and tempo-
ral variations in the flow’s composition, which cannot be fully captured when treating

the flow as a single phase.

2.4.1.3 Two-phase debris flow models

More recent studies (e.g. Berzi and Jenkins, 2008; Bouchut et al., 2017; Iverson, 1997;
Iverson and Denlinger, 2001; Iverson and George, 2014; Kowalski and McElwaine,
2013; Meng et al., 2022; Pitman and Le, 2005) have attempted to improve the efficacy
of the continuum approach by treating the grains and the fluid as two separate contin-
uum phases. These methods emanate from the concept of continuum mixture theory
(Morland, 1992) and describe the two phases using phase specific mass and momentum
equations that are coupled through a phase interaction term, typically expressed as a
function of the solid phase volume fraction ¢, at each location within the flow. A de-
tailed discussion on the evolution and development of two-phase shallow water models
is presented in Chapter 5.

Notably, several successful two-phase shallow water models, such as RAMMS (e.g.
Cesca and D’Agostino, 2008; Christen et al., 2010; Frank et al., 2017) and LaharFlow
(e.g. Bautista et al., 2023; Tierz et al., 2017), have emerged as tools for studying
geophysical-scale flow events over complex terrains. These models enable the extrac-
tion of critical flow characteristics, including flow paths, bulk velocities, and pressure
profiles. Consequently, by systematically varying model parameters and calibrating
them against observed natural flows in the region of interest, researchers can utilise
these simulations to develop regional-scale hazard assessments (e.g. Frey et al., 2018;
Schneider et al., 2014). Performing such studies, however, should be approached with
caution due to the complexity of the flow being modelled, juxtaposed with the simplic-
ity of the underlying assumptions in such models. This dynamic can result in numerous
combinations of input parameters yielding nearly identical flow outputs.

However, to conduct simulations at the full geophysical scale, certain simplifying
assumptions are necessary to manage model complexity. Typically, the granular phase
is treated as consisting of a single coarse particle size, with the influence of finer granular

material integrated into the dynamics of the fluid phase through the adoption of a non-
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Newtonian constitutive law, such as the Voellmy-Salm relation discussed earlier. While
these assumptions facilitate modelling, they come with limitations. Specifically, they
make it challenging to incorporate the effects of a wide particle size distribution on flow
dynamics, particularly issues related to flow segregation and the formation of surge
fronts (Hutter et al., 2005). Moreover, the accuracy of these models remains dependent
on calibration data derived from past events, resembling the situation encountered in
single-phase models.

Nonetheless, these limitations are more manageable when modelling smaller-scale
experimental flows, where flow properties can be constrained and accurately deter-
mined. In recent years, notable progress has been made in this direction. For instance,
Meng et al. (2022) successfully replicated the granular surge front architecture observed
in the classic flume experiments conducted by Davies (Davies, 1988, 1990). The real
challenge in this type of modelling lies in developing a framework that is applicable
both at the geophysical and laboratory scales while minimising the impact of simplify-
ing assumptions, particularly those related to the interaction of different grain sizes and
the fluid.

2.4.2 The continuum-discrete approach

2.4.2.1 The Discrete Element Method

With the continuing advancement in computer processing power and the growing avail-
ability of high-performance computing resources, the discretisation of the granular
phase in granular mass movement modelling has gained substantial popularity and fea-
sibility within the academic research community. The Discrete Element Method (DEM)
was first used to model contacting granular bodies by Cundall and Strack (1979) where
every body is described as a Lagrangian point whose degrees of freedom are regulated
by Newton’s equation of motion (Leonardi, 2015).

Due to the refinement and extension of the approach over the years since its concep-
tion, DEM is now used to study granular mass movement problems encountered at both
the geophysical (e.g. Shiu et al., 2023; Zou et al., 2017) and experimental (e.g. Kesseler
et al., 2020; Teufelsbauer et al., 2009; Valentino et al., 2008) scales.

2.4.2.2 Coupling DEM with a fluid phase

In the analysis of granular-fluid flows, researchers have developed coupling strategies

that enable interaction between the granular DEM phase and a fluid solver capable of
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modelling a three-dimensional fluid phase. The choice of fluid solver depends on the
required precision of modelling fluid-particle interactions, with higher precision often
accompanied by increased computational costs (for more details, see Leonardi, 2015).
Instead of analytical modelling (e.g. Herrmann et al., 2007) or using an adaptive fluid
mesh (e.g. Zhong et al., 2016), a commonly accepted compromise in this field involves
utilising a fluid scheme that also models the fluid as a field of Lagrangian points, sim-
plifying the coupling with the DEM solver.

Among the fluid schemes using Lagrangian descriptions, variations in complexity
exist. For example, the Material Point Method (MPM) (Pracht, 1975; Wigckowski,
2004) employs a hybrid Lagrangian-Euler description, which, while beneficial for cap-
turing large deformations, can introduce computational costs and reduce accuracy at
finer length scales. Smoothed-Particle Hydrodynamics (SPH) offers a relatively sim-
plified Lagrangian approach, modelling the fluid as discrete particles with associated
material (density) and kinematic (velocity) properties (Robinson et al., 2014). The
Lattice-Boltzmann Method (LBM) stands out as the third and most widely used ap-
proach, solving the Boltzmann equation over a lattice or grid composed of fluid points
using particle distribution functions (He and Luo, 1997). LBM’s popularity in model-
ing debris flows stems from its ability to handle complex geometries, making it suitable
for flows over natural topographies, and its ease of parallelisation for handling large
particulate systems. Recent publications have conducted detailed comparisons of these
solvers (e.g. Ceccato et al., 2020; Han and Cundall, 2011; Pereira et al., 2012). In this
study, a coupled DEM-LBM model, initially developed by Leonardi et al. (2014), will
be summarised and applied in Chapter 6.

2.4.2.3 Comparing the continuum-discrete approach to other modelling types

In contrast to representing the granular phase as a continuum, the discrete approach of-
fers a distinct advantage by directly accounting for particle-particle interactions. This
capability becomes particularly crucial when addressing scenarios involving flows of
varying grain sizes and examining flow-structure interaction problems, such as the de-
sign of mitigation structures (e.g. Law et al., 2015; Leonardi et al., 2016; Salciarini et al.,
2010). However, these interactions models tend to be derived from simplistic linear or
Hertzian contact models which are not necessarily well-validated for more complex in-
teraction scenarios, like when a pore fluid is present, which are common in geophysical
flows.

Recent research efforts (e.g. Pasqua et al., 2022, 2023) have explored the fusion of
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the two modelling strategies, combining the computational efficiency of depth-averaged
schemes with the added complexity of a fluid-coupled DEM solver. This approach is
especially relevant for modelling large flows over complex topographies with a focus
on the flow’s interaction with structures at realistic velocities. In this progressive mod-
elling approach, depth-averaged schemes initially track the flow from initiation across
the terrain, transitioning into a full three-dimensional representation using DEM-LBM
to more accurately depict the interaction between the flow and mitigation structures.

Coupled DEM models offer several advantages over physical experimental mod-
elling, primarily in conducting large parameter space studies for simple experimental
configurations efficiently (Zhang et al., 2001b). Researchers have complete control over
material parameters for granular and fluid phases, as well as the external force condi-
tions imposed on them. This flexibility is particularly useful for studying the influence
of external accelerations on geotechnical centrifuge experimental configurations (Cabr-
era and Leonardi, 2022), a topic to be discussed further in Chapter 6.

Furthermore, the continuum-discrete modelling approach allows for tracking micro-
scale flow parameters, including inter-particle contact forces, individual particle veloc-
ities, and the evolution of granular force chains (Zhou et al., 2003), which can be chal-
lenging to measure or visualise in physical experiments. This additional information
from continuum-discrete numerical modelling provides micro-mechanical insights into
complex systems, aiding in the understanding of key flow dynamics.

However, accurate replication of real-world phenomena using the continuum-discrete
approach still relies heavily on material parameter calibration. The discrete represen-
tation of granular particles introduces additional complexity, making large-scale flow
dynamics and model stability highly sensitive to granular material parameters, particu-
larly particle stiffness and restitution coefficients (Zhang et al., 2001Db).

Moreover, for computational efficiency, simplifications to the flow description are
necessary. This includes assumptions about the size distribution and shape of granular
particles, as well as limiting the number of simulated particles. Simulating flows with
particles that vary significantly in size or shape can significantly increase runtime and
lead to instabilities in the collision laws governing grain interactions (Thornton, 2015).
While most simulations assume spherical particle shapes for efficiency, recent studies
have explored incorporating particle shape into DEM simulations (e.g. de Bono and
McDowell, 2016; Ji et al., 2020; Tolomeo and McDowell, 2023).

Perhaps most pertinently, the interaction between the granular and fluid phases must

be explicitly described in the model, typically achieved through a Darcy-style drag
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law. However, a consensus on the most appropriate interaction model remains scenario-

dependent and has not yet been universally established (as discussed in Chapter 5).

2.5 Summary

Debris flows, a subset of geophysical mass movements, exhibit complex behaviours that
vary spatially and temporally. Qualitative and quantitative classification systems offer
valuable insights into debris flow dynamics, but they capture only a snapshot in time
and fail to account for the evolving behaviour seen in natural flows. These disparities
are closely linked to local flow composition, specifically the particle size distribution
and the solid volume fraction. To gain a comprehensive understanding of macro-scale
behaviour, it is imperative to comprehend how local variations in composition influence
flow behaviour, particularly the interaction between fluid and granular phases.

While investigating naturally triggered events at a local scale (i.e. specified locations
of interest) seems intuitive, challenges related to obtaining suitable research catchments
and deriving flow material parameters have led to the development of controlled re-
search environments. Large-scale experimental facilities offer control over flow states
but are limited by substantial financial constraints. In contrast, small-scale experimen-
tal setups enable cost-effective and precise testing. As such, the dam-break scenario has
emerged as a particularly valuable configuration for studying flow dynamics.

Nevertheless, laboratory-scale experiments often struggle to replicate the intricate
force balances observed at the geophysical scale. The transition between fluid and
granular phase interactions across scales remains poorly understood. Geotechnical cen-
trifuge modelling has recently emerged as a possible technique to approximate geophys-
ical force balances in laboratory models by augmenting the applied gravitational field. It
also offers a means to conduct parameter space analyses of granular-fluid flow dynamics
as scales shift between the laboratory and geophysical realms.

In recent years, numerical models have emerged as powerful tools for predicting
geophysical flow behaviour and exploring localised flow dynamics. Two-phase shallow
water models and continuum-discrete approaches have gained prominence, each with
complementary strengths and weaknesses. However, both modelling strategies suffer
from a lack of consensus regarding the most appropriate method for modelling fluid-
granular phase interactions. Achieving such a consensus is crucial for enhancing the

effectiveness of these numerical models.
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Chapter 3

Inertial effects in just-saturated

axisymmetric column collapses

Abstract

*This work introduces a scaling analysis of sub-aerial axisymmetric column collapses of
glass beads and Newtonian glycerol-water solutions mimicking some of the behaviours
of debris flows. The beads were in a size range where their inertia partly decouples their
collapse behaviour from the water column. Experiments explored a range of viscous,
surface tension and particle inertia effects through systematic variation of particle size
and fluid viscosity. Crucially a geotechnical centrifuge was used to access elevated ef-
fective gravitational accelerations driving the collapse, allowing field-scale viscous and
surface tension effects to be replicated. Temporal pore pressure and runout front posi-
tion evolution data was extracted using a pressure transducer and high speed imaging,
respectively. A least-squares fitted scale analysis demonstrated that all characteristic di-
mensionless quantities of the acceleration phase could be described as a function of the
column-scale Bond number Bo, the Capillary number Ca, the system size r*, and the
grain-fluid density ratio p*. This analysis demonstrated that collapses as characterised
by pore pressure evolution and front positions were controlled by the ratio of Bo/Ca.
This indicates that grain-scale surface tension effects are negligible in such inertial col-
umn collapses where they may dominate laboratory-scale granular-fluid flow behaviour

where geometric similarity between grain and system size is preserved.

3.1 Introduction

Debris flows are a subset of gravity-driven slope hazards comprising a mixture of grains
(rocks, soils) and water. The high fluid volume fraction and elevated relative density of

the grains results in the forces developed in both phases significantly contributing to the

*Webb, W., Heron, C., and Turnbull, B. (2023b). Inertial effects in just-saturated axisymmetric col-
umn collapses. Granular Matter. 25(2):40.
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dynamics of the mass movement (Iverson, 1997). The granular phase may also comprise
a wide range of particle sizes (Kesseler et al., 2018), leading to complexity at both the
grain- and macro-flow scales. With debris flows representing a significant geophysical
hazard across the world (Forterre and Pouliquen, 2008), gaining an understanding of
the roles of these different components in controlling outcomes may help to effectively
model and mitigate their destructive potential.

Information from naturally occurring debris flows is typically limited by the fact that
initial and boundary conditions of the mass movement are generally unknown and mate-
rial parameters obtained from the final flow morphology are poorly constrained (Iverson
et al., 2010b). In contrast, laboratory experiments offer a way to control all character-
istics of the flow and contacting boundaries for the duration of the mass movement.
Hence, data resulting from laboratory-scale flow experiments is repeatable and can be
used to understand the influence of individual parameters on the flow’s behaviour.

One experimental configuration that has received significant attention, because it
replicates the unsteady nature of many geophysical flows, is the collapse of a granular
step (Lube et al., 2004). Generally performed on a granular column with an axisymmet-
ric (Lajeunesse et al., 2004; Lube et al., 2004) or quasi-two-dimensional (Lajeunesse et
al., 2005) geometry, the column is suddenly released from its initial configuration and
collapses until it reaches a stationary final deposit. While dry (Lajeunesse et al., 2004,
2005; Lube et al., 2004; Warnett et al., 2014), fully-submerged (Bougouin and Lacaze,
2018) and wetted (Artoni et al., 2013) granular material have all been used, fewer stud-
ies have investigated a situation more reminiscent of debris flows where the column is
filled with fluid to a comparable depth to that of the granular material, which we term
fully saturated.

The high travel speeds of full scale debris flows mean that even small particles ex-
hibit inertial behaviour where the interaction between grain and fluid can be complex
(Kesseler et al., 2018). Dimensional analysis of a simple granular-fluid system suggests
that the effects of surface tension are small compared to gravitational forces and fluid
viscosity at the macro-scale of geophysical flows (Iverson, 2015). However, it has been
found that the flow regime of a collapsing fluid-saturated granular column is primar-
ily determined by the degree of capillary effects between the granular phase and the
interstitial fluid due to surface tension (Bougouin et al., 2019).

However, as implied by the laboratory experiments, surface tension undoubtedly con-
tributes to granular-scale flow mechanics, particularly at the flow’s surface, and it re-

mains possible that these processes can control mechanisms such as the build-up and
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reduction of pore fluid pressure through capillary forces affecting macro-scale flow out-
comes (Rondon et al., 2011). Several studies (e.g. Kaitna et al., 2016; McArdell et al.,
2007) have shown that the inclusion of high concentrations of fine granular material,
like clays and silts, enhance the development of excess pore pressures which reduces the
frictional resistance exerted on the bulk flow by the terrain bed. Coupled with the small
number of physical studies investigating this phenomenon, the fact that recent numerical
models (e.g. Bouchut et al., 2017; Iverson and George, 2014; Kowalski and McElwaine,
2013) have not reached a consensus on the most appropriate way to tractably model the
mechanisms driving spatio-temporal variations in the grain size distribution suggests
that we do not comprehensively understand the mechanisms at play or how their influ-
ence scales. Given the comparative micro-scale over which the interactions between the
granular fines and the interstitial fluid occur, provided that a sufficient concentration of
granular fines is present in the flow, it seems reasonable to suggest that surface tension
may play arole in the development of these excess pore pressures and, hence, influence
the macro-scale behaviour of the flow.

One way to try and replicate the stress-dependent processes present in natural scale
flows within a laboratory model is to utilise a physical modelling method commonly
used in the field of Geotechnical Engineering called centrifuge modelling. By spin-
ning a laboratory-scale model on an arm, the centripetal acceleration from the rotation
becomes an effective gravitational acceleration. Thus, the effects of gravity on large
‘prototype’ structures can be replicated at a small physical scale through enhancing the
effective gravitational acceleration (Taylor, 1995). The laboratory model is submitted to
the required gravitational acceleration in order to replicate the stress profile within the
modelled prototype scenario. The stress-similarity is achieved by attaching the model to
the end of a centrifuge beam and submitting it to an elevated gravitational acceleration
G which is N times larger than Earth’s gravity g (Milne et al., 2012).

In the past two decades, there have been a number of significant works where cen-
trifuge modelling has been used to physically investigate the scaling of the kinematic
processes driving granular flows (e.g. Bowman et al., 2012; Brucks et al., 2007; Vallejo
et al., 2006). More recently, the focus has shifted to the design of granular flow miti-
gation structures and the impact forces developed by the flow-structure collision (e.g.
Ng et al., 2018; Zhang and Huang, 2022). However, the added complexity of a fluid
phase has meant that the use of centrifuge modelling to study debris flows, to date, has
been quite limited mainly focusing on debris flow initiation (Milne et al., 2012) and

propagation (Bowman et al., 2010).
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The current study aims to provide a platform to investigate the role of micro-scale
surface tension effects on macro-scale debris flow behaviour by first characterising the
collapse response of grain-fluid mixtures with inertial grains by performing axisymmet-
ric fluid-saturated granular column collapse tests using a geotechnical centrifuge. The
use of the centrifuge allows a parameter space of particle size, surface tension and fluid
viscosity to be explored in regimes where the grains are inertial and surface tension

effects should have little influence on macro-scale flow outcomes.

3.2 Dimensional analysis

The initial geometry of an axisymmetric, fluid saturated, granular column collapse (Fig-
ure 3.1), can be described by two parameters; the initial height of the shared free-surface
of the granular-fluid mixture A, and the radius of the column prior to collapse initiation
ro. Assuming that the granular phase is comprised of identical spherical particles situ-
ated in a homogeneous packing, the granular phase of the column can be characterised
by the particle diameter d,, the particle density p,, and the mean solid volume fraction
of the column ¢,. Similarly, a Newtonian fluid phase can be characterised by the fluid
density py, the fluid dynamic viscosity 7, and the fluid surface tension o ;. While the
initial system is fully saturated, as the collapse progresses, it is possible to obtain flow
regions where the depth of the fluid phase is different to that of the granular phase. This
can lead to the degree of saturation, the porosity of the granular media, and the surface
tension of the fluid phase to significantly influence collapse dynamics.

The current analysis is interested in analysing the evolution of the phase front ve-

locities u,,, where subscript v can refer to the fluid f or particle p phases, and the basal
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Figure 3.1: Schematic of the initial configuration of a just saturated granular column
collapse.
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fluid pressure gradient at the centre of the column P with time ¢ throughout the duration
of the column collapse. A promising place to start to understand this complex system
is by utilising Buckingham’s II theorem (Buckingham, 1914) to systematically identify
dimensionless variables, termed II groups, that provide a homogeneous solution to the
physical relationships between key geometric and material parameters, and measured
test data. Assuming a constant of gravitational acceleration G = Ng, where N is a
constant and ¢ is Earth’s constant of gravitational acceleration, it is hypothesised that a

relationship between u,, and the other defined variables can be postulated as

Uy = f1<h07r07dpappapfat7 Panﬂ?fa G7 ¢p)7 (31)

where f; is an unknown function. The primary difference between Equation (3.1) and
other relationships used in previous analyses to describe simplified debris flow motion
(e.g. Iverson, 1997, 2015), is the inclusion of fluid surface tension as a parameter. In
contrast to previous analyses, we include fluid surface tension here as a controlling pa-
rameter to understand how, in a regime where particle inertia can dilate the granular
phase, micro-scale interactions in the pore space may influence macro-scale outcomes.

Temporarily excluding ¢, as it is a dimensionless quantity, the other 11 variables
within Equation (3.1) are derived from combinations of three fundamental physical di-
mensions: mass, length, and time. Hence, Buckingham’s II theorem dictates that the
variables can be connected by 11 — 3 = 8 independent dimensionless II groups. Fol-
lowing a previously described mathematical process (Iverson, 2015), and using d,, p¢

and G as our initial reference parameters, Equation (3.1) can be rewritten as
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where f5 is an unknown function, L is a characteristic length scale and p is the effective
density of the granular-fluid column calculated as p = ¢,p, + (1 — ¢,)ps. The char-
acteristic length scale L has been intentionally left arbitrary allowing us to explore this
dimensionless space over both the column and grain scales (see Section 3.6).

The left-hand side of Equation (3.2) takes the form of a phase Froude number uj
where again, the subscript v refers to the phase of interest and subscript L refers to

the characteristic length scale. uj ; compares the influence of inertial and gravitational
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forces at the phase flow front over the length scale of interest. The right-hand side
is comprised of eight dimensionless groups that are used to determine u; ;. The first
parameter is the column aspect ratio ay which has been shown to be the dominant pa-
rameter in the scale analysis of dry granular column collapses. The second parameter
was defined as the system size (Warnett et al., 2014) r* and was shown to have some
influence on the evolution of the dry collapse case. The third parameter is the relative
granular-fluid density ratio accounting for acceleration-scale buoyancy p*. When N =
1, p* reduces to the simple mass ratio found in traditional fluid-granular flow scale anal-
yses (e.g. Iverson, 1997). Whereas, when N > 1, the enhanced gravitational field acts
on the difference in densities, normalised as a reference density, as a buoyancy. The
fourth parameter, ¢7, is the ratio between ¢ and a characteristic inertial timescale \/L/—G
where, again, L refers to the characteristic length scale of interest. The fifth parame-
ter, P*, is the ratio between P and the equivalent hydrostatic pressure gradient down
the initial height of the column. The sixth parameter is the column Bond number Bo
and is defined as the ratio between the inertial forces at the column scale that drive the
collapse of the column and the capillary forces at the grain scale induced by deforma-
tion of the fluid-air interface. Its influence over the collapse regime of a fluid-saturated
granular material under Earth’s gravitational acceleration has already been highlighted
(Bougouin et al., 2019). The seventh parameter is known as the Capillary number Ca
and relates the viscous forces within the fluid at the column scale to surface tension ef-
fects at the grain scale. The final parameter is ¢, which remains unchanged since it is
already dimensionless. The inclusion of both Bo and Ca as II groups of interest is cru-
cial for ensuring that macro-scale inertial and viscous forces are scaled appropriately in
relation to grain-scale surface tension effects in order to obtain a granular phase whose
behaviour is primarily governed by particle inertia. Here, we use centrifuge modelling to
extend the accessible model parameter space for a simple axisymmetric, fluid-saturated,
column collapse configuration. Hence, we are able to perform a multi-scale analysis of
the problem by varying G rather than adapting the physical size of the experimental
configuration.

It is important to note that the solution to Equation (3.2) is not unique. The resulting 11
groups could have been recast into alternative forms. In particular, Ca could be replaced
by other previously studied dimensionless quantities like the Stokes St (characteristic
particle timescale against characteristic fluid timescale) or Reynolds Re (inertial forces
against viscous forces in the fluid) numbers. Ca was determined as the most useful

parameter out of this group given that the influence of surface tension has been shown
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to vary with scale (Iverson, 2015).

Crucially, four of the dimensionless groups within Equation (3.2) contain N or GG
suggesting that the behaviour of the analysed system is highly scale dependent. Hence,
to sufficiently determine the contributions of these dimensionless groups to collapse be-
haviour, a multi-scale analysis would be required. Given that the size of an experimental
configuration is often limited in a laboratory setting, this type of analysis is unworkable

with most laboratory-scale granular-flow test configurations.

3.3 Model apparatus

Experiments were conducted using the University of Nottingham’s GT50/1.7 geotech-
nical beam centrifuge. The centrifuge has a platform radius of 2 m and is attached to a
swinging platform capable of supporting a payload size of up to 0.9 m high, 0.6 m cir-
cumferential and 0.8 m wide (Ellis et al., 2006). The machine is capable of applying a
maximum centripetal acceleration of 150g to a payload up to 335 kg in mass.

Within a wind-proof strong box, a steel cylinder with an inner radius ry = 54 mm was
positioned in the centre of a 490 mm by 485 mm flat plexiglass sheet (Figure 3.2). A
foam o-ring was fixed to the base of the steel cylinder allowing a seal to form between
the cylinder and the plexiglass when downward pressure was applied to the cylinder.
The cylinder was held in a fixed position by two steel rods that were screwed into the
top of the column and tightly pressed against a forked steel plate.

Throughout testing, the cylinder was filled to an initial height hy = 50 mm of both
grains and fluid, creating a just-saturated column with ¢y = 0.93. Several previous
studies have investigated the effects of varying a, in both the axisymmetric (Lajeunesse
et al., 2004; Lube et al., 2004; Warnett et al., 2014) and quasi-two-dimensional (La-
jeunesse et al., 2005; Thompson and Huppert, 2007) collapse. So here, we focus on
column configurations where ay ~ 1, matching a number of reviewed geophysical col-
lapse events (Legros, 2002). A 12V LED lightsheet was installed beneath the plexiglass
sheet, which acted as a diffuser, creating even back-lighting of the test surface.

The fluid-saturated granular column was comprised of spherical soda lime glass
beads and an interstitial fluid consisting of a miscible glycerol-water mixture. Table 3.1
details the range of values used for all test parameters of interest. The tested centrifuge
rotational speeds were selected such that the tested values of N relative to the centrifuge
cradle were 1, 5, 15 and 30. These values were then adjusted so that they were relative

to a height of %hg above the horizontal plane to account for variations in centrifugal ac-
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Figure 3.2: Schematic of experimental setup.

celeration across the height of the column. Higher rotational speeds were not explored
as the resolution of the recorded videos were limited by the frame rates of the cameras.

Table 3.2 provides a summary of the parameter space obtained across testing for the
dimensionless groups from Equation (3.2) calculable from the geometric and material
property information given in Table 3.1. Given that the Bond number is always signifi-
cantly larger than unity while the tested Capillary numbers cover a range of magnitudes
smaller and larger than unity, it is evident that the parameter space explored by the cur-
rent experiments includes flow states that are largely dominated by gravitational forces
at the column-scale while the relative influence of surface tension at the grain-scale and
viscous forces at the column-scale vary depending on the geometry of the initial column
and test material properties.

It should be noted that previous studies (Cabrera and Estrada, 2019; Warnett et al.,
2014) have concluded that axisymmetric column collapse experiments conducted over
the specified range of r* are highly susceptible to grain-size effects which can signifi-
cantly influence the mobility and duration of the collapses. However, by not adhering
to the geometric reality of the natural scale, we are able to ensure that the behaviour of
the spherical particles is primarily governed by their inertia. As such, the current study
complements previous work by focusing on a collapse regime where the influence of

particle inertia is promoted instead of grain scale.

36



Chapter 3: Inertial effects in just-saturated axisymmetric column collapses

Table 3.1: Summary of experimental test parameters.

Experimental Symbol Definition Range
parameters
Initial column
height fro S0mm
Initial column

i o 54 mm
radius
Centrifuge
rotational speed w [0, 47, 82, 116] rpm
Gravitational N [1,4.6,14,28.1]
scale factor®
Temperature of .
fluid phase r 2042°C
Particle diameter d, [2,4, 6, 8] mm
Particle density Pp 2642 +27.4kgm™3
Mean solid 9
volume fraction® P M, [(mr5hopy) 0.61£0.01
Glycerol mass
concentration Cy M,/(M, + M,) [0, 0.1, 0.52, 0.69, 0.77]
Water density” Puw 1000 kgm—3
Glycerol density®  p, 1260 kgm=3
Fluid mixture _3
density Pf Cypg+ (1 = Cy)puw 1000-1201 kgm
Fluid mixture 1-C,/C (=2.50)/(2=koC)
viscosity? g o [1—(k()0—1)cg/0 I=52.TcP
Watf:r scurface o 79 5 mN m-1
tension
Glygerczl surface o) 63.4mN m-1
tension
Fluid mixture 1

of Cyoy+ (1 —Cy)oy, 65.5—-72.5mNm

surface tension

@ Calculated using an effective radius of 1.87 m between the centrifuge’s axis of rotation and
%ho from the base of the column to account for variations in centrifugal acceleration across
the height of the column

® Formula used by Warnett et al. (2014)

¢ Obtained from Lide (2004) for a temperature of 20 °C

4 Equation (11) from Takamura et al. (2012) where 79 = 1 cP (i.e. the viscosity of water at
20°C), constant C' = 1.2 and kg = —0.012(T + 273.15) + 4.74
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Table 3.2: Summary of the dimensionless parameter space calculable from the geomet-
ric and material property information in Table 3.1.

Dimensionless variables Range
ag 0.93

r* 6.75-27.0
p* 1.63—-35.0
Bo 26.6—-3480
Ca 0.06-45.2

3.3.1 Test procedure

The fully-saturated granular column was prepared after the model was loaded onto the
centrifuge. A predefined mass of granular material M/, was poured into the tube which
had been previously filled by a predefined volume of interstitial fluid V; where the re-
spective mass of water M, and glycerol M, used was defined by the glycerol mass
concentration required for that test. The column was compacted from the top using a
steel rod until the desired initial column height A, = 50 mm was achieved, and the
surface of the fluid was level with the top of the grains. The repeatability of this prepa-
ration method is demonstrated by the small range of ¢, values achieved across all tests
as stated in Table 3.2. While the achieved packing fractions suggest that the column
packing configuration can be described as a poured random packing (Dullien, 2012),
we follow the logic of previous authors (e.g. Iverson and George, 2014; Rondon et al.,
2011) by assuming that the granular column is initially in a dense configuration as ¢,
is greater than the critical solid volume fraction ¢. = 0.6 which is generally used as a
criteria to assess whether a granular flow is going to contract or dilate.

Prior to initiating collapse, the centrifuge with the experiment mounted on it was spun
up to a speed submitting the model to an enhanced gravitational acceleration G = Ng
where g = 9.81 ms~2. Once spun up, a weighted pulley system was triggered by an
air-powered actuator to lift the cylinder and initiate the collapse of the fully-saturated
granular column over the horizontal test plane. From analysis of the raw basal pressure
data and the high-speed camera footage, the time scale for the cylinder to be lifted up to a
height of hy, t.,;, can be approximately calculated as t.,; = 2.5\/m . This equates
to a mean release velocity that obeys Sarlin et al.’s (2021) criterion for a release process
that has no influence on the dynamics of a quasi-two-dimensional collapse consisting of
dry spherical glass beads. Li et al. (2022) suggested that a lower release velocity may

be satisfactory to achieve this effect for wetted granular material given the potential
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build-up of cohesive forces between adjacent grains. Further investigation is required
to confirm this theory and extend it to the fully saturated regime, as well as consider-
ing other collapse geometries like the axisymmetric case. However, we deem the dry

criterion to be sufficient for the current study.

3.3.2 Front measurement

*Lifting the steel cylinder initiated the collapse of the fluid-saturated granular column.
The temporal evolution of the collapse was recorded by two Go-Pro cameras at a resolu-
tion of 1080x1920 pixels and an acquisition rate of 240 frames per second. The images
were first treated for fisheye distortion effects (Scaramuzza and Siegwart, 2007). The
experimental spatial domain within the images is then calibrated using black markers po-
sitioned around the edge of the lightsheet. The markers are used within the digital image
correlation (DIC) scheme developed by Blaber et al. (2015) to produce an orthonormal
image plane. Radial distance values could be taken from the post-processed images at
a spatial resolution of 0.5 mm. The upstream and downstream directions, which refers
to whether the flow is propagating with (upstream) or against (downstream) the relative
motion of the centrifuge, of the collapse are recorded on separate cameras to improve
image resolution. This also allows for the contributions of Coriolis acceleration and
the Eotvs effect™ to be considered (Taylor, 1995) with respect to the upstream and
downstream directions of motion as shown in Figure 3.2.

Figure 3.3 shows the collapse evolution of two test cases, both with d, = 8 mm, at
N =1[(a)-(e)] and N = 14 [(f)-(j)] from the downstream direction. A multi-threshold
image analysis scheme was developed to create masks of the individual fluid and parti-
cle phases for each image frame. These calibrated masks were then used to obtain the
averaged instantaneous front positions, 7 and 7, and the final front positions, r; » and
p,r, of the fluid and particle phases, respectively. Tracking the phase fronts separately
was necessary in order to evaluate how variations in the chosen parameter space affected
phase front interactions.

For tests that remained within the measurement domain [(a)-(e)], 7f,» and 7,  are
defined as the position of the phase fronts when the collapsing material ceases to move,
which is formalised as an average fluid front velocity less than 2.4 x 103 ms~!

(0.01 mm per frame). However, for tests at elevated G, N > 1, [(f)-(j)] the propagation

*See Appendix A.1.3 for further details on test image processing
fSee Chapter 6 for the definitions and a detailed analysis of the influence of Coriolis accelerations
and the E6tvos effect on collapse dynamics

39



Chapter 3: Inertial effects in just-saturated axisymmetric column collapses

Figure 3.3: Snapshots of the collapse sequence downstream of centrifuge motion for
two columns, both with d, = 8 mm, with gravitational acceleration coefficient N = 1
[(a)-(e)]and N = 14 [(f)-(j)]. The averaged radial position of the fluid (red) and particle
(white) phase fronts, where the top left of each image is the point of origin, are shown.

of the two phases extended beyond the measurement area. In these cases, 7 and r), were
taken as the average radial distance of the respective phase fronts from the final image

frame, where the entirety of both phase fronts remained inside the measurement area.

3.3.3 Pore pressure measurement

**The evolution of basal fluid pressure under the centre of the granular column was mea-
sured with a miniature pressure transducer (PT) which was covered by a sheet of filter
paper. The sensor had a pressure range of 200 kPa and recorded data at a frequency of
125 kHz. Measurement accuracy was found to be 4 0.1 kPa by calculating the average
reading error when supplying a known pressure to the transducer. Figure 3.4 provides
an example of the filtering strategies implemented to clean the signal for a collapse test
where d, = 2mm, N = 4.6 and C; = 0. From the data, a number of different effects
can be seen. In particular, the large spike in pressure located around 0.16 — 0.17 s after
collapse initiation is a result of the vibrations across the runout surface emanating from
the weight used to lift the steel column colliding with the actuator located at the bot-
tom of its housing. Given that signal noise comprised a number of identifiable elements
such as this vibration, Fourier transformations of the signal were used to define a cutoff

frequency f. for a low-pass filtering scheme.

**See Appendix A.2.2 for further details on pressure sensor calibration
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Figure 3.4: Time evolution of basal fluid pressure at the centre of the column, P, for
d, =2mm, N =4.61,and C;; = 0. The column collapse was initiated at time ¢ = 0. The
raw signal, the reconstructed signals filtered with f. = 1000 Hz, and f. = 100 Hz are
all shown. The inset shows the magnified initial pressure evolution of the test demon-
strating how well the reconstructed signal with f. = 1000 Hz captures the early pressure
drop and recovery.

The overall trend of the signal, highlighted in yellow in Figure 3.4, from collapse ini-
tiation through to runout completion, was approximated using a fourth-order low-pass
digital Butterworth filter with f. = 100 Hz within the Matlab (2020) signal processing
toolbox. Pressure changes relating to column dilation occurring over the first few mil-
liseconds of the collapse were also of interest and were captured using a higher cutoff
frequency equal to f. = 1000 Hz. The inset of Figure 3.4 demonstrates the filtering
schemes ability to capture the significant pressure drop and recovery at the onset of
collapse. Pore pressure measurements were only considered for tests where N > 1 to
ensure that the noise of the signal was less significant than the total drop in pressure.

Pressure measurements were also not recorded for tests undertaken at N = 28.1.

3.4 Column mobility

The influence of particle size d and gravitational acceleration N on the temporal evo-
lution of the collapse front was investigated by examining the temporal evolution of 7
from time ¢ = 0 until the time where 7 - is achieved ¢ . Figure 3.5 presents the evolu-
tion of the difference between the instantaneous fluid phase front position and the initial
fluid phase front position ¢ o normalised by the initial fluid phase front position, known

as the normalised fluid runout length, (7 — 1) /r o for particle diameters d, = 2 mm,
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Figure 3.5: Temporal evolution of the normalised fluid runout length (ry —rs) /70 in
time ¢ for varying particle sizes d, and values of NV downstream of centrifuge motion.
Collapses of a grain-free fluid phase d,, = 0 at all values of IV are also shown.

d, =4mm, d, = 6mm, andd, =8mm, at N =1, N =4.61 and N = 14, downstream
of centrifuge motion. Figure 3.5 also includes data from a set of experiments where the
column had no grains, just the fluid phase, illustrating the limiting case (i.e. d, = 0 mm)
for each V. The selected tests have a constant 7); at each value of N with n;/n, = [1,
6.7,21.5] for N =1, N =4.61 and N = 14.

Tests at V = 1 appear to follow the three distinct collapse stages described by pre-
vious authors (Lajeunesse et al., 2004; Lube et al., 2004; Warnett et al., 2014). On
initiation, the flow front initially accelerates to reach a state of quasi-steady flow. In the
runout phase, the flow retards until movement ceases and the final deposit is formed
where r = 7 p. The time at which r = r¢ ¢, t -, for these test cases increases with grain
size d,,, similar to the relationship found by Bougouin et al. (2019). That study reasoned
that the capillary forces between grains, whose magnitude is controlled by the level of
surface tension between the interstitial fluid and the ambient air, was the key contribu-
tor to this phenomena. Larger capillary forces are present within granular mixtures with
smaller pore spaces, an allegory of particle size, which restricts the mobility of grains
and results in a lower ¢ value. Even though the particle sizes used in the current study
are at the top end of the particle sizes used by Bougouin et al. (2019), suggesting that

the current regime is primarily controlled by inertial forces, the influence of surface ten-
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Figure 3.6: Temporal evolution of the normalised distance between the phase fronts
(ry—m,)/r s against normalised time ¢ /¢ » for all particle sizes d,, at varying N upstream
(a) and downstream (b) of centrifuge motion.

sion is still identifiable in this runout stage. This may result from a number of factors
including; fluid seepage scaling more strongly with /V than grain scale inertia (Cabrera
and Leonardi, 2022; Cabrera et al., 2016), the high free surface energy of plexiglass
which increases its wettability and aids the propagation of a fluid film across its surface
(Blajan et al., 2013) and, particle clustering that can lead to localised capillary effects
which reduces the speed of the granular phase.

In contrast, for N > 1, tp primarily decreases with increasing pore space. This
trend tends towards the edge case of the collapse of the singular fluid phase. Similarly
to the case of N = 1, the retardation present in the temporal evolution of the tests
containing a granular phase is due to surface tension giving rise to capillary forces which
reduces flow mobility. Crucially, by comparing to the edge case, it is evident that the
level of retardation reduces with increasing NV, suggesting that the influence of capillary
forces on the temporal evolution of the collapse reduces with increased scale. This
result is reassuring as the macro-scale behaviour of geophysical-scale debris flows are
predominantly controlled by gravitational and viscous forces (Iverson, 2015).

Given that the interaction between the granular and fluid phases has been shown to
significantly affect flow mobility, it is logical to consider the temporal evolution of both

constitutive phases through their relative positions to one another. Figure 3.6 shows
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the evolution of the normalised distance between the fluid and granular phase fronts
(ry — rp)/ry with normalised time ¢ /¢ for particle diameters d, = 2mm, d, = 4 mm,
d, = 6mm, and d, = 8mm, at N =1, N =4.61, N = 14 and N = 28.1 for the
upstream and downstream propagation directions. Similarly to Figure 3.5, tests have
been selected so all tests conducted at the same /N use interstitial fluids with the same
viscosity. 7y /n., = 44.8 for the tests conducted at N = 28.1.

Initially, all collapses exhibited a drainage phase where the fluid front accelerates
away from the granular material. For a given value of NV, the maximum distance between
the two phase fronts increases with pore space as the space for the fluid to exit the
granular structure increases while the influence of capillary effects reduce. For a given
value of d,,, the maximum relative distance increases with /V until NV = 14. Increasing
N to 28.1 sees a reduction in the maximum relative distance possibly resulting from the
reduced impact of solid-fluid interactions as the flow becomes dominated by inertia.

Figure 3.6 also shows how the granular front’s ability to catch up to the fluid front
varies with d,, and V. The two fronts were considered to be approximately aligned when
the normalised relative distance was less than 0.05. For all tests conducted with N =
1, the granular front was able to completely catch up to the fluid front by the end of
the runout phase. The granular front did not overtake the fluid fronts over the duration
of these tests which is likely due to the significant impact that surface tension has on
laboratory-scale granular-fluid flows.

Fora given d, > 2mm and NV > 1, the final separation between the two phase fronts
reduced with increasing N. For collapses propagating in the downstream direction,
the granular front was even able to overtake the fluid front for N = 28.1. It is clear
that the enhanced gravitational acceleration field is supplying more kinetic energy to
the granular phase which allows it to catch up to the fluid front. Hence, the separation
between the two phase fronts reduces when a larger acceleration field (/V) is applied.

Figure 3.6 also shows the influence of the Coriolis acceleration’™ on the mobility
of the flow. During the initial stages of the post-collapse propagation, the maximum
separation between the two phase fronts for each test was generally greater for the col-
lapsing section propagating in the downstream direction. This was somewhat expected
as the Coriolis acceleration’™ will promote the drainage and subsequent propagation of
the fluid away from the centre of the test area in the downstream direction while imped-

ing it in the upstream direction. Similarly, during the latter stages of recorded motion,

fSee Chapter 6 for the definitions and a detailed analysis of the influence of Coriolis accelerations
and the Eotvos effect on collapse dynamics
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the ability of the granular front to catch up to the fluid front, resulting in a lower final
separation, also increased when aided by the Coriolis acceleration™. Similar effects
have been noted in recent numerical works (Cabrera et al., 2020; Leonardi et al., 2021)
where the density of the flow is highly dependent on the flow propagation direction rel-
ative to centrifuge motion. Naturally, the magnitude of these effects increased with /V,
as the magnitude of the Coriolis acceleration’™ also increases with V.

While the influence of the Coriolis acceleration’™ does vary with particle size, it only
appears to have a significant affect on flow dynamics when the collapses containing
smaller particle sizes (i.e. d, = 2mm) enter a ‘creep-like’ flow regime where, in the
downstream direction, the fluid front is again able to accelerate away from the granular
front. Whereas, for the larger particle sizes, the Coriolis acceleration’™ only further
propagates the reduction of (ry — 7,) /7y with normalised time. Similarly, the influence
of the E6tvos effect™ appeared to be negligible on flow dynamics prior to the creep phase
which is likely due to the fact that natural scale particle inertia has been preserved. Given
that the current study focuses on debris flow mechanics, which are best replicated within
the experiment prior to the flow entering a monolayer (i.e. the initial acceleration phase),
we have deemed the asymmetry induced by the Coriolis acceleration and the Edtvos

effect’™ to be negligible for the particular collapse period of interest (see Section 3.6).

3.5 Fluid pressure evolution

As well as having a dominant effect on the possible separation between the two phase
fronts, the drainage phase of the collapse is key to the reduction of pore pressure from the
initially static column configuration. Figure 3.7 details the evolution of the normalised
basal fluid pressure at the centre of the column P with time ¢ for particle diameters,
d, = 2mm, d, = 4mm, d, = 6 mm, and d, = 8 mm, at (a) N = 4.61, and (b) N =
14, respectively. Again, tests have been selected that have a shared 7); value for every
value of N. In this case, the time-frame shown has been restricted to the first 0.5s of
each collapse at which point the residual normalised pressure is referred to as Pj;.

At the beginning of each test conducted at both N =4.61 and N = 14, P = p;Gh
which illustrates that pressures within the column are hydrostatic prior to the collapse.
Upon release, the height of fluid above the pressure sensor reduces throughout the col-

lapse as the granular-fluid mixture propagates out away from the column centre. This

fSee Chapter 6 for the definitions and a detailed analysis of the influence of Coriolis accelerations
and the E6tvos effect on collapse dynamics
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Figure 3.7: Temporal evolution of the dimensionless basal fluid pressure at the centre
of the column P/p;Ghy, filtered using f. = 100 Hz with time ¢ for all particle sizes d,,
at (a) N =4.61 and (b) N = 14. (¢) Basal fluid pressure at the centre of the column P,
filtered at f. = 1000 Hz, against ¢/t; immediately after the release of the column.

results in a progressive reduction of P until P = Prp.

The influence of d, on the temporal evolution of P can be illustrated through its
influence of Pg. For a given N, P; increases with decreasing d,, and P for particle
sizes d, = 6 mm and d,, = 8 mm is approximately equal to 0 kPa where no fluid remains
above the PT. This demonstrates the reduced influence of the granular phase on P as d,
increases. It can be reasoned that the increased pore space improves the fluid’s ability to
displace from the centre of the measurement domain over the test duration. Conversely,
a smaller pore space limits the fluid’s ability to exit the granular material which itself
has reduced mobility due to capillary effects. A similar particle size dependency has
been observed in the case of post-depositional seepage in natural scale debris flows
(e.g. Major and Iverson, 1999). The influence of d also appears to slightly increase with
N.

Figure 3.7c focuses on another characteristic feature of the evolution of P, which
is the reduction and recovery of basal pore pressure observed over the inertial column
timescale t; = \/m immediately after collapse initiation. While the magnitude of
this initial pressure reduction increases with /V, the more interesting variation is largely

controlled by d,, with the magnitude of the pressure drop generally increasing as d,, de-
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creases for a given V. This effect is more pronounced when N = 14. The recovery of
this initial pressure reduction also appears to reduce as IV increases. As this variation
in pressure reduction occurs immediately after the release of the column, it is likely to
be the result of initial particle rearrangement. It has been found previously that the crit-
ical solid volume fraction for spherical grains ¢. ~ 0.57 (Rondon et al., 2011). This
suggests that all tests in the current study were conducted with dense granular packings
which means that, upon the onset of the collapse, the granular structure must initiate its
displacement by first dilating. This allows the interstitial pore fluid to move into the
additional pore space created by the dilation which, based on the pore pressure feed-
back loop described by Iverson et al. (2000), causes a reduction in basal fluid pressure.
Rondon et al. (2011) demonstrated the presence of the pore pressure feedback loop for
a quasi-two-dimensional fully-submerged granular column collapse configuration ex-
posed to the acceleration field of Earth’s gravity. The study was carried out using only
a singular particle size ten times smaller than the smallest particle used in the current
work. A submerged collapse would not experience any influence from surface tension
so any differences in behaviour based on particle size would emanate from viscous in-
teractions between the fluid and the grains. In the current configuration, capillary forces

arising from the presence of surface tension will cause a further reduction in P.

3.6 Scale analysis

As collapse dynamics clearly depend on NV, dimensionless parameters used previously
in the literature, a, and ¢, are not enough to characterise the phenomena governing the
behaviour of the fluid-saturated granular column collapse in the current test configu-
ration. The observed interplay between the fluid and particle fronts also suggests that
the viscous nature of the interstitial fluid must also be recognised to explain these flow
states.

To characterise the acceleration phase of each collapse, the maximum velocities of the
two phase fronts uy ,, and u,, ,,,, and the time after collapse initiation that these maximum
velocities were achieved ¢4, and ¢, ,,, were evaluated. A linear approximation of the
pressure gradient over the first significant pressure drop at the centre of the column, P,,,
was recorded as indicative of the pore pressure response in the early collapse stages.

Using these terms, Equation (3.2) can be rewritten into the following form

47



Chapter 3: Inertial effects in just-saturated axisymmetric column collapses

10°
10" |
Q
o E
A
100:_ &
d, (mm)
2 4 6 8
A N=46 * N=14
1071 1 1 PR TR S S T A | 1 1 R SR SR S S N | 1 1 R T S S N
10t 102 10° 104

Bo/Ca

Figure 3.8: P* normalised by D = (p*)?(r*)” against Bo/Ca for all particle sizes d,,
at N = 4.61 (triangle) and N = 14 (star). The black line indicates the power law fit
provided in Equation (3.4) using the exponents found in Table 3.3.
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Figure 3.9: Fr, ; normalised by D = (p*)?(r*)" against Bo/Ca for all particle sizes d,,
atall N. (a)v = fand L =d,, (b)v = fand L = hy, (¢) v = p, and L = d,, and (d)
v = pand L = hg. The black line indicates the power law fit provided in Equation (3.4)
using the exponents found in Table 3.3. Error bars signify the absolute measurement
error of the independent variable. In this case, these bars are very small.
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error of the independent variable.
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(3.3)
where f3 is an unknown function and, again, the subscript v refers to the phase of inter-
est. Noting that ¢, remained approximately constant throughout the experiments, this
parameter was disregarded from all further analyses. Thus eight dimensionless groups
are defined: Fr, 1, ao, 1", p*, t} 1, PT;';, Bo and Ca, where subscript L is equal to d,, or
ho depending on the characteristic length scale of interest.

Values of Fr, 1, and t} ; were obtained for each test by averaging the upstream and
downstream values of w,, ,, and t,, ,,,, respectively. This had the added benefit of limiting
the contributions of Coriolis acceleration and the Edtvos effect’™ on the scale analysis.
The significance of each parameter in Equation (3.3) was tested through the implemen-

tation of a non-linear regression scheme with a weighting that favoured power-law fits

fSee Chapter 6 for the definitions and a detailed analysis of the influence of Coriolis accelerations
and the E6tvos effect on collapse dynamics
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Table 3.3: Summary of exponents used to fit Equation (3.4) for all characteristic dimen-
sionless quantities of interest. The normalised root mean squared error RMSE y of each
fit is also detailed.

Q a p g RMSEy
Frjq, -0.04 007 030 0.5
Fryp, -0.02 008 -025 027
Fr,q, -0.04 004 034  0.13
Fr,, -0.04 004 -0.16 0.3l
tra,” 007 0.18 054  0.09
trn® 007 0.18 0.04  0.16
tpa,* 0.10 0.16 050  0.13
ton,t  0.13  0.13 -0.03  0.17
p* 027 -046 080  0.26

that minimised the degrees of freedom to reasonably portray the data set. Given that we
do not have an a priori understanding of the combined and relative influence of each II
group within the dimensionless parameter space, a generalised power-law fit provides a
reasonable starting point for this process. The outcome is that all measured quantities,
meaning P,fl, Fr, ; and t} ;, appear to be independent of each other for all phases and
scales. Figures 3.8, 3.9 and 3.10 show the finalised fits for P, Fr, 1 and t, ;" against
Bo/Ca, respectively. The low measurement error for the majority of points in Figs 3.8
and 3.9 further highlights the minimal influence that the Coriolis acceleration™ had over
the collapse period of interest. In the case of P;;, the absolute measurement error for
each data point lies within each respective marker. It is important to note that this error
differs from the fluctuations in pressure gradient throughout the signal which is signifi-
cantly larger. The variation of all measured quantities of interest () can be described by
the following relation .

o= (g) K0, G4
where «, 3 and y are constants that are summarised in Table 3.3. Equation (3.4) demon-
strates that the selected characteristic quantities associated with the initial acceleration
phases of the granular and fluid flow fronts and the initial post-collapse pressure gra-
dient can be reasonably well predicted by a simplistic power law model consisting of

three dimensionless parameters.

fSee Chapter 6 for the definitions and a detailed analysis of the influence of Coriolis accelerations
and the Eotvos effect on collapse dynamics
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Figure 3.11: (a) (Bo/Ca)® against Bo/Ca. (b) p*” against p*. (¢) r*” against 7*. Fits
for Fryq,, Fryne, Frpa,, Frpnes U5 4 o t5 500 tpa”™> and ¢, - are shown.

3.6.1 Quantification of scaling parameter influence

Equation (3.4) provides significant insight into the factors governing the behaviour of
these characteristic flow states. The relative influence of each parameter on the right-
hand side of Equation (3.4) on the mobility of the granular and fluid phases is investi-
gated further in Figure 3.11 where each parameter to the power of its exponent is plotted
against itself for all variations of Fr, ;, and ¢7 ;.

Considering Bo/Ca as a single parameter within Equation (3.4) means that the fits of
() are decoupled from the influence of surface tension at the grain-scale. Instead, it is the
balance of column-scale gravitational and viscous forces that influence flow behaviour.
While the influence of surface tension at varying levels of NV was discussed previously,
the relatively large particle sizes used has allowed all cases of () to be surface tension
independent at all scales. Figure 3.11a shows that (Bo/Ca)® decreases as Bo/Ca in-
creases for all cases of Fr, ;. Given that column collapses are gravity-driven processes,
the rate at which gravitational forces increase will dominate the rate at which inertial
forces increase for all phases and scales. This means that column mobility, and there-
fore ¢, ;, increases as gravitational force contributions increase with respect to viscous
effects.

Figure 3.11b demonstrates that (p*)? increases with p* in all cases. According to
Bougouin and Lacaze (2018), the range of p,/p; values used categorises the observed
flow states into the inertial regime where inertial fluid forces have a significant impact on
flow behaviour. However, the influence of particle inertia still dominates, which causes

S to vary depending on the phase of the flow. Generally, the magnitude of 3 is greater
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for the particle phase for both quantities of interest at both the column- and granular-
scales. It would be interesting to achieve higher values of p* by either reducing p; or
increasing p,, and see how flow states where fluid inertial effects are no longer important
(i.e. the free-fall regime) scale with Equation (3.4).

Warnett et al. (2014) found that increasing * increased the mobility of the collapse
in the dry case. In the current study, Figure 3.11c shows that the influence of r* is
predominantly dependent on the scale of interest. Generally, increasing r* reduced the
mobility of the column at the column-scale while increasing it at the grain-scale with
respect to velocity and collapse duration. This outcome is logical as r* is a ratio between
the column- and grain-scales. Previously, this effect was found to saturate when r* ~
107, a value that is significantly higher than what is covered by the parameter space
of the current study. As r* was varied by changing the particle size, we are unable
to determine whether r(, and other parameters defining the column geometry, have a

significant impact on the evolution of the flow as IV increases.

3.7 Discussion

The wide particle size distribution in debris flows coupled with comparatively high fluid
volume fraction leads to macro-scale flow features that can originate from micro-scale
processes. This makes similitude between laboratory experiments and geophysical-
scale movement events particularly difficult. For example, surface tension can not be
important in the geophysical flow when considering overall flow scale, but becomes im-
portant in a laboratory prototype with reduced geometric scale. This means that the true
role of surface tension through fines in the geophysical flow may actually be masked by
these scaling artefacts in the laboratory. This research attempts to evaluate laboratory
flows where the particles are inertial, in an attempt to isolate the response of those grains
as differentiated from fine grains in a debris flow.

To mimic debris flows, we used a just-saturated granular column collapse config-
uration, consisting of glass grains in a size range where their inertia was significant,
facilitated by using a geotechnical centrifuge. Grain size, gravitational acceleration and
fluid viscosity were systematically varied to analyse their influence on the front evolu-
tion of grain and fluid phases alongside the basal pore pressure.

The drainage phase, where the fluid front accelerates away from the granular front,
was found to be accentuated by both increasing the granular pore space and, increas-

ing the level of gravitational acceleration up until N = 14. Larger tested values of N
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resulted in collapse dynamics becoming less dependent on grain-fluid interactions and
particle inertia dominating the dynamics of the granular phase. Without enhanced grav-
itational acceleration, just-saturated granular columns evolved in a similar way to pre-
vious experiments (dry, underwater, saturated); comprising acceleration, quasi-steady
and retardation phases. The duration of these runout events primarily decreased with
particle size as larger capillary forces, which limit grain mobility, developed within the
granular materials with smaller pore spaces. In contrast, the collapse duration of tests
exposed to elevated levels of gravitational acceleration decreased with both increasing
pore space and increasing /N for a given particle size. The latter showing that the influ-
ence of capillary forces on the evolution of the collapse reduces with increased scale.

Analysis of the temporal evolution of the basal pore pressure at the centre of the
column also highlighted the major influence of pore space as /N increases, particularly
during the initial drainage phase post-collapse initiation. The magnitude of the initial
pressure drop increases with decreasing particle size at a given level of elevated grav-
itational acceleration. Similarly to the conclusions of previous authors (Iverson et al.,
2000; Rondon et al., 2011), this pore size dependent pressure drop is surmised to em-
anate from the pore-pressure feedback loop for a dense granular configuration. The
presence of capillary forces within the just-saturated column configuration caused the
pore pressure to drop further when the particle size was smaller.

Buckingham’s IT theorem was used to postulate a relationship between 11 fundamen-
tal test variables that characterise the acceleration phase of each column collapse using
8 independent dimensionless I groups. A non-linear regression scheme was used to
evaluate the influence of each parameter and found that all measured quantities of in-
terest, specifically, Pf;, Fr, 1 and tj; 1, are independent of each other at all scales and
are well described by Q = (Bo/Ca)*(p*)’(r*)” where o, 3 and v are dependent on
Q. Crucially, the inclusion of both Bo and Ca within a single parameter means that all
quantities of interest are decoupled from grain-scale surface tension effects and it is the
balance of column-scale gravitational and viscous forces that govern acceleration phase
collapse behaviour as seen in natural-scale debris flows with a granular phase including
inertial particles.

The current study has been effective in highlighting the collapse response of grain-
fluid mixtures with inertial grains. This provides a start point for exploring separately the
role of fines, where their effect may be negligible on the inertial/flow scale, but which
may nevertheless control processes within the much smaller pore spaces. This work
is timely given the findings of Kaitna et al. (2016) highlighting the importance of fine
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granular material to the maintenance of excess pore pressures in steady-state granular-
fluid flows. Developing a large dataset of unsteady granular-fluid flow experiments,
where the impact of including fine granular material can be quantified, will be crucial

to the development of a more mechanically precise pore pressure evolution model.

3.8 Supplementary content

The raw video files for all completed tests are available at https://doi.org/10.
17639/nott.7277.
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Chapter 4

Fines-controlled drainage in
just-saturated, inertial column

collapses

Abstract

*The wide particle size distributions, over several orders of magnitude, observed in de-
bris flows leads to a diverse range of rheological behaviours controlling flow outcomes.
This study explores the influence of different scale grains by conducting subaerial, fully
saturated granular column collapse experiments with extreme, bimodal particle size dis-
tributions. The primary particles were of a size where their behaviour was controlled
by their inertia while a suspension of kaolin clay particles within the fluid phase acts
at spatial scales smaller than the pore space between the primary particles. The use of
a geotechnical centrifuge allowed for the systematic variation of gravitational acceler-
ation, inertial particle size and the degree of kaolin fines. Characteristic velocity- and
time-scales of the acceleration phase of the collapse were quantified using high-speed
cameras. Comparing tests containing fines to equivalent collapses with a glycerol solu-
tion mimicking the enhanced viscosity but not the particle behaviour of the fines, it was
found that all characteristic dynamic quantities were dependent on the degree of fines,
the system size, the grain fluid-density ratio and the column— and grain-scale Bond and
Capillary numbers. We introduce a fine-scale Capillary number showing that, although
surface tension effects at the column scale are negligible, fines do control the movement
of fluid through the pore spaces.

*Webb, W., Heron, C., and Turnbull, B. (2023a). Fines-controlled drainage in just-saturated, inertial
column collapses. E3S Web of Conferences. 415:01030.
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4.1 Introduction

The influence of a wide particle size distribution on the dynamics and outcomes of nat-
urally occurring debris flows is still disputed. Field studies (e.g. McArdell et al., 2007)
and large-scale testing (e.g. Johnson et al., 2012) have shown that events containing
high quantities of fine granular material, like clays and silts, often achieve increased
mobility through the development of significant excess pore pressures which reduce the
frictional energy losses between the bulk flow and the terrain bed.

Recent two-phase shallow water models (Bouchut et al., 2017; Iverson and George,
2014; Kowalski and McElwaine, 2013) have attempted to capture the temporal and spa-
tial variation of the grain size distribution by modelling aspects of unsteady debris flow
behaviour. However, there is still no consensus on the most appropriate, computation-
ally efficient way to implement this complexity. This suggests that a more refined under-
standing of the mechanisms controlling grain-scale flow dynamics is required to allow
conclusions to be made on what physical processes are most influential on global flow
outcomes. Given the small length and time scales associated with these effects, it seems
pertinent to analyse them further by conducting laboratory-scale experiments where it
is possible to fully control the initial and boundary conditions of the flow (Iverson et al.,
2010b). A notable study (Kaitna et al., 2016) utilised a drum centrifuge configuration
to evaluate the influence of the particle size distribution on steady-state flow dynamics.
They found that mixtures that contained higher percentages of fine granular material ex-
hibited more significant and prolonged excess pore pressures which reduced bulk flow
resistance. While this is encouraging, further parametric investigations are required to
quantitatively evaluate the influence of the inclusion of fines on flow dynamics and
understand the mechanisms at play.

A recent study (Webb et al., 2023b)" attempted to isolate the influence of inertial
grains on flow dynamics over a wide parameter space by conducting g-elevated, fluid-
saturated granular column collapse experiments where water-glycerol mixtures were
used as a pseudo-fluid. The current study attempts to build on this work and introduce
an extreme bimodal grain size distribution by using a fluid phase comprised of kaolin
clay particles and water. As such, by varying gravitational acceleration, the coarse grain
diameter and the percentage of fines, the influence of the fine length- and time-scales on
acceleration phase collapse dynamics is evaluated and compared within the previously

established parameter space.

TWebb et al. (2023b) is shown in Chapter 3
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4.2 Methodology

4.2.1 Experimental setup

The experiment (see Figure 4.1) consists of rapidly releasing a granular-fluid mixture,
which is initially accommodated within a partially filled steel cylinder, over a horizontal
plane where it is allowed to spread under the influence of a prescribed gravitational
acceleration GG. By spinning the apparatus at the end of a geotechnical beam centrifuge,
the collapse can occur at an elevated gravitational acceleration G = Ng where N is
dependent on the effective radius and rotational speed of the model, and g = 9.81 m
s™2.

The current study focused on the collapse of fluid saturated granular columns with
an initial height Ay = 50 mm and a column radius 7y = 54 mm. The granular phase
was comprised of soda lime glass spheres with a density p, = 26424+27.4kgm ™ and
a mean packing fraction ¢, = 0.61£0.01. The fluid phase consisted of kaolin clay
particles suspended in water. Tests were conducted over a wide parameter space by
varying G = [9.81, 45.22, 137.64, 275.45]m s 2, the coarse grain diameter d, = [4,
8] mm, and the degree of fines suspended within the fluid by mass C, = [0.1, 0.2].
Assuming a characteristic collapse strain rate 4 = \/m, the density, viscosity and
surface tension of the fluid phase was varied between p; = [1165, 13301 kgm ™3, n; =
[7.65, 108.30] cP, and oy = [92.59, 98.96] mN m™*, respectively. The evolution of the
collapsing mixture was recorded by two Go-Pro cameras and the temporal evolution of
the collapse front was obtained through the image analysis procedure detailed in Webb
et al. (2023b)".

4.2.2 Dimensional analysis

Buckingham’s IT theorem (Buckingham, 1914) can be used to examine how different test
parameters may impact the propagation of the collapse. As such, a relationship between
the flow front velocity u at time ¢ with the collapse test parameters can be hypothesised

as
U= fl (h07 To, dp7pp7 qbpa Ck’a dlmpfa N, o0y, t? G) ) (41)

where f; is an unknown function and dj, is a reference length scale for the kaolin clay

particles taken as 5 yum. The theorem then states that the 11 dimensional quantities in

TWebb et al. (2023b) is shown in Chapter 3
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Figure 4.1: Schematic of the initial column configuration prior to collapse initiation.

Equation (4.1), which are functions of mass, length and time scales, can be interrelated
by 8 dimensionless II-groups. Following the methodology described in Iverson (2015),

Equation (4.1) can be transformed into the following form

R N e N (pp — py) N pGdyhy pGdydy
GL " d, VIGT pf oy oy

nr/Gh3 np /G_dg) 42)

O'fdp ’ dek

where f5 is an unknown function, L is the characteristic length scale of interest and p is
the granular-fluid mixture effective density p = ¢,p, + (1 — ¢,,) ps. The parameter on
the left-hand side of Equation (4.2) is the flow front Froude number »} which is the ratio
of inertial and gravitational forces over a characteristic length scale L. The first two
parameters on the right-hand side of Equation (4.2) are the dimensionless parameters
¢, and Cj which remain unchanged from Equation (4.1). The third parameter, r* is
the ratio between 7y and d,,. The fourth parameter, ¢;, compares ¢ against the length
scale dependent characteristic inertial timescale v/LG—'. The fifth parameter is the
relative granular-fluid density ratio accounting for acceleration-scale buoyancy effects
p*. The sixth and seventh parameters are referred to as the column- and grain-scale
Bond numbers, Bo and Boy, respectively. The first parameter quantifies the relative
influence of inertial forces at the column scale against capillary forces at the grain scale
while the latter is an analogous quantity relating grain scale inertial forces to kaolin
scale capillary effects. The final two parameters are scale-relative Capillary numbers.

The first relates column scale viscous forces to grain scale capillary effects Ca while
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the second compares grain scale viscous forces to kaolin scale capillary effects Cay. As
stated in Iverson (2015), given that IT groups can be recast through multiplication, the
dimensionless parameter set in Equation (4.2) is not a unique solution to Equation (4.1).
This set was deemed suitable as it has significant overlap with the dimensionless set
used in the previous scale analysis study (Webb et al., 2023b)". The included force ratio
terms also allow for comparison across all three length scales of interest (hy, d,, and dy,)
which is critical in interpreting the contribution of the fine particulate to flow dynamics

throughout the acceleration phase.

4.3 Results and discussion

The acceleration phase of each collapse was characterised by the maximum velocity
of the flow front w,,, and the time elapsed between collapse initiation and the instance
where u,, was achieved ¢,,. The two camera angles allowed averaged values of the
two quantities to be taken which reduces the impact of external forces resulting from
centrifuge modelling like the Coriolis force'".

Given that ¢, remains approximately constant across all tests, Equation (4.2) can be

simplified as follows
Fro = f3 (C’k,r*,tfn,L, p*,Bo, Boy, Ca, Cak) , 4.3)

where Fr,, 1, and b1, 1€ equivalent to Fry, and ¢7 evaluated at u,, and ¢,,, respectively.
The characteristic length scales of interest L are d,, and h, meaning that there are four
quantities of interest () related to the acceleration phase of the collapse; Fr, 4,, Fr,, 4y,
e and U
To evaluate the effect of the inclusion of fines on the acceleration phase, a single
dataset containing the quantities collected from the current study and the same quantities
published in Webb et al. (2023b)" for the Newtonian fluid test cases, where C), = 0,
and Bo, and Cay values are not considered, was developed. The influence of every
parameter in Equation (4.3) was then evaluated using a non-linear regression scheme
and, as was found for the Newtonian fluid dataset, the measured quantities of interest

can be described by empirical power law fits that are independent of the other quantities

TWebb et al. (2023b) is shown in Chapter 3
fSee Chapter 6 for the definitions and a detailed analysis of the influence of Coriolis accelerations
and the E6tvos effect on collapse dynamics
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Table 4.1: Summary of exponents for Equation (4.4) for all () along with the normalised
root mean squared error RMSE y of each fit.

FI'm’dp Frm,ho t;kn,dp t:%ho
kq -0.04 -0.04 0.09 0.11
ko 0.07 0.15 -048 -0.63
ks 0.18 0.27 -0.40 -0.55
ky 0.10 0.11 022 0.23
ks 0.30 -0.19 -0.48 -0.07

RMSEy 0.14 0.19 0.11 0.10

of interest. For the current combined dataset, this relationship is defined as

Bo M BOk kG k3Cr  s\ka / x\ks
o= (g0) (o) (o™ ey, (44

where k;—ks5 are constants summarised in Table 4.1. Figure 4.2 details the finalised fits
for each (). The structure of Equation (4.4) allows Newtonian- and non-Newtonian-
fluid tests to be fitted to the same power law as terms that include parameters associated
with the kaolin-scale can be neglected as Cj, = 0.

Equation (4.4) is very similar in structure to the empirical fit found for ) in the case

of the purely Newtonian fluid dataset
Bo ¢ B y
== * * 4.5
Q (Ca) (0" ()" (4.5)

where a, 3, and ~ are constants. It is reassuring to see that the general trend and, the
coefficients of the terms that are independent of kaolin-scale phenomena (i.e. k1, k4 and
ks), are largely comparable in both magnitude and sign for Equation (4.4) and Equa-
tion (4.5) for all (). The normalised root mean squared error RMSE y has also reduced
for every Q).

The most significant outcome from this study is the appearance of the Ca;, term in
Equation (4.4). This suggests that the inclusion of fine granular material results in all
acceleration phase quantities of interest being dependent on surface-tension effects em-
anating from the kaolin-scale. In contrast, as demonstrated by Equation (4.5), surface
tension effects were not pertinent to the behaviour of the Newtonian fluid test case.

The relative importance of each force ratio term in Equation (4.4) associated with
the grain- and kaolin-length scales can be quantified by comparing their magnitude
and sign to the magnitude and sign of (Bo/Ca)™. Figure 4.3 shows the plots of
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(Boy,/Cay;,)“** (Bo/Ca) ™™, (Ca;)“*** (Bo/Ca) ™ and (Boy,/Cay,)“*™ (Boy/Cay) <"
against Bo/Ca for Fr,, ; and t;, ;. The figure shows that for Fr,, 1, and ¢, ;, the trend
for both characteristic length scales is similar for all values of Cj,.

The relative influence of grain- and kaolin-scale phenomena increases with Bo/Ca
for Fr,, ;, while the influence of both scales reduces with Bo/Ca for ¢}, ;. More signifi-
cantly, Figure 4.3b suggests that kaolin-scale surface tension effects are more influential
to Fr,,, 4 and Fr,,, 5, than the driving forces at the column scale. Furthermore, Figure 4.3¢c

shows that for Fr,, 1, kaolin-scale phenomena are more influential than grain-scale phe-

*
m,L>

nomena while Figure 4.3f shows that for ¢ grain-scale phenomena are more influen-
tial than kaolin-scale phenomena. Logically, these effects are exaggerated by increasing

Ck.

4.4 Conclusions and further work

A series of fully saturated, axisymmetric granular column collapse experiments using a
fluid phase comprised of kaolin particles suspended in water were conducted to inves-
tigate the effects of a bimodal grain size distribution on acceleration phase drainage
behaviour. The use of a geotechnical centrifuge allowed for a wide test parameter
space where gravitational acceleration, inertial grain diameter, and the percentage of
fines within the fluid phase could be varied during testing. A dimensionless param-
eter space consisting of 8 parameters, obtained using Buckingham’s II theorem, was
postulated to characterise acceleration phase collapse dynamics. The data gathered
from the current series of tests was combined with the Newtonian fluid tests from a
previous study and a non-linear, least squares fitting analysis was undertaken to in-
vestigate the influence of each dimensionless parameter on the four measured quan-

tities of interest ): Fr,, 4, Fry, 1y, ¢ and brng- AS Was found for the Newtonian

m,d>
fluid test cases, all values of () scaled independently of each other and scaled with

Q = (Boyh (Box ) (0, )0k (et (1Y where ky—k tants dependent
= (&) o (Cay)™™* (p*)™ (r*)™ where k1—k5 are constants dependent on
(). Unlike the Newtonian fluid test case, the inclusion of kaolin particles appears to
couple all () with kaolin-scale surface tension effects which, for the range of the Bo/Ca
values tested, was more influential to Fr,, 4 and Fr,, 5, than column-scale inertial and
viscous forces. Future work involves considering the influence of a bimodal grain size
distribution on the maintenance of excess pore pressures by conducting similar analyses
for the reduction of fluid pressure at the base of the column over the duration of the

collapse.
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Continuum modelling of a
just-saturated inertial column collapse:

Capturing fluid-particle interaction

Abstract

*This work presents a simple two-phase flow model to analyse a series of axisymmet-
ric granular column collapse tests conducted under elevated gravitational accelerations.
These columns were prepared with a just-saturated condition, where the granular pores
were filled with a Newtonian fluid up to the column’s free surface. In this configuration,
unlike the fully submerged case, air-water-grain contact angles may be important to flow
dynamics. The interaction between a Newtonian fluid phase and a monodispersed iner-
tial particle phase was captured by an inter-phase interaction term that considers the drag
between the two phases as a function of the particle phase porosity. While this exper-
imental setup has broad applications in understanding various industrial processes and
natural phenomena, the focus of this study is on its relevance to predicting the motion
of debris flows. Debris flows are challenging to model due to their temporally evolving
composition, which can lead to the development of complex numerical models that be-
come intractable. The developed numerical scheme in this study reasonably reproduces
the particle-size and gravitational acceleration dependencies observed within the exper-
imental runout and basal fluid pressure reduction data. However, discrepancies between
the model and physical experiments primarily arise from the assumption of modelling
the granular phase as a continuum, which becomes less appropriate as particle size in-

creasces.

*Webb, W., Turnbull, B., and Johnson, C. G. (2024a). Continuum modelling of a just-saturated
inertial column collapse: Capturing fluid-particle interaction. Granular Matter. 26(1):21.
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Capturing fluid-particle interaction

5.1 Introduction

Granular-fluid flows have emerged as a prominent area of scientific inquiry, owing to
their extensive prevalence in both industrial and natural contexts (Warnett et al., 2014).
In this current study, our research focuses on a subset of natural granular mass move-
ments that fall under the classification of gravity-driven landslides (Jakob et al., 2005).
Notably, we direct our attention towards one specific type known as debris flows, which
pose significant threats to communities and infrastructure situated in mountainous re-
gions worldwide (Delannay et al., 2017). Particularly in developing countries, popula-
tion exposure to such hazards is on the rise (Nadim et al., 2006). Despite past scientific
attention, the increasing frequency and intensity of flow triggering events, such as peri-
ods of high rainfall intensity (e.g. Redshaw et al., 2019; Rodolfo et al., 2016), melting of
glaciers and permafrost (e.g. Allen et al., 2016; Sati, 2022) and, production of wildfires
(e.g. Grimsley et al., 2016; Oakley et al., 2018), occurring near urban areas, make it im-
perative to gain a deeper understanding of the underlying mechanics governing debris
flow behaviour.

Numerical modelling plays a vital role in the prediction and formulation of effec-
tive mitigation strategies for debris flows. The complex nature of debris flows, with
comparatively high fluid volume fractions (Pierson, 2005) and wide particle size distri-
butions (Turnbull et al., 2015), presents challenges not present in other gravity-driven
mass movements. As a result, both the fluid and solid phases, as well as their inter-phase
interaction, significantly influence macro-scale flow behaviour (Iverson, 1997). To de-
velop models that can approximate field-scale flow conditions, it is necessary to adopt an
idealised flow rheology. This simplification enables the formulation of tractable models
that can yield valuable insights into debris flow dynamics.

Debris flows have most commonly been modelled as a single, homogeneous granular-
fluid (e.g. Takahashi, 1981; Takebayashi and Fujita, 2020). Another approach is to treat
the fluid and granular material as separate continuum phases coupled by a phase in-
teraction term (e.g. Berzi and Jenkins, 2008; Iverson, 1997; Iverson and Denlinger,
2001). To simplify computations, depth averaged equations are commonly used to de-
scribe the conservation relations of the phases and the bulk flow. These equations were
originally derived under the assumption of a homogeneous density profile (Savage and
Hutter, 1989). However, this approach overlooks the fact that the solid volume fraction
varies spatially and temporally, which contributes to the diverse range of rheological

behaviours observed in mass movement events, including the development of excess
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pore pressures (Iverson, 2003). Field observations (e.g. McArdell et al., 2007; McCoy
et al., 2010) and large-scale testing (e.g. Johnson et al., 2012) have well-documented
this fact.

More recent models have sought to increase the complexity in which the two phases
can be modelled separately. Some models (e.g. Iverson and George, 2014; Pitman and
Le, 2005) describe how the interactions between the granular and fluid phases alter flow
dynamics. Iverson and George (2014) do this through the generation and dissipation of
excess pore pressures, while maintaining a heterogeneous flow profile by not allowing
the two phases to separate. Kowalski and McElwaine (2013) described each phase using
separate mass equations but a single momentum equation. Gray and Kokelaar (2010)
achieved separation between two phases in a similar way but focussed on particle size
segregation by considering two granular phases of differing particle size instead. Further
phase separation has been achieved in other models (e.g. Bouchut et al., 2017; Meng et
al., 2022) by describing each phase with its own mass and momentum equation.

While these recent models represent a significant improvement over earlier efforts,
the diversity of modelling strategies discussed demonstrates that there is no consensus on
the most appropriate way to efficiently model these two-phase flows, and that different
approaches can inform us about different aspects of a flow. Additionally, these models
only account for debris flows with uniform particle sizes. However, as stated by Iverson
(1997), and more recently demonstrated experimentally, many aspects of macro-scale
flow behaviour, such as flow mobility (de Haas et al., 2015), bed erosion (Roelofs et
al., 2022), and the accumulation and dissipation of excess pore pressures (Kaitna et
al., 2016), are highly dependent on the grain size distribution of the flow, particularly
the amount of fine, silt, and clay material present. Consequently, current numerical
methods do not allow the micro-scale effects from the inclusion of fine granular material
to influence macro-scale flow behaviour.

One possible approach to incorporate micro-scale effects is to include them in the
interphase interaction term so that they can impact the pore-scale. In this study, we aim
to explore the potential of this method by examining the extent to which micro-scale
effects can be accurately reproduced in the macro-scale flow behaviour of a simplified
experimental flow.

In particular, the unsteady collapse of a granular column has been a widely utilised
test configuration in the last two decades to examine how the column’s initial geometry
and composition influence its dynamics (e.g. Bougouin and Lacaze, 2018; Cabrera and
Estrada, 2019; Lajeunesse et al., 2004; Lube et al., 2004; Thompson and Huppert, 2007).
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For the case of a dry granular collapse, where many controlling parameters exhibit scale-
invariance, scaling relationships from laboratory-scale experiments have been linked to
geophysical granular flows (Delannay et al., 2017). However, the inclusion of a fluid
phase within the granular mixture introduces a stress-dependent grain-fluid interaction
(Iverson, 2015), causing the force ratios in laboratory-scale experiments to deviate from
those in large-scale geophysical flows (Heller, 2011). Achieving dynamic similarity in
the crucial pore pressure control processes of the flow can be attained by artificially in-
creasing the effective gravitational acceleration through centrifugation, as demonstrated
by Webb et al. (2023b)T in their study of axisymmetric fluid-saturated granular column

collapses.

5.2 Experimental configuration

Webb et al. (2023b)" performed experiments using the experimental setup illustrated in
Figure 5.1, which was attached to the arm of a geotechnical beam centrifuge. The ex-
periments involved the rapid release of a granular-fluid mixture consisting of monodis-
persed spherical glass beads and a Newtonian water-glycerol mixture that was initially
confined within a partially filled steel cylinder. It is worth noting that, while a polydis-
persed granular composition would have more accurately represented the composition
of geophysical flows, the chosen simplification offers advantages in terms of analysing
and comparing the experimental data. Furthermore, this simplification substantially
reduces the complexity of the numerical model employed in attempts to replicate the
collapse behaviour.

The mixture was just-saturated and allowed to spread on a horizontal plane under the
influence of a prescribed gravitational acceleration G governed by the rotation rate of
the centrifuge. The radius of the steel cylinder r and the initial height of both the gran-
ular and fluid phases h, , where v = p, f corresponds to the particle and fluid phases,
respectively, were equal and held constant (i.e. 1, o = hyo = hg). This resulted in a col-
umn aspect ratio ag = ho/ro ~ 0.93 while the particle size d,,, gravitational acceleration
G, and fluid viscosity 7y were varied systematically to explore a wide parameter space.
n¢ was held constant for each test conducted at a given G, making the study primarily
focused on the influence of d,, and g on collapse dynamics.

The study conducted by Webb et al. (2023b)" recorded the entire evolution of each

collapse within the measurement area using two high-speed cameras. Snapshots at dif-

TWebb et al. (2023b) is shown in Chapter 3
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Figure 5.1: The axisymmetric collapse apparatus used by Webb et al. (2023b)".

Figure 5.2: Snapshots of the collapse sequence downstream of centrifuge motion for
two columns, both with d, = 8 mm, with (a)-(¢) G = 9.81ms™? and (f)-(j) G =
137.64 ms~2 from Webb et al. (2023b)". The averaged radial position of the fluid (red)
and particle (white) phase fronts are shown.
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ferent times ¢ from two recorded collapses are depicted in Figure 5.2, where the end
of the recorded collapse period is denoted as ¢ (see Webb et al., 2023b" for details).
A multi-threshold image analysis scheme was employed to track the average radial po-
sition of both the fluid and granular fronts throughout each collapse. Furthermore, a
pressure transducer placed at the centre of the steel cylinder below the column allowed
the authors to record the evolution of the basal fluid pressure at this location.

The objective of this study is to develop a numerical model that can reproduce the
d,- and G-dependent behaviour observed in these granular-fluid mixture collapses. The
model’s accuracy will be evaluated by comparing predicted time series of runout, ve-
locity, and basal fluid pressure with the experimental data. To simplify the analysis,
all radial experimental quantities discussed will be presented as the average of upstream
and downstream values. This approach is adopted due to the minimal variation observed
in the collapse behaviour between the two directions, attributable to the Coriolis accel-
erations and the E6tvos effect’™ commonly encountered in centrifuge modelling (Taylor,
1995).

5.3 Modelling

5.3.1 Depth averaged equations

* A schematic representation of the numerical model used to replicate the flow dynamics
observed in the experiments is illustrated in Figure 5.3. The model depicts the motion
of distinct granular and fluid continuum phases with specific densities p,,, where, again,
v = p, f corresponds to the particle and fluid phases, respectively, spreading across a
horizontal plane. The model takes into account the separate influences of gravitational
and basal drag forces on the behaviour of the two phases, while their motion is tightly
coupled through a phase interaction term.

Like many previous studies on gravity-driven multiphase flows (e.g. Bouchut et al.,
2017; Kowalski and McElwaine, 2013; Meng et al., 2022), the current work will sim-
plify the system of equations by depth averaging the flow to improve computational
efficiency. This assumption is based on the following premises: (i) for the particle

sizes considered, surface tension effects of the fluid can be disregarded (Webb et al.,

TWebb et al. (2023b) is shown in Chapter 3
TfSee Chapter 6 for the definitions and a detailed analysis of the influence of Coriolis accelerations
and the E6tvos effect on collapse dynamics
*See Appendix C for a derivation of the model from continuum mixture theory
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Figure 5.3: Sketch of a 2-D slice of an undersaturated granular collapse modelled as
two coupled continuum phases.

2023b)T; (ii) the generation of excess pore pressures is eliminated through the exclusion
of fine materials from the granular phase (Kaitna et al., 2016) and the small scale of the
modelled flow (Iverson, 2015); and (ii1) the shallow depth of the flow results in negli-
gible accelerations perpendicular to the main direction of motion. The validity of the
last assumption will be discussed in Section 5.3.4, given the initial configuration of the
granular-fluid mixture before the collapse.

Given the simplicity of the experimental flow, and in the interest of computational
efficiency, it was deemed reasonable to model the motion of the flow in an axisymmetric
coordinates system by only considering one lateral spatial dimension 7 and the vertical
spatial dimension z. The nature of the experiment being modelled, and the range of
particle sizes used, allows for the further assumption of an always exactly saturated or
undersaturated granular phase (i.e. h; < h,). By employing the conversion process
outlined in Appendix C, the original unified system of equations proposed by Meng
et al. (2022) is transformed into a revised set of equations. These constitute a system
of depth-averaged mass and momentum conservation equations describing the evolu-
tion of the phase thickness h,,(r, t) and the depth-averaged phase velocity @, (r, t) in an

undersaturated granular flow

hyty,

Ouhy + 0, () = = =22, (5.1)
-
Ouhy + 0, (hyig) = ==L, (5.2)

TWebb et al. (2023b) is shown in Chapter 3
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1
O (hyti,) + O, <hpa§ + §Gh§) =

hyii2 ( hf) no; o
— ——-Gh, + min(hg, h,)(uy — u,), (5.3
r | | hp ppgbpk ( f p)( ! p) ( )
_ 1 hyui s o
O(hsig) + O, (hfuff + §Gh§) = Ly ;fk,f min(hy, hp)(u, — ar),  (5.4)

for the particle and fluid phases, respectively, where ¢, is the phase volume fraction
which is assumed to be constant for both phases and obey the relation ¢y =1 — ¢,. G
is the gravitational acceleration acting parallel to the z-direction, p; is the basal friction
coefficient, v* is the density ratio between the two phases such that v* = p;/p,, and k
is the permeability of the granular phase where k = (¢}d2)/(180¢7) as defined by Car-
man’s equation (Pailha and Pouliquen, 2009) which has been shown to agree well with
studies investigating the dynamics of sediments and bed-load transport (Goharzadeh
et al., 2005; Ouriemi et al., 2009). The influence of particle size on the dynamics is
incorporated within the permeability term.

Consistent with previous studies (e.g. Bouchut et al., 2017; Meng et al., 2022), we
assume that ¢,, corresponds to a critical solid volume fraction ¢., which we take to be
the average solid volume fraction of the granular material before collapse. Accordingly,
we set ¢, = ¢. = 0.61 and ¢y = (1 — ¢.) = 0.39. While acknowledging that the as-
sumption of a constant ¢, is not valid during the later stages of the collapse (as depicted
in Figure 5.2), it serves as a reasonable simplification for the initial acceleration phase
when the column is predominantly undergoing free-fall. To further improve computa-
tional efficiency, we approximate the 1,/ |t,| term in Equation (5.3) with tanh(,/u*),
where v* = 107> ms™ is a velocity scale below which the granular friction is approxi-
mated as viscous. Finally, we set j;, to 0.8 where we discuss the rationale for this value
in Section 5.3.4.

5.3.2 Behaviour of the model in limiting cases

The model can be reduced to the familiar case of a singular granular phase by taking
hy = 0. On the other hand, if the limit &, = 0 is applied, we obtain a similar solution
describing the motion of a singular fluid phase. However, since ¢y = 1 — ¢, and ¢, is a
constant, the volume of fluid per unit azimuthal angle predicted by the model would be
inexact. Hence, for flow cases where both phases are present, regions of the flow that

are comprised of only the fluid phase will be volumetrically incorrect. We can avoid this

70



Chapter 5: Continuum modelling of a just-saturated inertial column collapse:
Capturing fluid-particle interaction

issue for the case of a purely fluid column collapse by setting ¢ = 1 as in Section 5.3.4.

In the case of a two-phase system, given that the interaction force between the phases
remains finite, as & — 0, u, — uy for all £. This implies that for the initial configuration
of the physical experiments conducted by Webb et al. (2023b)", which corresponds to
a granular material that is just saturated, it is possible to say that h, = hy = h(r,1).
Therefore, by multiplying the mass and momentum continuity equations of each phase
by their respective densities, p,, and then summing the results, the model reduces to the
equations of motion for a single phase.

Another interesting limiting case is when we consider the drainage of the fluid phase
out of a low permeability static granular phase by setting %, = 0 and assuming £ is small.
The resulting model describes the motion of a slow fluid whose momentum depends
only on the fluid pressure gradient and the phase interaction force. This system can be

written as follows

Oy(hs) 4 Op(hyus) = 0, (5.5)
1 o _

Rearranging Equation (5.6) for @ and substituting the result into Equation (5.5), we
reassuringly recover the vector form of the Dupuit-Boussinesq aquifer flow relation
(e.g. Guérin et al., 2014)

1 k K
b0h(hy) = §G%v2<h§> = SV3), (5.7)

where K = (G)psk)/ny is the hydraulic conductivity of the granular phase.

5.3.3 Numerical method

The spatial discretisation of Equations (5.1)—(5.4) was carried out using the second-
order central-upwind scheme developed by Kurganov and Petrova (2007) for solving
the Saint-Venant system of equations. A 0.5m test domain was discretised into 1000
cells, resulting in a cell width Ar = 5 x 10~*m. Given that the column expands into
regions where no grains are initially present, it was important to ensure that the model
was positivity preserving, i.e., capable of handling the transition between cases where
h, # 0 and h, = 0 (Bouchut et al., 2017). To achieve this, the more sophisticated
cell boundary depth correction algorithm of Chertock et al. (2015) was employed. An

TWebb et al. (2023b) is shown in Chapter 3
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explicit second-order Runge-Kutta method was implemented to discretise the system in
time. To ensure the stability of the scheme, a CFL number of 0.2 was used. The system’s

phase data was stored at time intervals At = 1 x 1073,

5.3.4 Regularisation of vertical velocity components

To begin to assess the validity of the model, we start by conducting a comparison with
the experimental findings for a single fluid phase only collapse (i.e. ¢y = 1 and ¢, = 0).
For the numerical model, we define the instantaneous phase front position r,(¢) as the
largest radial distance where h,,(r, t) > 0.1 mm while the definition for the experimental
case remains the same as in Webb et al. (2023b)". Similarly, we introduce the normalised
phase runout length , defined as the normalised difference between the instantaneous
position of the phase front and the initial column radius (r, — 79)/ro.

A comparison of the numerical and experimental temporal evolution of 7} for purely
fluid columns across all tested values of G is visualised in Figure 5.4. In the experi-
mental case, the visibility of the collapsing column is initially obstructed by the steel
cylinder used to construct it, causing a delay between the release of the column and
the captured motion of the phase fronts in the camera footage. To address this issue,
the numerical evolution of 7} has been shifted to align with the experimental signal by
setting the 7% at ¢ = 0 for the numerical signal to the 7} for the experimental signal at
t = 0 for each respective collapse test. This alignment approach was compared against
the manual determination of the cylinder’s release time by analysing the collapse im-
ages. The comparison indicated that both methods yielded similar results in terms of the
magnitude of the temporal offset. However, unlike the fitting approach, manually iden-
tifying the release time of the column was prone to human error, which could introduce
significant variations in the magnitude of the temporal offset. This was more of an issue
for the higher G tests where the duration of the collapses are relatively short compared
to the frequency of image capture, which remained constant and, therefore, independent
of the applied gravitational force.

It is evident from Figure 5.4 that the velocity of the fluid phase front in the numerical
model is significantly higher than that observed in the corresponding experimental data
at all values of (G. This is to be expected since the initial configuration of the fluid
columns does not meet the shallow depth assumption crucial to the model’s derivation,

namely ay < 1 does not hold, and Equations (5.3) and (5.4) do not incorporate terms

TWebb et al. (2023b) is shown in Chapter 3
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Figure 5.4: Comparison of the numerical and experimental temporal evolution of the
normalised average fluid runout length r} with time ¢ for purely fluid column collapses
for all values of G.

accounting for the vertical acceleration of the two phases or their subsequent dissipation
upon impact with the horizontal plane (Larrieu et al., 2006). We note that, if a Chézy
style basal drag term were added for the fluid phase, it would decelerate the simulated
fluid phase front, whereas the experimental fluid fronts accelerate over the spreading
distances considered.

In order to address this issue, we implemented the mass ‘raining’ scheme as described
in Larrieu et al. (2006). Originally designed for a singular granular phase, the scheme
divides the flow into two distinct components. The first component consists of a shal-
low layer of material that spreads horizontally, with a height smaller than that of the
experimental column being simulated. The second component, known as the ‘rain’,
is gradually introduced to the flow over a specific duration equivalent to the free-fall
of the column. By incrementally adding mass, the injected potential energy into the
modelled system is significantly reduced compared to the potential energy of the com-
plete column. Consequently, the effects of energy dissipation during the collapse can be
mimicked in the model.

In our study, we extend the application of this scheme to both the granular and fluid
phases. The adjusted initial configuration of each phase, denoted as v = p, f, can be

characterised by its initial radius r(, and initial height /., ; = C\r(. Thus, the progressive
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supply of mass to the flowing material in each phase is quantified using a phase-specific

volume flux per unit area

Gt for0 <r <r,
Qo(r,t) = (5.8)
0 forr >ry,

up to a time related to the free-fall of the specific column phase t,, 1 = \/2(hyo — ho1)/G.

Accordingly, the mass conservation Equations (5.1) and (5.2) become

-
@@+&@mg=—i%+%, (5.9

hyii
@M+&Wﬂﬂ=—if+w- (5.10)

for the fluid and particle phases, respectively. Following Larrieu et al. (2006), no source
term was added to the momentum equations, as it is assumed that the mass is added with
no horizontal momentum (i.e. in a state of free-fall).

A comparison between the temporal evolution of 7} for purely fluid columns at all
tested values of G for both numerical models and the experimental data is shown in
Figure 5.5. For the numerical model utilising Larrieu et al.’s (2006) mass rainfall scheme
(i.e. mass conservation Equations 5.9 and 5.10), the value of C,. has been varied.

As in Figure 5.4, the numerical evolution of 7} has been offset from the experimental
signal to ensure that 7} at ¢ = 0 for both signals is equal for each respective collapse test.
Firstly, The temporal evolution of r} by the numerical model employing the mass rain-
fall scheme matches the results of the original scheme when C,. = 0.93 (see Figure 5.5).
This is because, when C, = ag, h,o = h,1 resulting in no mass being added to the
initial system as ¢, sy = 0. It is also shown that adjusting the phase mass conservation
equations significantly improves the agreement between the model and experiments re-
gardless of the value of C'.. To ensure consistency, a C.. value of 0.05 is used from this
point on as it provides the best compromise for simulating tests at all G levels. Larrieu
et al. (2006) found that using C, < a( had no effect on the long-term spreading dy-
namics of the collapse. Therefore, the range of C). values considered here only affects
short-term spreading dynamics.

Finally, we adopt the assumption that ;;, = 0.8 based on the coefficient determined
by Larrieu et al. (2006) who used it to reproduce the runout scaling laws proposed in

previous works (Lube et al., 2005, 2004) for a dry axisymmetric granular column col-
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Figure 5.5: Comparison of the two numerical schemes, the original and the one now
utilising the mass introduction scheme of Larrieu et al. (2006), and experimental tem-
poral evolution of the normalised average fluid runout length 7} with time ¢ for purely
fluid column collapses with varying values of C, for (a) G = 9.81ms~2, (b) G =
4522ms 2, (¢) G = 137.64ms 2 and (d) G = 275.45ms 2.

lapse (where ¢y = 0 and ¢, = 1). This coefficient is notably high and may be attributed
to the lack of consideration of interior flow dissipation mechanisms in shallow water

models.

5.4 Calibration assessment

5.4.1 Runout

After tuning the model parameters using purely fluid collapse test data, we proceed
to evaluate the model’s ability to describe the collapse of granular-fluid mixtures by
comparing the temporal evolution of 7} and r; with experimental results for all values
of dp and G.

By considering the pre-collapsed column configuration, we can characterise the mod-
elled system using both dimensionless parameters, v* and ag, and three dimensional

parameters, G, ho and 7/ (pdf,), where p represents the effective column density p =
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bppp + drpr (Webb et al., 2023b)". These dimensional parameters can be combined to
yield another dimensionless group, denoted as B = (Gd,p?)/(hon7), which is anal-
ogous to the square of the ratio of the column Bond Bo and Capillary Ca numbers
(Bo/Ca)?. Webb et al. (2023b)' found Bo/Ca to be a key parameter in the prediction of
the maximum phase front velocity.

Considering that a remains constant and v* exhibits only minor variations of approx-
imately 8% across the parameter space under investigation, we plot the runout evolution
of the numerical simulations in dimensionless 7, — ¢; space. Here, ¢} represents the
ratio between ¢ and the characteristic column inertial timescale \/m . This approach
yields a family of curves primarily determined by the value of B (Figure 5.6). Specif-
ically, when B < 1, it corresponds to tightly coupled grains and fluid, wherein the
collapse is governed by drag forces. On the other hand, when B > 1 it indicates nearly
independent behaviour between the grains and fluid phases.

To ensure consistency, we have, again, offset the numerical time signal from the
experimental time signal. Both the fluid and particle phases have been offset by the
same time period, such that their 7} values are equal at ¢}, = 0. This strategy enables
the numerical fluid and particle runout time series to remain in phase.

The overall evolution of a collapsing mixture, previously reported by Webb et al.
(2023b)" and many other authors (e.g. Leonardi et al., 2021; Ng et al., 2018), is success-
fully replicated in the model (Figure 5.6). The collapse consists of acceleration, quasi-
steady, and retardation stages, with the duration of each stage primarily controlled by G,
with each stage duration decreasing as G increases. The simulations also partially repro-
duce the particle-size-dependent (i.e. pore space dependent) behaviour observed in the
experiments. Specifically, the model incorporates a permeability-dependent interaction
term in Equations (5.3) and (5.4) to exhibit the effects of granular capillarity, resulting
in the fluid phase front of a collapse containing a coarser particle phase (i.e. larger d,,)
achieving higher peak velocities and separating itself further from the particle phase
front (Webb et al., 2023b)T.

The runout distances predicted by the model for both phases overestimate those mea-
sured experimentally for every test case. However, it is evident that, for a given G, the
performance of the model improves as d, decreases. Given that the volume of the granu-
lar phase is constant across all of the experiments, this is likely due to the collapses with
a granular phase consisting of smaller particles, containing more particles. Hence, it is

more appropriate to model the granular phase as a continuum. Moreover, the model’s

TWebb et al. (2023b) is shown in Chapter 3
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Figure 5.6: Comparison of the numerical and experimental temporal evolution of the
normalised phase runout length r; with normalised time ¢; = for collapses containing a
particle phase at (a) G = 9.81ms 2, (b) G =45.22ms 2, (¢) G = 137.64ms~? and
(d) G =27545ms2.

prediction of the final runout and the temporal evolution of the particle phase improves
as (G increases. This is because capillary interaction between particles becomes less
significant as the particle inertia increases with G (Iverson, 2015). We do not model
capillary interactions, hence model and experiment become more closely matched at
higher G.

The omission of capillary forces likely contributes to the significant overestimation
of the separation between the phase fronts during the collapse. To address this effect,
it would be worthwhile to explore the incorporation of the Capillary number Ca into
the phase interaction term, as a means to consider the influence of grain-scale surface
tension effects (Webb et al., 2023b)". However, investigating this aspect is beyond the
scope of the present study.

Additionally, the assumption of a constant fluid velocity profile with flow depth
(i.e. plug flow), and the omission of a fluid drag term, does not consider the increased
viscous stress imposed on the fluid by the horizontal plane as the fluid depth reduces, re-
sulting in a more turbulent flow (Batchelor, 2000), which is the case during a significant

portion of the collapse spreading stage. Nevertheless, the reduction in the separation

TWebb et al. (2023b) is shown in Chapter 3
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between the two phases as GG increases is encouraging, suggesting that particle inertial
(i.e. dp) effects become less dominant with increased scale, given that the macro-scale
dynamics of geophysical-scale debris flow behaviour are primarily driven by gravita-

tional and viscous forces (Iverson, 1997).

5.4.2 Velocity

In this section, we compare the temporal evolution of the phase front velocity w, for
both the experimental and numerical test cases. The normalised phase front velocity
Uy gy = Uy/ V'hog is presented against ty, for all collapses containing a particle phase
and all values of ¢ in Figure 5.7 where, again, the numerical simulation for each test has
been offset from the experimental data in the time domain. As discussed in Section 5.4.1,
Figure 5.7 demonstrates that the experimental evolution of both phases throughout the
collapses, for all values of d, and GG, comprises three distinct stages of motion, including
a steady state. In contrast, the simulated collapse fronts never appear to reach a steady
state of motion. Similar to the temporal evolution of 7/, the peak velocities of the phase
fronts observed in the experiments were lower than those predicted by the simulations
for all test cases. Although the simulations reasonably modelled the time after collapse
initiation when these peak velocities occur, they tended to be faster than those observed
in the experiments. We attribute the discrepancies between the simulation and experi-
mental results for the temporal evolution of u; ;, primarily to the continuum modelling
assumption and the resulting transfer and dissipation of granular momentum, particu-

larly for larger particle sizes.

*

Analysing the collapses in u;

— t5,, space further highlights the interference of
the steel column on the acceleration stage of the experimental collapses. A particle
size-dependent lag, where the granular phase front begins to move, was observed for
all values of G, and the magnitude of the lag increased with d,. This result is due to
the larger particle sizes being trapped by the rising column for longer since the speed
at which the column is lifted is proportional to G. The lifting speed of the column
was designed to comply with Sarlin et al.’s (2021) criterion, which defines a threshold
lift velocity that prevents the release mechanism from influencing the dynamics of a
collapsing dry granular phase. Contrary to the suggestion of Li et al. (2022), we found
that this criterion cannot be lowered for a granular material in the initially just-saturated
condition. Although increasing the mass of the counterweight used to lift the column

could have achieved greater column lifting speeds, it would likely have an adverse effect
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Figure 5.7: Comparison of the numerical and experimental evolution of the normalised
phase front velocity u;, ,  withnormalised time ¢,  where (a)-(d) v = f and (e)-(h)v = p
for collapses containing a particle phase at G = 9.81 ms~2 [(a), (e)], G = 45.22ms 2
[(b), (D], G = 137.64ms™? [(¢), (g)] and G = 275.45ms 2 [(d), (h)].

on the release of the granular material due to the increased viscous stresses induced
between the inner walls of the cylinder and the saturated granular mixture. This effect
is discussed in detail in Section 5.5.1.

Since the particle phase is initially held stationary by the rising column, the initial
discharge of the fluid phase is highly dependent on the capillarity of the granular phase
(i.e. dp). Hence, the peak value of u}, during the acceleration stage increases with
d, at all values of G. As found by Webb et al. (2023b)', the dependency on d,, is not
as prominent at G = 9.81 ms~? as surface tension effects have a large influence on
the initial fluid front velocity at low G. The influence of d, increases as G increases
to 45.22m s~ 2 and begins to reduce for subsequent increases in GG as gravitational and

viscous forces begin to dominate flow dynamics.

TWebb et al. (2023b) is shown in Chapter 3
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5.5 Fluid pressure

With the model parameters calibrated to best match the experimental runout data, we
will use these settings to predict the evolution of basal fluid pressure at the column’s

centre and compare it to the corresponding observations from the physical experiments.

5.5.1 Experimental pressure signal reduction

Upon collapse initiation, the significant acceleration of the steel cylinder relative to the
initial motion of the collapsing mixture induces viscous shear stresses between the two
surfaces that are capable of partially lifting the collapse material. This causes the fluid
pressure being applied to the pressure sensor at the base of the column P to drop and
subsequently rise when the weight of the collapsing material overcomes the viscous
shear stresses impeding its downward motion. This experimental discrepancy appears
to have no influence on the pressure variation observed during the initial dilation of col-
lapsing material containing a granular phase, which was investigated previously (Webb
etal., 2023b)", as it occurs after the pressure spike associated with the dilative motion of
the collapsing mixture and over a much longer timescale. The duration of this effect is
largely dependent on the column composition. For purely fluid collapses, the column’s
influence dissipates ¢ ~ \/m after collapse initiation. However, for collapses con-
taining a granular phase, the effect is prolonged, and increases with decreasing d,,, due
to the capillary action introduced by the presence of a granular matrix.

As these complexities are not indicative of an initially unconstrained collapse, and
would not be replicated within the numerical model, the pressure time series for each
test was reduced to remove these effects by only considering pressure data after which
the collapsing mixture had lost contact with the steel column. This also limits the con-
tribution of the flow’s vertical acceleration on the pressure measurement. As was the
case in Webb et al. (2023b)", only pressure data from the collapses undertaken at G =
4522ms 2 and G = 137.64ms~ 2 were considered, as pressure measurements were
not recorded for tests undertaken at G' = 275.45 ms~2 and the pressure signals for tests
where G = 9.81 ms~2 had significant signal-to-noise ratios. Unfortunately, the sensor
was damaged during the test with d, = 2mm and G = 137.64 ms~2, and therefore had
to be removed from the dataset.

In line with the previous work, a fourth-order low-pass Butterworth filter with a cut-

TWebb et al. (2023b) is shown in Chapter 3
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off frequency f. = 100 Hz was employed to filter the pressure signal for each test.
To determine the time at which the mixture no longer made contact with the steel col-
umn, multiple steps were taken. First, the pressure time series was normalised with
respect to the hydrostatic pressure of the column before collapse P = p;Ghy to obtain
P* = P/P. Next, a surrogate signal was constructed that only included the data points
corresponding to the last time when the signal was roughly equal to a constant A,,, where
A, ranged from 0.001 to 0.99 in increments of 0.001. Consequently, the surrogate sig-
nal decreased between each data point and did not increase with time. By using a lower
threshold value of A, = 0.3, the largest difference in time between consecutive points
in the surrogate signal was identified as the time during which the column lifting effects
were significant. As a result, the start of the reduced signal was set as the first data
point after this prolonged time difference. Finally, the endpoint of the reduced signal
was identified as the start of the longest concurrent subsequence during which the di-
mensionless pressure gradient P*/t; , remained below the selected threshold gradient
B, =0.1.
The normalised reduced pressure data was fitted to a three-parameter exponential
curve
P* = ayexp (=byty ) + ¢, (5.11)

where a,, by, and ¢, are constants. This fitting procedure enables a trend to be extrapo-
lated, which is useful for directly comparing the pressure time series of different collapse
tests (see Figure 5.8). As the reduced signal began at an average normalised pressure of
P =0.45+0.03, we consider pressure trends up to P* = 0.5. Given the satisfactory
representation of the experimental data by the exponential fit, we henceforth refer to the

fitted trend as the experimental data.

5.5.2 Numerical pressure signal reduction

Since the numerical model assumes shallow-water conditions, the basal fluid pressure
at the centre of the column during the simulated collapse tests is determined by the
equation P = pyGhy,—., /2. The utilisation of Larrieu et al.’s (2006) mass ‘raining’
scheme results in the basal fluid pressure prior to collapse initiation Py = C,’P. During
the collapse tests, the injection of fluid phase mass into the system causes P to increase
gradually until it reaches a value of approximately 0.8 at t = ¢ ; before dissipating
as expected for an unconstrained collapse. To enable a direct comparison between the

model predictions and experimental findings, we only analysed the basal fluid pressure
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Figure 5.8: The raw and fitted experimental temporal evolution of the reduced dimen-
sionless basal fluid pressure at the centre of the column P* with time ¢ at (a) G =
4522ms 2 and (b) G = 137.64ms2.

data from each simulation starting from the time when P = 0.5P for the final time.

5.5.3 Definition of pressure reduction

Before comparing the numerical and experimental pressure time series, it is crucial to
understand the constraints imposed by the data collection process on our analysis. Typi-
cally, the dissipation of fluid pressure is considered from a Lagrangian reference frame,
where the time series records the evolution of pressure for a fixed ‘packet’ of the flow
during collapse (Batchelor, 2000). This approach allows you to analyse how internal
flow deformations, such as particle suspension and no suspension within the fluid phase,
promote the generation or dissipation of non-hydrostatic pore pressures (Iverson, 2005).

However, in practical scenarios, recording pressure data from a Lagrangian reference
frame is often unfeasible. Previous studies have addressed such challenges in natural
flows by measuring the fluid pressure at a fixed location in the flow (Eulerian reference
frame) and the height of the flow’s free surface passing over that point H (e.g. McArdell
etal., 2007). By comparing the recorded pressure with the theoretical pressures of com-
plete granular phase suspension (pG H) and sedimentation (p ;G H), an estimation of the

amount of suspended granular material within the flow can be made.
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In our study, the evolution of flow height cannot be determined from the test images,
which prevents the consideration of excess pore pressures at the measurement location.
However, we can assess the influence of excess pore pressures within the reduced pres-
sure signal by calculating the timescale of slope-normal diffusion of excess pore-fluid
pressure (n;H?)/(kE), where E is the elastic bulk modulus of the solid-fluid mixture,
which is approximated as £ = 107 Pa (Iverson, 2015). For our tests, the timescale values
range from 107> — 107> s, which is at least two orders of magnitude smaller than the time
at which the reduced pressure signal begins (approximately 0.08 s and 0.05 s after col-
lapse initiation for tests at gravitational accelerations of 45.22ms 2 and 137.64 ms™2,
respectively). Therefore, it is reasonable to assume that all excess pore pressures have
dissipated before the reduced pressure signal is captured. Consequently, the remaining
fluid pressure component within the reduced signal can be assumed to be hydrostatic
and dependent only on the height of fluid above the sensor location.

Based on these assumptions, and as described by the numerical model, the temporal
evolution of the reduced pressure signal corresponds to the spreading of fluid away
from the centre of the column. Thus, when referring to pressure reduction, we mean the
reduction in hydrostatic pressure in the Eulerian reference frame due to the spreading of

the fluid phase away from the pressure sensor.

5.5.4 Comparison of pressure reduction

The temporal evolution of the reduced normalised basal fluid pressure at the centre of
the column P*, obtained from the physical experiments, is shown in Figure 5.9. The
figure indicates that, in general, for a given G, the rate of pressure reduction increases
with increasing pore space (i.e. increasing d,). Collapse tests that involve only a fluid
phase, corresponding to an infinite pore space (or d, = 0 mm), act as an upper bound
for the experiments that contain a granular phase.

The collapses involving 8 mm particles may experience a lower rate of pressure re-
duction due to the column release mechanism. As shown in Figure 5.7, a substantial
amount of fluid drained out of the granular skeleton while it was restrained by the col-
umn. This would lead to a higher initial pressure drop, resulting in a slower rate of
reduction over the duration of the pressure signal under consideration.

In contrast, the residual value of P* at ¢t = 0.25s also exhibits a dependence on d,
but, increases as d,, decreases. This trend is likely attributable to the smaller pore spaces

and increased capillary forces, which make it more difficult for the fluid to escape from
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Figure 5.9: Experimental temporal evolution of the reduced dimensionless basal fluid
pressure at the centre of the column P* with time ¢ for varying d,, and G.

the granular phase, resulting in higher residual fluid pressures at the collapse centre.
Conversely, for tests involving larger particle sizes (i.e. 6 and 8 mm), the residual pres-
sure at the centre of the column approached 0, which was also the case for the pure fluid
collapses.

Encouragingly, the patterns observed in the evolution of P* with ¢, as depicted in
Figure 5.10, through the numerical model, display similar correlations with G and d,,.
The incorporation of a d,-dependent interaction term leads to an increase in the rate
of pressure reduction with increasing d,, for a given G. Although the model forecasts
residual pressures at t = 0.25 s that grow with decreasing d,, they do not approach 0 for
larger particle sizes. Additionally, in all scenarios, the residual pressure is overestimated
by the model, likely due to the assumption of a continuous granular phase, which results
in an overestimation of the magnitude of the interaction term and the selection of a high
1y value, which was necessary to reduce the phase front velocities.

Comparison of the numerical simulations to the experimental results by constraining
(G, as shown in Figure 5.11, demonstrates that in all cases, similar to the temporal evo-
lution of w;, ;, , the predicted rate of pressure reduction by the model is higher than that
observed in the experiments. It is probable that this inconsistency is mainly due to the

assumption of a hydrostatic pressure distribution and neglecting the vertical accelera-
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Figure 5.10: Simulated temporal evolution of the reduced dimensionless basal fluid
pressure at the centre of the column P* with time ¢ for varying d,, and G.

tions experienced by both constituent phases during the initial collapse of the column,
which would increase the force and subsequently the pressure, applied to the horizontal
plane located at the basal surface.

In order to evaluate the pressure scaling relations predicted by the model, it is essen-
tial to compare the experimental and numerical results in P* — ¢ = space, as illustrated
in Figure 5.12. As the only source of momentum transfer for the fluid phase is via its
interaction with the granular phase, it is reassuring to observe that the experimental and
numerical curves for the purely fluid collapses (i.e. d, = 0 mm) conducted at different
G levels approximately collapse onto single curves, respectively. This reaffirms that,
within the tested parameter range, the reduction of basal fluid pressure during fluid col-
umn collapses is predominantly determined by the magnitude of (G, while particle size
effects play a secondary role.

Additionally, analysing the data in P* — ¢ space shows that for a specific particle
size, the pressure reduction curve’s gradient for the experimental data increases with
increasing (&, which is the opposite of the trend predicted by the numerical model. This
opposing scaling in P* — {7 space implies that the interaction term utilised in the model
does not reflect the observed scaling behaviour for basal fluid pressure reduction, em-

phasising the need for further investigation of the underlying mechanisms at play.
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Figure 5.11: Numerical and experimental temporal evolution of the reduced dimension-
less basal fluid pressure at the centre of the column P* with time ¢ for varying d, at (a)
G =4522ms ?and (b) G = 137.64ms 2.
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Figure 5.12: (a) Numerical and (b) experimental temporal evolution of the reduced

dimensionless basal fluid pressure at the centre of the column P* with normalised time
t, for varying d, and G = 45.22ms™? and 137.64ms ™2,
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5.6 Discussion

The dynamic complexity of debris flows, in part, arising from their spatially and tem-
porally evolving composition, results in significant challenges when modelling these
phenomena. As such, numerical models that attempt to capture the diversity of flow
behaviours observed in field-scale flows can become intractable (Turnbull et al., 2015)
and, therefore, unsuitable for the development of effective hazard mitigation strategies.
Hence, obtaining a greater understanding of the interaction between the fluid and granu-
lar phases constituting the flow is crucial to developing appropriate modelling assump-
tions that lead to cost-effective predictive methodologies.

In the present study, a two-phase depth averaged model was proposed to capture the
essential grain-fluid interaction processes observed during the fluid-saturated granular
column collapse experiments conducted by Webb et al. (2023b)" using elevated G-levels
to reflect the grain inertia in large-scale events. The grain-fluid interaction force consists
of a Darcy-drag style relation where the drag between the two phases is a function of
the granular phase permeability as described by Carman’s equation. The axisymmetric
geometry of the experimental setup was taken advantage of by developing a system
of equations that could be expressed in a conservative form using a polar coordinates
system. The individual system of equations for both the fluid and granular phases can
be recovered as limit cases of the two-phase system.

Numerical simulations of the experiments were undertaken with the model where
its spatial and temporal discretisation were carried out using a second-order central-
upwind scheme (Kurganov and Petrova, 2007) and an explicit second-order Runge-
Kutta method, respectively.

From initially comparing the numerical and experimental runout results of collapses
consisting of a singular fluid phase, it was evident that the numerical model was sig-
nificantly overestimating the initial acceleration of the fluid front. This was due to the
initial configuration of the columns not adhering to the depth averaged assumption that
was critical to the model’s derivation. This was counteracted by employing the mass
‘raining’ scheme of Larrieu et al. (2006) to incrementally introduce phase mass into the
system, thus, eliminating the overestimation of vertical accelerations.

The ability of the tuned model was then tested by assessing how well it replicated
the temporal evolution of both the granular and fluid phase fronts for a series of just-

saturated granular column collapse tests where both d, and G were varied. While the

TWebb et al. (2023b) is shown in Chapter 3
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model could successfully replicate the acceleration, quasi-steady and retardation stages
of motion expected for an unsteady mass movement, the runout out distances predicted
by the model overestimate those measured experimentally for every test case. The
model’s performance improved with decreasing d, which is a key indication that this
discrepancy largely emanates from the modelling assumption of a continuum granular
phase. Moreover, it is important to acknowledge that this continuum approximation is-
sue may extend to field-scale scenarios as well, as debris flows often transport boulders
with diameters comparable to the flow depth. However, the model does predict a reduc-
tion in phase separation for a given d,, as GG increases, illustrating that particle inertial
effects become less dominant with increased scale.

Similarly, when comparing numerical and experimental temporal evolutions of the
phase front velocity, it was hypothesised that the continuum assumption was responsible
for the model overestimating the peak phase velocities. Analysing the collapse in u;, ,, —
th, space also highlighted a particle-size dependent lag in the experimental data that
was the result of interference from the steel column. Crucially, the initial discharge of
the fluid phase was found to be heavily dependent on the permeability of the granular

2 it reduces

phase. While the influence of d,, on this effect increases to G = 45.22ms™
thereafter as macro-scale gravitational and viscous forces become dominant.

In order to directly compare the experimental and numerical basal fluid pressure time
series, both had to undergo a reduction process to eliminate the influence of the steel
column being lifted and the implementation of the mass ‘raining” scheme, respectively.
Comparing the datasets in P* — ¢ space clearly showed that the model was able to repli-
cate the strong d, and GG dependencies exhibited within the experimental hydrostatic
pressure reduction curves. Specifically, for a given G, the rate of pressure reduction
increases with d,,, while, for a given d,,, the rate of pressure reduction increases with G.

Discrepancies in the magnitude of the pressure reduction rate and the residual basal
fluid pressures between the model and the experimental findings can again be reasoned
to emanate from the assumption of a continuum granular phase and interference from
the steel column. Additionally, analysing the trends in P* — ¢} space revealed that
the numerical dimensionless pressure reduction curves decreased with increasing G,
which opposes the trend observed in the experimental data. Thus, it can be determined
that, while the chosen inter-phase interaction term allows the model to replicate the
mechanisms governing the phase interaction at the grain-scale, it does not quite obtain
the scaling behaviour observed experimentally.

Future extensions of the model would be focussed on incorporating the effects of
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polydispersed granular phases, meaning inertial and sub-inertial granular material, on
macro-scale flow behaviour by altering the inter-phase interaction term. Webb et al.
(2023a)* explored the influence of different grain scales by conducting the same col-
umn collapse experiments as Webb et al. (2023b)*, but with a particle phase consisting
primarily of inertial grains while kaolin clay particles were suspended within the fluid
phase. A scale analysis of the collapse runouts found that the quantities used to char-
acterise the phase runout were highly dependent on the degree of fines, as well as di-
mensionless quantities that characterised the column- and inertial grain-scales. Further
testing is required to obtain basal fluid pressure evolution collapse data before the model

can be extended.

5.7 Supplementary content

The raw video files for all completed tests are available at https://doi.org/10.
17639/nott.7277.

tWebb et al. (2023a) is shown in Chapter 4
TWebb et al. (2023b) is shown in Chapter 3
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Chapter 6

Performance and limits of a
geotechnical centrifuge: DEM-LBM
simulations of saturated granular

column collapse

Abstract

*This study investigates the dynamics of granular flows in geotechnical centrifuge mod-
els, focusing on the effects of centrifugal and Coriolis accelerations. While conventional
laboratory-scale investigations often rely on Froude scaling, geotechnical centrifuge
modelling offers a unique advantage in incorporating stress-dependent processes that
fundamentally shape flow rheology and dynamics. Using the Discrete Element Method
(DEM) and the Lattice-Boltzmann Method (LBM), we simulate the collapse of a just-
saturated granular column within a rotating reference frame. The model’s accuracy is
validated against expected trends and physical experiments, demonstrating its strong
performance in replicating idealised collapse behaviour. Acceleration effects on both
macro- and grain-scale dynamics are examined through phase front and coordination
number analysis, providing insight on how centrifugal and Coriolis accelerations in-
fluence flow structure and mobility. This work enhances our understanding of granular
flow dynamics in geotechnical centrifuge models by introducing an interstitial pore fluid
and considering multiple factors that influence flow behaviour over a wide parameter

space.

*Webb, W., Turnbull, B., and Leonardi, A. (2024b). Performance and limits of a geotechnical cen-
trifuge: DEM-LBM simulations of saturated granular column collapse. Granular Matter. 26(2):32.
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6.1 Introduction

Centrifuge modelling is a well-established technique in the field of civil engineering,
widely employed to investigate common soil stability and soil-structure interaction
problems (Schofield, 1980). By rotating a laboratory-scale model at a given angular
velocity at the end of a centrifuge arm (Figure 6.1), a centripetal acceleration is imposed
on the model. When this centripetal acceleration exceeds Earth’s gravity by a scaling
factor N, it augments the self-weight of the material within the model, thereby enabling
precise control over the gravitational effects in the model (Cabrera and Wu, 2017).
Recently, the technique has been used to simulate the conditions prevalent in geophysi-
cal granular mass movements such as landslides and debris flows (e.g. Bowman et al.,
2010; Cabrera and Wu, 2017; Vallejo et al., 2006).

In contrast to traditional laboratory-scale studies of large granular mass movements,
which usually rely on Froude scaling to determine the velocity scale (e.g. Delannay et
al., 2017; Kesseler et al., 2018; Turnbull et al., 2015), geotechnical centrifuge modelling
offers a unique advantage. This advantage lies in its ability to incorporate stress-related
processes that play a critical role in determining the flow’s behaviour and, consequently,
the overall dynamics in real-world scenarios (Brucks et al., 2007; Iverson, 2015). This
becomes especially important when examining how the flow interacts with potential
mitigation structures (e.g. Huang and Zhang, 2022; Ng et al., 2018; Song et al., 2018;
Zhang and Huang, 2022). Stress-dependent mechanisms also significantly affect the
dynamics of partially or fully saturated granular flows. For instance, phenomena such
as surface tension effects caused by capillary bridges between adjacent grains (Bougouin
et al., 2019), or at the surface of the flow itself, can have a significant impact on flow
behaviour in laboratory experiments, even though they are relatively minor compared
to gravitational forces in natural mass movements (Webb et al., 2023b)". Moreover, in
addition to the flow’s particle size distribution, the magnitude of the confining stress at
a specific point within the flow greatly influences the buildup and dissipation of excess
pore pressures. As previously observed, these pressures can significantly affect flow
mobility and dynamics (Kaitna et al., 2016; McArdell et al., 2007; Rondon et al., 2011).

Consider a simplified scenario of a centrifuge test as depicted in Figure 6.2, where
there are three particles in contact with a horizontal surface (i.e. the base of a centrifuge

model) of length L. that is being spun at a rotational velocity w and at distance of R,

TWebb et al. (2023b) is shown in Chapter 3
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Figure 6.1: Schematic of the column collapse experimental configuration loaded on to
the geotechnical centrifuge.

from the centre of the centrifuge. The Cartesian reference frame xz remains aligned with
the horizontal surface and, therefore, spins together with the model. While the central
particle remains stationary, the two outer particles move away from the centreline of
the model at velocity u. The particle acceleration field can be expressed as the sum of

centrifugal acceleration a.y and the Coriolis acceleration a.,
a=0;+a,=—wxX(wWxXr,)—2wxu, (6.1)

where 7. is the coordinate direction aligned with the gravity vector. The direction and
magnitude of r. depend on the position of the objects, in this case, the particles, relative
to the centrifuge’s axis of rotation. It is important to note that, for completeness, we
should consider the external acceleration vector, gravity g, in Equation (6.1). However,
if w 1s sufficiently large, its effects are often considered negligible (Cabrera et al., 2020).
As described in Equation (6.1), a.; consistently acts away from the centre of rotation
and parallel to 7., while the direction of a., depends on both the direction of u and w.
To simplify matters, a is often approximated as an equivalent increased gravity (Taylor,
1995)

a=w’R. = Ny, (6.2)
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Figure 6.2: Schematic of the acceleration forces acting upon particles in the rotating
frame of reference of a geotechnical centrifuge experiment.

where g is Earth’s gravitational acceleration and NV serves as a scale factor. Both a.s
and a., can impose non-vertical accelerations on the particles, thereby influencing their
horizontal velocity. In the case of a.y, this is know as the E6tvos effect. In smaller
geotechnical centrifuges, where R, ~ 2m and L. ~ 0.8 m, the magnitude of the hor-
izontal component of a s can equate to 20 % of the presumed increased gravitational
acceleration calculated from Equation (6.2). While this may have a negligible effect
when modelling typical civil engineering applications, it complicates the translation of
experimental observations from centrifuge models of granular mass movements, which
are inherently more dynamic processes, to natural flows.

To conduct a comprehensive experimental study investigating the impact of centrifu-
gal and Coriolis accelerations on granular flow dynamics, one would need to use mul-
tiple centrifuges of varying sizes, considering the dependency on R,.. Therefore, such a
study is well-suited for numerical modelling which offers the potential to significantly
expand the parameter space of physical experiments. Furthermore, such simulations can
serve as effective tools for scaling up our insights from laboratory-scale experiments to
these larger geophysical phenomena.

Recent investigations have utilised the Discrete Element Method (DEM) to explore
the effects of centrifugal and Coriolis accelerations on both steady (Cabrera et al., 2020;
Leonardi et al., 2021) and unsteady (Zhang and Huang, 2022; Zhang et al., 2023) dry
granular flow configurations. Numerical modelling not only facilitates the study of a.s
when varying R, but also allows for the independent examination of the effects of a.¢
and a.,. While these studies represent significant progress in understanding the mech-
anisms and scaling of centrifuge modelling effects, additional complexities, such as the
presence of an interstitial pore fluid, need to be considered.

The study aims to enhance our understanding by employing numerical modelling to
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examine a just-saturated granular column collapse configuration within a geotechnical
centrifuge. Two recent experimental studies (Webb et al., 2023a,b)*' have provided
valuable insights into the system, with a strong focus on grain-fluid interaction and its
influence on macro-scale flow features. By utilising the Lattice-Boltzmann Method
(LBM) to model the fluid phase and coupling it with DEM, this study initially seeks to
replicate the flow states observed in these physical experiments. Subsequently, the study
investigates the influences of centrifugal and Coriolis accelerations on both grain-scale

and macro-scale flow dynamics.

6.2 Fluid-saturated granular column collapse

The current research aims to explore the impact of centrifuge modelling on granular-
fluid flows by focusing on the dynamics of a simple axisymmetric, just-saturated gran-
ular column collapse (see Figure 6.1). Although this configuration has been extensively
studied under normal laboratory conditions (i.e. ¢ = 9.81 ms™2) (e.g. Lai et al., 2017,
Lajeunesse et al., 2004; Li et al., 2022; Lube et al., 2004; Trepanier and Franklin, 2010),
recent investigations (Webb et al., 2023a,b)*" have also examined its dynamics within
a geotechnical centrifuge. However, these studies primarily focused on grain-fluid in-
teraction and did not thoroughly investigate the contributions of varying centrifugal and
Coriolis accelerations to the collapse dynamics.

To bridge this knowledge gap, we conducted experiments using the same collapse
configuration system as in the aforementioned studies, in order to provide empirical
data to compare against the numerical model presented in this work (see Sections 6.3
and 6.4). The collapse of the granular column was initiated using a modified classical
weighted-pulley system, designed for hands-free operation within the University of Not-
tingham’s GT50/1.7 geotechnical beam centrifuge (Ellis et al., 2006 for details). The
evolution of the collapses were recorded using two high speed cameras and image pro-
cessing was used to extract the location of both phase fronts throughout the duration of
the experiment (see Figure 6.3). A full description of the physical system and image
analysis can be found in Webb et al. (2023b)".

Given, that the flow spreads axisymmetrically, specifically, sections of the flow travel
‘upstream’ and ‘downstream’ of centrifuge motion (Webb et al., 2023b)", this exper-

imental configuration provides an ideal test case for comprehending the role of cen-

tWebb et al. (2023a) is shown in Chapter 4
TWebb et al. (2023b) is shown in Chapter 3
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Figure 6.3: Example of the phase front extraction technique used during the exper-
imental image analysis (available at http://doi.org/10.17639/nott.7277). The
raw (dashed) and averaged (line) radial positions of the fluid (green) and granular (red)
phase fronts are shown.

trifugal and Coriolis accelerations in influencing the behaviour of dynamic flows. By
using experimental comparison to assess the numerical model, we aim to gain valuable
insights into the mechanics of granular-fluid flows in a geotechnical centrifuge setting

that would be unachievable from experimental testing alone.

6.3 The LBM-DEM framework

The numerical tool chosen for the current work was used previously by Cabrera et al.
(2020) and Leonardi et al. (2021) to investigate the behaviour and modelling effects of
a granular flow down a rough incline within a geotechnical centrifuge. The code is an
extension of the original work by Leonardi et al. (2014) which has been modified and
extensively used for the study of laboratory- and large-scale fluid-granular flow mech-
anisms (e.g. Leonardi et al., 2019; Leonardi et al., 2015; Marchelli et al., 2020), and
even saturated granular column collapses (Ceccato et al., 2020). The code employs a
compound approach to modelling complex granular-fluid systems known as the DEM-
LBM method. This method has gained popularity in the last two decades, and can be
now considered a standard approach for the simulation of particle-driven flow (Feng and
Michaelides, 2004; Han et al., 2007; Han and Cundall, 2013; Xiong et al., 2014). The
behaviour of the granular and fluid phases are simulated using independent numerical
schemes but are coupled together by imposing phase interaction forces. Further addi-

tional forces, accounting for the external forces imposed on an object within a rotating
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domain, are also accounted for.

The code solves the collisions of particle pairs within the flow using a standard Dis-
crete Element Method (DEM) approach. A linear spring-dashpot model is used to de-
termine the surface-normal F}, and tangential F; contact forces through their respective
contact stiffness, k, and k;, and damping, «,, and «, coefficients. F}, is defined as a

function of the overlap £ between the two colliding bodies

F, =k, + 2ozn\/krnm%, (6.3)
while the magnitude of F; is regulated by a Coulomb friction relation
—d¢
E = max N’SFTM ktg + QOét ktmpg s (64)

where m,, is the grain mass, y; is the static friction coefficient of the particles, and ¢
is the elongation of a tangential spring that represents elastic tangential deformations.
There are analogous relations for particle-wall interactions where 1 is substituted for
the particle-wall friction coefficient y ,,.

To ensure that it was possible for the completely spherical particles to form into the
stable heaps on the flat surface that were observed in previous experiments (see Ceccato
et al., 2020; Marchelli et al., 2020), an additional torque which opposes the rotational

motion of the particles M, was also implemented

M, = /J,TFn%, (6.5)
where 1, is the rolling friction coefficient of the particles and d, is the particle diameter.
It should be noted that, for collisions between particles that differ in size, m,, and d,
should be exchanged for effective values that are representative of the collision (see
Marchelli et al., 2020).

The dynamics of the fluid phase are described using the Lattice Boltzmann method
(LBM) which is formulated from kinetic theory at the mesoscopic scale (Leonardi et al.,
2014). Fluid advection is expressed using a density function f(x, ¢, t), that describes
the probability of finding fluid molecules at a location a, with microscopic velocity ¢
at time ¢t. f is discretised in space by considering a finite number of advection direc-
tions 7 across a regularly spaced lattice, such that f;(x,t) = f(«, ¢;,t) where ¢; is the
direction dependent weighted lattice velocity for a given fluid cell. The current work

uses the D3Q19 lattice configuration, which delineates the lattice into 19 advection di-
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rections across 3 dimensions. Also due to the lattice symmetry, it is possible to recover
the incompressible Navier-Stokes equations and, hence, obtain the macroscopic fluid
density py, velocity uy, and pressure p; at each location x and for all values of ¢ as

follows

pr=Y_fi up=Y_ fiei/p, pr=c-py, (6.6)

where ¢? = 1/3. The streaming and collisional behaviour of the fluid particles is
captured using the Bhatnagar-Gross-Krook (BGK) (Wolf-Gladrow, 1995) approach for
modelling a kinetic gas

(5t+uf.v)f:_f_7feq, (6.7)

where 7 is the relaxation timescale over which collisions occur and ¢ is the value of the
probability density function at equilibrium for a given macroscopic velocity (for more
details, see Leonardi et al., 2014). This recovery links the macroscopic viscosity of the
fluid 7 to the mesoscopic collision operator as follows

T—1/2

=Ty (6.8)

Thus, viscosity can be set by the user by altering the timescale by which the distribution
function is relaxed towards thermodynamic equilibrium (Succi, 2001). Following the
work of Leonardi et al. (2014), the evolution of the fluid free surface is updated using
JanBen and Krafczyk’s (JanBen and Krafczyk, 2011) volume-of-fluid method, with a
full-slip boundary condition, to improve computational efficiency.

The two phases are coupled through the exchange of a drag force f;, which is cal-
culated as the integral of all the drag contributions between individual fluid points in-
teracting with each granular particle, using the immersed-boundary method (Svec et al.,
2012). As such, the fluid mesh size A; must be smaller than the characteristic DEM
particle diameter D. It should be noted that this stipulation on the lattice spacing also
implies that the fluid pressure is effectively resolved at the pore scale (Ceccato et al.,
2020), down to the precision offered by the lattice spacing itself.

The work of Leonardi et al. (2021) has been extended so that both the fluid and gran-
ular phases can be submitted to an elevated gravitational acceleration field as would be
imposed to a model while being spun on a geotechnical centrifuge. This is achieved by
imposing both a.; and a., on each phase as external forces. Within the LBM framework,
the acceleration applied to the fluid phase, which is a function of space, is computed

based on the centroid of every lattice node. a.; and a., can be imposed independently
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so that it is possible to investigate the influence of each on collapse dynamics separately.

In order to model the contacts of colliding grains, the time-step required by the DEM
is generally smaller than the time step required for the LBM. Hence, the schemes are
staggered so that multiple DEM time steps are run for every LBM time steps. While
a complete explanation of the DEM-LBM scheme is out of the scope of the current
work, where we have only detailed its most significant components, a comprehensive

explanation of the method can be found in Leonardi et al. (2015).

6.4 Simulation methodology

6.4.1 Simulation parameter space

Similar to the approach taken by Webb et al. (2023b) in their image analysis, our sim-
ulations utilise the axisymmetric nature of the experiment. By modelling only a quarter
of the column (see Figure 6.4), we significantly reduce computational time for each
simulation.

The initial configuration of the granular-fluid column is characterised by two param-
eters: the initial column height /2, and radius ry. As was the case for the two previous
studies (Webb et al., 2023a,b)*", we set hy = 50mm and ry = 54 mm for each phase,
resulting in a column aspect ratio of ag = hy/ro = 0.93. The granular phase comprises
monodispersed particles with a mean diameter D = 8 x 107> m (£10% to prevent crys-
tallisation within the initial configuration (Leonardi et al., 2021)) and a particle density
pp = 2650kgm~>. This is the largest size used in the two previous studies and was
selected as it minimises surface tension effects when in contact with a thin film of fluid
(Webb et al., 2023b)" (see Section 6.5.2 for further discussion). Moreover, the number
of particles n,, that have to be modelled ensures computational efficiency, with n, =
261, corresponding to an initial mean solid volume fraction ¢, = 0.61. The parameters
for modelling the particles using the DEM scheme are summarised in Table 6.1. Using
the real stiffness of the grains would result in unreasonably long simulation times. Since
the collapse dynamics of interest are not influenced by particle deformability (Roux and
Combe, 2002), the linear contact stiffness k, has been instead calibrated so that the
particles are sufficiently rigid to make elastic deformations negligible.

The three Newtonian fluids used in this study are miscible glycerol-water mixtures,

TWebb et al. (2023b) is shown in Chapter 3
tWebb et al. (2023a) is shown in Chapter 4
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Figure 6.4: Schematic of the simulation domain during a column collapse containing
261 particles. The frictional boundaries are shown as grey planes and the insets highlight
the direction of the centrifugal and Coriolis accelerations acting on a particle for the
defined rotational reference frame.

characterised by two parameters: the ratio between the fluid mixture viscosity 1)y and the
viscosity of water 7),, denoted by 7} =[50, 100, 150], and the density of the fluid mixture
pr = [1203.8, 1219.7, 1227.5]kgm?, respectively. The viscosity of the fluids were
required to be significantly higher than those used previously by Webb et al. (2023b)"
as 1)y 1s directly related to the relaxation time, and, therefore, the stability of the fluid
in the LBM scheme (Leonardi et al., 2014). Further details about the preparation of the
physical experiments can be found in Webb et al. (2023b)'.

The final model considerations are those dictating the relative contribution of cen-
trifugal and Coriolis accelerations to collapse dynamics. Following Cabrera et al.’s

(2020) approach, we consider the following three external forcing cases

(i) A constant acceleration field a = Ng where the far field condition R, > hg is

TWebb et al. (2023b) is shown in Chapter 3
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Table 6.1: Summary of DEM simulation parameters.

Model parameter Range
ny 261
D (m) 0.008
pp (kgm™3) 2650
k, Nm™1h) 106
ke Nm™') %kn
Hrest 0.77¢
Q, 0.08°
oy 0.5
s 0.5¢
s, w 0.079¢
Hor s w

@ See Yang and Hunt (2006).

b See Equation (3) from Hu et al. (2010).

¢ Obtained using the fixed cone test (Henein, 1980).

dObtained using the tilting table test for singular grains (Henein, 1980).

assumed, notated as Ng.

(i1) A rotating domain that only accounts for the curvature of the acceleration field

arising from the centrifugal acceleration (i.e. @ = a.f), notated as w”.

(i11) A complete acceleration field for a rotational domain (i.e. @ = a.s + a.,) where
contributions of the Coriolis effect in the downstream and upstream direction,

notated as w™ and w, respectively, will be considered independently.

To understand how a.; and a., can influence collapse dynamics, we explore the param-
eter space for N = [5, 8, 10, 12, 15] and log(R./ho) = [2, 3, 3.7, 4, 5, 6, 7], where
log(R./ho) = 3.7 corresponds to the dimensions of the previously conducted physical
collapses (Webb et al., 2023b)".

6.4.2 Simulation geometry

The simulation domain is depicted as a rectangular box (Figure 6.4) bounded by static
frictional walls in the x, y, and z planes. It is characterised by three length parameters
(%4, Ya, za] = [0.2, 0.2, 0.07]m while the lattice spacing for the fluid phase Ay =
2 x 10 m. Notably, during the column construction process, some adjustments are

made to the domain, which will be discussed in Section 6.4.3.

TWebb et al. (2023b) is shown in Chapter 3
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The modelled centrifuge is positioned above the column, with its rotation axis located
outside the simulation domain. For simplicity, we define the radius of the centrifuge R,
as the distance between the axis of rotation and the horizontal plane over which the
collapsing material will spread. For the simulations considering the forcing case of the
full rotational domain (i.e. @ = a.s + a,), the collapse will be simulated twice so that

the flow can be considered in both the w™ and w~ directions.

6.4.3 Column construction

The dynamics of granular column collapses in both dry and wet conditions are signif-
icantly affected by the initial configuration of the column (e.g. Rondon et al., 2011).
Therefore, it is crucial to closely replicate the physical procedure used in the experi-
ments for the numerical simulations. In this study, we employ a two-step procedure to
mimic the experimental conditions.

First, particles are poured into a quarter-cylinder container with a radius of r(, under
a constant natural gravitational field (¢ = ¢) and allowed to settle. To ensure free-fall
settling, z; was increased to 6 m during the settling simulations.

The column is then consolidated under the acceleration field that will be prescribed
for the collapse simulation and allowed to consolidate. It was found that initially pour-
ing the particles into the container under the influence of an elevated acceleration field
resulted in a much looser column. Additionally, when the prescribed acceleration field
considers a rotating domain (external forcing cases (ii) or (iii)), particles near the top of
the column, being less constrained, tended to favour the container edge toward which the
fictitious forces pushed them, resulting in an uneven free surface. Hence, this two-stage

settling procedure was implemented to limit these effects.

6.4.4 Front and signal processing

An assessment of the model’s validity was performed by analysing the evolution of the
averaged phase front positions 7, where subscript v = p, f for the particle and fluid
phases, respectively. For the numerical simulations, 7, was obtained using a two-step
procedure. At each saved time-step, the Cartesian domain was divided into n concentric
sectors originating from the collapse centre (Figure 6.5f). Here, n = 50 sectors were
utilised for the fluid phase, and n = 16 for the particle phase. The value of n was
required to be significantly lower for the granular phase due to it being comprised of far
less particles than the fluid phase. The furthest fluid and granular point in each sector
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Figure 6.5: Extraction of the fluid [(a)-(¢)] and particle [(d)-(f)] phase fronts for a sim-
ulated collapse moving downstream of centrifuge motion where a = a.; + a.,, R. =
2m, N =5,and n; =150 at ¢ = 0 [(a),(d)], 0.1 [(b),(e)] and 0.35s [(¢),(f)]. ., (blue),
the particle and fluid points making up the phase front (green edge) and the particle and
fluid points removed from the phase front (yellow edge) are all shown. An example of
the concentric sectors (grey) splitting up the domain is displayed in (f).
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Figure 6.6: Comparison of the raw and filtered phase velocity w, and radial position r,
(insets), where (a) v = p and (b) v = f for a simulated collapse moving upstream of
centrifuge motion where @ = a.¢ + @.,, R, =2.7m, N =5, and n}i = 100.
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were then identified as part of the phase front. Before averaging the radial distance of
these points to obtain r,, points with a radial distance from the origin larger than the
90th percentile of the chosen points were excluded, thereby eliminating points that had
escaped from the phase front. While this makes no substantial difference for the fluid
phase, removing these points in the case of the granular phase is crucial. For the particle
phase, the radius of the particle is also considered when calculating the position of the
front. An example of this procedure is shown in Figure 6.5.

The resulting averaged phase front signal underwent a noise reduction process.
Firstly, it was assumed that r, monotonically increases with time, allowing the removal
of signal sections where r, decreased. Secondly, analysis of the phase front velocity,
u, = Ar,/At, against time (Figure 6.6) revealed distinct spikes caused by significant
fluctuations in phase front position. These spikes were removed by identifying all peaks
in the signal and discarding those with a prominence exceeding 0.001. Notably, filtering
was carried out in dimensionless space (see Section 6.5 for further details), facilitating
the use of the same prominence value for all simulations, regardless of N. While this
processing strategy is not without limitations, unlike methods based on moving aver-
age signal reduction, it preserves the magnitude and relative temporal evolution of the

signal, resulting in minimal changes to r, (see insets of Figure 6.6).

6.5 Model verification

6.5.1 Family of curves

We begin to evaluate the model’s performance by investigating its ability to reproduce
expected behavioural trends under variations in NV and 7;. The interaction between the
two phases will be discussed in Section 6.5.2.

The evolution of 7, for a set of simulations conducted using the forcing case a = Ng
at a constant log(R./ho) = 3.7 and varying N and n} are presented in Figure 6.7a. Re-
assuringly, all simulations demonstrate the three sequential stages of motion that are
characteristic of an unsteady collapse: acceleration, quasi-steady motion and retarda-
tion.

The model also demonstrates consistent adherence to the expected trends as we in-
dependently vary IV and 7. Specifically, we observe that 7, propagates faster as N in-
creases while its speed of propagation decreases with increasing 7. Furthermore, with

increasing N, the separation between simulations for a given N reduces, particularly
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Figure 6.7: Temporal evolution of the fluid and granular phase fronts in (a) dimen-
sional and (b) vy*-weighted dimensionless space for a series of simulation conducted
with log(R./hg) = 3.7and @ = Ng.

during the acceleration and quasi-steady stages of motion. This observation implies that
the influence of flow inertia increases with N which is consistent with previous find-
ings reported by Webb et al. (2023b)" and fundamental scaling principles (e.g. Iverson,
1997).

Following the approach of Webb et al. (2024a)', the anticipated behaviour of the
numerically modelled just-saturated column configuration can be characterised using
three dimensionless parameters: ay, the fluid-grain density ratio v* = py/p, and B =
(NgD*p?)/(hon;). Here p represents the effective column density, defined as p =
Gppp + (1= dp)py-

The parameter B, analogous to the square of the ratio of the column Bond and
Capillary numbers (Bo/Ca)? (Webb et al., 2024a)', quantifies the relative influence of
column-scale inertial and viscous forces on collapse dynamics (Webb et al., 2023b).
Since ag is held constant, we plot the evolution of the phase radial position in dimen-
sionless density-weighted +*r;-t} space (Figure 6.7b), where 7 = (1, — r¢)/ro and

e =t/ \/W . This transformation results in, approximately, a family of curves
dependent on B, with increasing B indicating a higher relative influence of column-
scale inertia, leading to the faster propagation of r}v*. Encouragingly, a similar result
was obtained previously when modelling the collapses using a two-phase shallow water
model (Webb et al., 2024a)'.

TWebb et al. (2023b) is shown in Chapter 3
'Webb et al. (2024a) is shown in Chapter 5
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Table 6.2: Summary of experimental test parameters.

TestNo. log(R./ho) N  nj

1 3.7 5 50
2 3.7 5 100
3 3.7 5 150
4 3.7 15 100

6.5.2 Comparison with physical experiments

In this section, we further evaluate the performance of the numerical model in replicating
the expected dynamics of fluid-saturated granular column collapses. We compare the
simulation results with data obtained from four physical experiments (see Table 6.2). As
such, the simulations are conducted with log(R./h¢) = 3.7, and they are subjected to
a complete rotational domain forcing case (a = a.s + a.,). For each test, we perform
two simulations to consider both the w™ and w™ forcing cases. The analysis is carried
out in ry-t; - (Figure 6.8) and uy ,, -t} (Figure 6.9) space, where uy ,, represents the
dimensionless phase front velocity u}; , = u,/+/hoNg where v/hoNg is akin to a scaled
characteristic flow velocity equivalent to the local wave speed of the flow (Gray and
Edwards, 2014). Hence, u; , 1s equivalent to a temporally evolving, phase specific
Froude number (Gray et al., 2003).

Overall, the model captures many of the experimental observations effectively. In
particular, it predicts well the time after release of the phase peak velocity, and achieves
runout distances comparable to the physical experiments. However, there are two main
sources of discrepancies between the simulations and the physical experiments, as dis-
cussed in detail by Webb et al. (2024a)' and summarised below.

6.5.2.1 Experimental-model discrepancies

The first source of discrepancy, referred to as ‘experimental-model discrepancies’, orig-
inates from the process of lifting the cylindrical steel casing to initiate the granular-fluid
column collapse. The presence of the casing causes a delay between collapse initiation
and a noticeable change in r (Figure 6.8) because the camera’s view of the collapsing
column is initially obstructed. Additionally, the initial value of r is larger than 7y due
to the casing’s thickness. The release mechanism also leads to a lag between the initial

runout of the granular and fluid phases. The relatively large particle size of the granu-

'Webb et al. (2024a) is shown in Chapter 5
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Figure 6.8: Comparison of the numerical and experimental evolution of the dimension-
less phase front position r;; with dimensionless time ¢; = of four column collapses where
(a) N =5andn; =50, (b) N =5andn; =100, (¢c) N =5 and n; = 150, and (d)
N =15 and n} = 100.
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Figure 6.9: Comparison of the numerical and experimental evolution of the dimension-
less phase front velocity uy , with dimensionless time ¢; of four column collapses
where (a) N =5 and 1} = 50, (b) N =5 and 1} = 100, (¢) N = 5 and n} = 150, and
(d) N =15 and n} = 100.
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lar phase causes particles to be trapped until the casing displaces far enough to release
them, while the fluid can seep out from under the casing. This inter-phase lag increases
with decreasing 7} due to easier fluid permeation through the granular skeleton and in-
creases with increasing /N due to the growing pressure gradient. Moreover, during the
lifting process, the acceleration applied to the casing, relative to the collapsing mixture,
induces viscous shear stresses, partially lifting the granular-fluid column with the cas-
ing. As aresult, the initial gravitational potential energy, and, therefore, the peak phase
velocity w,, ,, Fryp, in dimensionless space (Figure 6.9), of the physical collapses are
larger than the model’s predictions. This discrepancy also increases with increasing N.
Furthermore, the delayed collapse of the granular phase may result in it behaving more

like a dry material, leading to increased mobility and a larger Fr, p,.

6.5.2.2 Model simplification discrepancies

The second source of discrepancy, termed ‘model simplification discrepancies’, arises
from the simplifications made in the model. Firstly, the model does not consider fluid
turbulence, which becomes significant when the fluid height during the horizontal
spreading phase reduces to less than a particle diameter. At such small flow heights,
fluid turbulence increases due to the increased shear rate imposed on the fluid by the
horizontal surface over which it flows (Batchelor, 2000). Consequently, the model un-
derestimates the reduction in phase front velocity after Fr, j,, is achieved, resulting in a
more gradual retardation compared to the physical experiments (Figure 6.9). This effect
is more pronounced for tests using higher viscosity fluids, potentially contributing to
the overestimation of residual flow runout in simulations conducted at N = 5. Although
Smagorinsky’s turbulence model has been implemented in LBM schemes to account for
fine-scale turbulence contributions to macro-scale flow dynamics (e.g. Ceccato et al.,
2020; Feng et al., 2010), its omission in our study was deemed appropriate given our
focus on the acceleration phase and peak flow behaviour, simplifying the model and
avoiding calibration of additional parameters. Furthermore, the complexity of poten-
tial boundary layer effects and the energy cascade assumption made by the turbulence
model raise uncertainties regarding its suitability.

Secondly, the model employs a Darcy-drag style phase interaction term, simplifying
the actual interaction occurring in the physical experiments. Notably, the model ne-
glects surface tension, a potentially significant force contribution, which plays a vital
role in the macro-scale flow dynamics of laboratory-scale and low N centrifuge tests
(e.g. Bougouin et al., 2019; Iverson, 2015; Rondon et al., 2011; Webb et al., 2023b).
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Surface tension effects can alter flow dynamics in two primary ways. Firstly, during the
horizontal spreading phase, capillary bridges can form between contacting or closely
situated particles, limiting the granular phase’s ability to surpass the fluid phase front
(Webb et al., 2023b)" (Figure 6.8). In contrast, in numerical simulations, particles can
accelerate freely away from the fluid front if their inertia overcomes the inter-phase
drag and, for the forcing case w™, the fictitious retardation due to the rotating reference
frame. Secondly, surface tension effects may contribute to the larger separation between
downstream and upstream flow fronts observed in the physical experiments during the
retardation phase (Figure 6.8). The extent of surface tension’s influence on decelerat-
ing the flow would be greater for the w™ forcing case, where a. already slows down
the flow, and more particles are likely to be in contact due to the higher flow density
(Leonardi et al., 2021) (see Section 6.6.1).

In conclusion, the numerical model reasonably demonstrates the idealised behaviour
of a fluid-saturated granular column collapse within a centrifuge, particularly during
the acceleration phase. Although certain discrepancies arise from experimental condi-
tions and model simplifications, we have provided a qualitative understanding of these
sources and their effects. The model’s capability in replicating fundamental dynamics
and yielding reasonable results underlines its applicability in studying these complex

collapse phenomena.

6.6 Implications of centrifuge modelling

With the validation of the model complete, the current section investigates the influence

of centrifuge modelling on flow dynamics.

6.6.1 Coordination number

Before looking at how the acceleration field affects macro-scale flow dynamics, it is
important to understand its contribution to dynamics at the grain-scale. Thus, we begin
by looking at the temporal evolution of the granular matrix. Specifically, we look at
how the distribution of the particle coordination number n.. (i.e. the number of particles
in contact with a particle) evolves as a function of the percentage of grains F,, where P,
is the ratio between the number of particles with the same n. value and n,,. Figure 6.10

shows the distribution of n. at varying values of ¢; throughout the collapse, with a

TWebb et al. (2023b) is shown in Chapter 3
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Figure 6.10: Evolution of the coordination number 7. as a function of the percentage
of grains P, for a series of collapse simulations with @ = Ng where N = [5,15],
log(R./ho) = 3.7, and (a) n} = 50 and (b) n} = 150.

particular focus on the acceleration stage (i.e. tj,, < 3), for a series of collapses where
N =[5, 15], log(R./ho) = 3.7 and 1} = [50, 150] exposed to an acceleration field a =
Ng. Reassuringly, the mean value of n. is initially relatively high for all simulations
and decreases as the collapsing material accelerates. n. = 3 acts as a pivotal point where
the P, value remains relatively constant throughout the collapse, especially when 7} =
150. Independently increasing both NV and 7} appears to reduce phase separation. This
insight is particularly highlighted by the lower P, values at n, = [0,1] at each value of
th,- In the case of N, this behaviour is partially attributed to the column construction
process (see Section 6.4.3), which results in denser initial column configurations as NV
increases, as indicated by the peak n. values at ¢; = 0.1.

Our primary focus is on phase front dynamics. Therefore, the temporal variation in
P, values for lower n. values is of particular interest, as these particles are likely to
contribute to or interact with the granular phase front. As such, it seems worthwhile
to analyse how the three different forcing cases contribute to the number of particles
with low n, values. We capture these variations by plotting the cumulative P, value
of particles where n. = [0,1], defined as P;O’l], against ¢j for the three forcing cases
(Figure 6.11), where the full rotational domain case considers Coriolis accelerations in
both the upstream (w™) and downstream (w ™) directions, for N =[5, 15], log(R./ho) =
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Figure 6.11: Temporal evolution of the cumulative particle percentage P, of particles

where the particle coordination number n,. = [0,1], defined as P,LO’”. The parameter
space considered includes simulations where N = [5,15], log(R./ho) = 3.7, and when
the dimensionless fluid viscosity 7} is equal to (a) 50 or (b) 150.

3.7 and n} = [50, 150].

Despite the highly unsteady nature of granular matrix compactness, discernible trends
emerge within the data. As observed in Figure 6.11, generally, Pp[o’l] increases through-
out the acceleration stage until reaching a peak value at ¢; = 3.5 aligning well with
the time at which u,, = w,,, for the collapses discussed in Section 6.5.2. Subsequently,
P;O’l] stabilises at a residual value as the collapse decelerates. The peak and residual
PILO’” magnitudes are sensitive to the fluid viscosity, decreasing with increasing 7}. This
outcome is fairly logical as the fluid phase interacts with the granular phase through drag
meaning that a more viscous fluid would have more control over the behaviour of the
granular phase and less particles would ‘escape’ from the bulk. Within the physical
experiments, the formation of capillary bridges due to the presence of surface tension
would further maintain granular phase connectivity.

Figure 6.11 also shows the influence of the forcing case on the evolving structure

of the granular matrix. While P,go’l]

values for the differing cases are initially close,
they begin to spread during the acceleration stage. Among simulations with the same NV
and 7}, the simulations conducted with the forcing cases w? and w™ typically achieved
larger P,EO’” values than the simulations conducted with the forcing cases a = Ng and
w™. This is reassuring given that when a = Ng there is no horizontal acceleration
component driving the collapse and while there is a horizontal acceleration component
driving the collapse for w™, a,, is acting in a direction such that it promotes flow den-

sification (Leonardi et al., 2021). Opposing statements can be made for the former two
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forcing cases. This finding is in agreement with the work of Zhang et al. (2023) who
stated that the variation in particle coordination number was the main mechanism that
allowed Coriolis accelerations to contribute to flow dynamics. For simulations where
n} = 50, this trend continues to be the case during the collapse retardation stage while
the trend becomes less clear when 77 = 150. Independently varying N does not appear

to make a significant difference to the behaviour described previously in this section.

6.6.2 N scaling

In this section, we explore how macro-scale flow behaviour scales with N. We do this
by using the maximum phase front velocity w, ,, as a simplistic indicator of acceleration
stage phase front characteristics (Webb et al., 2023b)". We examine the u,,,,-N rela-
tionship through a series of simulations, wherein we systematically vary the parameters
1}, log(R./ho), and the applied forcing case. The resulting u,, ,,-N space is illustrated
in Figure 6.12.

A noteworthy observation from Figure 6.12 is evident when considering the forcing

case where a = Ng. The relationship between u, ,, and N can be expressed by the

Uy,m = Oy\/ hONga (69)

where «, is a constant influenced by 7} and the phase of interest (i.e. whether v = p

equation

or v = f). This constant characterises the proportion of the column’s free-fall velocity
that is attained by the phase front of interest. Thus, a lower «,, value suggests that the
v phase is experiencing significant confinement from the other phase and the external
forcing conditions. In contrast, an «,, value closer to 1 suggests that the phase is trav-
elling close to its free-fall velocity. The extension of this scaling to the other forcing
cases is discussed in Section 6.6.3. Given that hy and g are constants within our ex-
perimental configuration, Equation (6.9) simplifies to reveal that w,, ,,, scales with VN.
This outcome aligns with the theoretical velocity scaling relation for a centrifuge model
exposed to a constant gravitational field. The adequacy of these scaling fits, and those
later shown in Section 6.6.3, is also corroborated by their low values of normalised root
mean square error RMSEy.

Furthermore, analysing the «,, values, as deduced from granular-scale dynamics (as
discussed in Section 6.6.1), demonstrates that higher fluid viscosities generally lead to

decreased mobility of both granular and fluid phases, resulting in lower values of Fr, j,, .

TWebb et al. (2023b) is shown in Chapter 3
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Figure 6.12: Maximum [(a)-(¢)] fluid and [(d)-(e)] particle phase front velocities, w,,,
and uy, ,, respectively, against IV for [(a), (d)] n} = 50, [(b), ()] n} = 100, and [(c),
(e)] ny = 150. The fitted trend line (black) corresponding to w, ;, = v/ hoNg is also
shown for the forcing case @ = Ng in each subplot.

Interestingly, for cases with 7} = [100, 150], we observe uy,,, > uy,m, indicating that
the granular phase advances ahead of the fluid phase. However, as discussed in Sec-
tion 6.5.2, the influence of surface tension makes this behaviour improbable for physical
collapses at the laboratory scale.

While the impact of the forcing case and log(R./hg) will be elucidated in Sec-
tion 6.6.3, it is important to highlight that within the w, ,,-/N space, forcing cases
involving horizontal accelerations (w’, w™ and w™) manifest a shift in «,,. The magni-
tude and direction of this shift are contingent on the specific forcing case and the value
of log(R./ho). Logically, u, ,, values associated with simulations subjected to partially
or fully rotational domain forcing cases approach the values observed for a = Ng as
log(R./ho) increases and the relative magnitude of the horizontal acceleration compo-
nent diminishes. Additionally, it is observed that this shift is comparatively smaller for
the fluid phase compared to the granular phase because the fluid is not frictional and,
hence, there is no feedback effect between velocity and pressure (see Section 6.6.3 for

further discussion).
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6.6.3 Influence of centrifuge radius

In this section, we delve into an investigation of the influence exerted by the cen-
trifuge’s size, relative to the model’s dimensions, on the dynamics of collapse. Our
focus remains on the characteristic quantity of interest u,, ,, while introducing the vari-
able log(R./hg) as a pertinent factor. However, rather than examining this relationship
within the u, ,-log(R./ho) space, where two independent parameters (N and 77}) re-
main, we opt for a more streamlined approach. We introduce a,-log(R./hg) as our new
parameter space, where «,, is computed using the same methodology outlined in Sec-
tion 6.6.2 but encompasses all simulated scenarios (refer to Figure 6.13). Consequently,
the parameter o, renders the analysis independent of the parameter V.

Our decision to employ the av,-log(R./hg) space as the basis for data exploration is
fortified by the statistical properties of our findings. Specifically, the mean and standard
deviation of the RMSEy values, characterising the fits to Equation (6.9), are determined
to be 0.1 and 0.05, respectively, suggesting that the parameter reduction method is re-
liable. It is crucial to emphasise that the adoption of «, as a surrogate for w, ,, only
facilitates a clearer visualisation of the data. Hence, the trends discussed subsequently
throughout this section persist when the data is examined within the w,, ,,,-log(R./ho)
space for each distinct value of N.

Reiterating the outcomes derived from the preceding sections, Figure 6.13 demon-
strates the increase in collapse mobility, where «, serves as an analogous measure, with
decreasing 7} for a given forcing case and log(R./ho) value. More notably, the ex-
amination of data within the «,-log(R./hg) space highlights the influence of the hor-
izontal acceleration component on phase mobility. Firstly, for given values of 7} and
log(R./hy), v, generally decreases with the relative magnitude of the horizontal accel-
eration component which is defined by the forcing case. Thus, the forcing, w™ (associ-
ated with Coriolis-induced flow expansion), w® (lacking Coriolis acceleration contribu-
tion), and w™ (promoting flow densification), achieve descending «, values. Areduction
in log( R../ho) not only enlarges the separation between «, values corresponding to dis-
tinct forcing cases but also shifts the average v, value of these three forcing cases away
from the «, value obtained when a = Ng, a case where centrifuge-induced horizontal
accelerations are absent. This result aligns with expectations, as reducing log(R./hg)
also increases the relative magnitude of the horizontal acceleration component. Addi-
tionally, Figure 6.13 suggests that the contribution of horizontal accelerations becomes

nearly negligible when log(R./ho) > 4, making it suitable to assume a = Ng. This
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Figure 6.13: (a) o, and (b) o against log(R./hg) for all conducted collapse simula-
tions. The mean and standard deviation of the RMSEy values characterising the fits to
Equation (6.9) for the combined dataset are 0.1 and 0.05, respectively.

finding is consistent with the observations of Cabrera et al. (2020), who established the
validity of this assumption when log(R./hy) > 3.9 for a dry flow travelling down a
rough inclined surface.

The less intuitive aspect is the reduced sensitivity of the fluid phase to a decrease

0 w™ and w™ as

in log(R./ho). While ay generally increases for the forcing cases w
log(R./ho) decreases, the rate of increase is notably less pronounced than that of «,.
We posit that this disparity arises from the fact that the fluid is not frictional. Thus, the
influence of the Coriolis force on fluid dynamics is weaker in comparison to the granu-
lar phase when the confining pressure (a) is varied. This discrepancy may also partially
result from the specific conditions prevailing at the juncture of maximum flow veloc-
ity, where «, is defined. At this critical stage of collapse, it is likely that the particles
comprising the particle phase front are predominantly positioned ahead of or in direct
contact with the fluid phase front. Consequently, the interplay and consequent drag
between the particle phase front and the fluid phase become minimal. In contrast, the
fluid phase front continues to engage with numerous particles behind the particle phase
front. Consequently, at lower values of log(R./hy), o, assumes significantly larger val-
ues than o, primarily attributable to the reduced interaction between the phases along
the granular phase front. Further numerical and experimental work would need to be
undertaken to truly understand the mechanisms at play. It seems particularly pertinent
to assess the influence of the Coriolis acceleration on completely dry and fluid only

collapses to remove the additional complexity of the interplay between the phases.
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6.7 Conclusions and further work

In this study, we utilised the DEM-LBM numerical framework to simulate the collapse
behaviour of a just-saturated granular column. The model working volume was defined
within a rotating frame of reference to replicate the experimental conditions found in a
geotechnical centrifuge. By focusing on just-saturated collapses, our research aimed to
understand how centrifuge conditions impact granules and pore fluid differently. The
primary advantage of a numerical approach is its ability to explore a parameter space that
would be impractical in physical experiments. Specifically, we examined the effects of
both centrifugal and Coriolis accelerations on flow dynamics by separately considering
their contributions and varying the centrifuge radius R.. We also systematically varied
the fluid viscosity 7; and the gravitational scaling factor NV, which are more typical test
variables.

The validation of the numerical model consisted of a two-stage approach. Firstly,
by ensuring that the predicted temporal evolution of key parameters, including phase
front runout r, and velocity u,, conformed to expected trends dictated by variations
in N and 7. Secondly, by comparing the numerical predictions to physical collapse
experiments. The model exhibited a high degree of accuracy in capturing the complex
behaviours observed during the granular column collapse. Discrepancies between the
model’s predictions and experimental data could be attributed to specific experimental
conditions, such as the lifting of the cylindrical casing during column release, as well
as the simplifications inherent in the model’s treatment of fluid-grain and fluid-surface
interactions. Despite these limitations, the model reasonably reproduced the idealised
behaviour of a fluid-saturated granular column collapse within a centrifuge, particularly
during the acceleration phase.

The remainder of the study aimed to understand how acceleration field conditions
contribute to collapse dynamics. Its effects on the flow grain-scale behaviour were ex-
amined by analysing the temporal evolution of the coordination number n.. Specifically,
the evolution of the number of particles with n. < 1, which are those more likely to in-
teract with the granular phase front. While increasing the fluid viscosity was found to
reduce flow dilation, as found in previous studies (Leonardi et al., 2021; Zhang et al.,
2023), both the centrifugal acceleration and the Coriolis acceleration significantly in-
fluenced the evolution of the granular matrix.

At the macro-scale, the maximum phase front velocity w,, ,, was used to characterise

acceleration stage phase front dynamics. Under constant acceleration conditions, ne-
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glecting centrifugal and Coriolis accelerations, w, ,, scaled with VN and a,, which is
a phase-specific constant dependent on fluid viscosity. This relationship matches the
theoretical velocity scaling relation for a centrifuge model exposed to a constant gravi-
tational field.

Based on the assumption that this relationship holds for all forcing cases, the contri-
butions of R, were investigated by utilising the «v,-log( R../ho) parameter space, making
itindependent of N. It was found that both the centrifugal and Coriolis accelerations had
a significant impact on flow mobility, with centrifugal acceleration’s influence increas-
ing as R, decreased, resulting in a more pronounced curvature effect. Depending on its
direction, Coriolis acceleration either expanded or densified the flow. Moreover, it was
found that when log(R./ho) > 4, the contribution of horizontal accelerations become
almost negligible which is consistent with the findings of Cabrera et al. (2020). Hence,
atlog(R./ho) values greater than 4, it is suitable to assume a constant acceleration field
(i.e. a = Ng). As such, with regards to the design of centrifuge experiments, this could
be considered a safe value for considering the Coriolis acceleration to be negligible.

To enhance our comprehension of this subject, forthcoming research should priori-
tise the investigation of the Coriolis acceleration’s influence on both dry and fluid-only
collapses in order to better appreciate the dynamics of the fluid-saturated case, partic-
ularly with regards to particle settlement and consolidation. Furthermore, it would be
beneficial to explore the influence of a rotating domain on granular flows that con-
tain non-Newtonian interstitial fluids. Additionally, the study of surface tension effects
within the phase coupling term holds potential for a deeper understanding of granular

flow behaviour in more intricate scenarios.
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7.1 Conclusions

The work described in this thesis aimed to explore the underlying mechanisms governing
interactions between fluids and granular materials in experimental granular-fluid flows.
Special attention was given to assessing the applicability of these findings to larger scale
geophysical flows, such as debris flows. Considering the substantial hazards associated
with debris flows, the project not only conducted physical experiments to deepen our
comprehension of grain-fluid dynamics but also integrated these new insights into scal-
able mathematical models. These models, if incorporated into more complex schemes,
have the potential to serve the dual purpose of enhancing our ability to predict debris
flow behaviour and developing strategies to mitigate their impact.

In an effort to examine grain-fluid interactions in isolation from the intricate dynam-
ics of debris flows, a simplified laboratory-scale experiment involving the collapse of
an axisymmetric granular column was conducted. To explore how the dynamics of the
phase interaction varied with scale, a geotechnical centrifuge was employed to artifi-
cially elevate the gravitational acceleration acting on the model. Variations in grav-
itational acceleration, particle size, and fluid viscosity were introduced to investigate
collapse dynamics within a parameter space where the inertia of the model grains (glass
beads) was significant. Throughout the experiments, the initial column saturation level
was maintained at a just-saturated level, and the initial mean packing fraction was held
at 0.61 (i.e. a close-packed column). The evolution of the collapse fronts were recorded
using two high-speed cameras, while the basal fluid pressure at the centre of the column
was monitored using a pressure sensor. A repository containing all collected runout
data associated with the experiments conducted as part of this project is available at
https://doi.org/10.5281/zenodo.10912850.

The initial part of the experimental investigation concentrated on the behaviour of
column mixtures composed of uniform-sized inertial particles and Newtonian fluids

of varying viscosity. Analysis of the collected image and pressure data revealed that
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two main factors significantly influenced the interaction between the granular and fluid
phases, as well as macro-scale flow dynamics. These key factors were the size of the
granular pore spaces (an analogue for particle size) and the strength of the gravitational
acceleration applied to the model. The size of the granular pore spaces emerged as the
primary determinant of flow mobility at a given gravitational acceleration. This was due
to the size of the porous network within the granular structure, in conjunction with fluid
viscosity, predominantly governing the fluid’s ability to permeate through the granular
medium. Conversely, an increase in gravitational acceleration caused a shift in the dy-
namics, reducing the influence of grain-fluid interactions and instead emphasising the
role of particle inertia. This shift resulted from a reduction in the impact of capillary
forces between wet grains, which typically dominate flow dynamics at lower levels of
gravitational acceleration such as those found in traditional laboratory experiments.

The application of Buckingham’s (1914) II theorem and a non-linear regression
scheme revealed a simple power-law connection between three dimensionless param-
eters that characterise the initial state of the fluid-granular column which can predict
several measured quantities of interest that characterise the acceleration phase of the
collapsing mixtures. The main finding of this analysis is that, within the examined pa-
rameter space, all quantities of interest can be predicted independently from grain-scale
surface tension effects. Instead, it is the balance of column-scale gravitational and vis-
cous forces that govern acceleration phase collapse behaviour as seen in natural-scale
debris flows with a granular phase including inertial particles.

The second stage of experimental testing involved conducting similar column col-
lapse experiments with a non-Newtonian fluid, consisting of fine kaolin clay particles
suspended in water. The concentration of these fines varied between 10 % and 20 % by
mass. The purpose of introducing fine granular particles into the mixture was to extend
the findings from the previous experiments with Newtonian fluids and explore how an
extreme bimodal grain size distribution influenced the interaction between grains and the
non-Newtonian fluid within an analogous parameter space. In this set of experiments,
due to potential damage to the fluid pressure sensor caused by the fines, the analysis
relied solely on image data.

By combining the data from both Newtonian and non-Newtonian fluid experiments
and applying Buckingham’s (1914) II theorem, along with a least-squares fitting anal-
ysis, a power law relationship between the measured quantities of interest and five di-
mensionless parameters representing the initial column configuration was established.

These additional dimensionless parameters were introduced to account for the presence
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of the fine grains in the fluid phase, incorporating a fine grain length-scale and the fines
concentration. This analysis revealed that, within the tested parameter range, the in-
clusion of kaolin clay particles in the fluid led to the measured variables of interest
becoming coupled with micro-scale surface tension effects, a phenomenon that could
be disregarded when dealing with a Newtonian fluid.

Having gained valuable insights from the physical experiments on the mechanisms
governing grain-fluid interactions and macro-scale flow dynamics, the next step was
to translate these findings into mathematical descriptions. To achieve this, a two-phase
depth-averaged continuum model was developed, building upon the work of Meng et al.
(2022), and implemented within Matlab (2020), in an effort to replicate the behaviour
observed in Newtonian fluid experiments and gain a deeper understanding of collapse
dynamics.

Drawing inspiration from the insights presented in previous chapters, the interaction
between the grain and fluid phases was characterised using a Darcy-drag style relation-
ship, heavily dependent on the permeability of the granular phase (i.e. the pore space
size). Notably, the model diverged from other two-phase models by incorporating Lar-
rieu et al.’s (2006) mass ‘raining’ scheme, which allows for phase mass to be gradually
introduced into the system. This approach was necessary as the initial configuration of
the granular columns did not conform to the depth-averaged assumption, a fundamen-
tal requirement for the model’s derivation, resulting in a significant overestimation of
vertical accelerations.

Once calibrated, the model effectively reproduced the overall dynamics of an un-
steady collapse. However, treating the granular phase as a continuous medium led to
an overestimation of flow runout distances and peak velocities, especially when con-
sidering larger particle sizes where the applicability of the continuum assumption is
limited. Further analysis of the experimental data also revealed that interference from
the column lifting mechanism contributed to some of the temporal disparities between
the experimental and numerical runout and pressure signals.

Overall, the model successfully captured the relationship between macro-scale flow
outcomes and variations in granular matrix pore space (i.e. particle size), especially re-
garding the temporal evolution of the basal fluid pressure. It also replicated the reduction
in the influence of phase interaction on runout dynamics as the gravitational acceleration
increased. However, the model did not fully reproduce the observed scaling behaviour
in the case of the basal fluid pressure reduction. Therefore, further work is required to

refine and improve our understanding of these phenomena.
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With an improved understanding of the scaling behaviour of fluid-grain interactions,
the latter part of this research project delves into exploring the impact of geotechnical
centrifuge modelling on collapse dynamics. This exploration is particularly relevant as
geotechnical centrifuge modelling remains relatively underutilised in the field of granu-
lar flow research. To undertake this investigation, we employed a numerical framework
known as DEM-LBM, which combines discrete and continuum modelling approaches.
This framework was used to simulate the collapse of a just-saturated granular column
within the rotating reference frame of a geotechnical centrifuge.

This modelling approach extends the work originally presented by Leonardi et al.
(2021), enabling the simulation of both the fluid and granular phases subjected to an el-
evated gravitational field, akin to the conditions found within a geotechnical centrifuge.
Utilising numerical simulations provided the advantage of exploring a parameter space
that would be impractical to investigate through physical experiments. Specifically,
we systematically varied factors such as the gravitational scaling factor, fluid viscosity,
and the radius of the modelled centrifuge. The last of which, could only be physically
tested by conducting experiments with multiple centrifuges. Additionally, this approach
allowed for the independent examination of the influence of centrifugal and Coriolis ac-
celerations on collapse dynamics.

Initially, the model was validated against experimental data, accounting for discrep-
ancies arising from specific experimental conditions and simplifications in the model’s
representation of fluid-grain interactions. It was found that the model reasonably repro-
duced the idealised behaviour of a collapsing fluid-saturated granular column within a
centrifuge, particularly during the acceleration phase.

Subsequently, the study shifted its focus to the contribution of centrifugal and Cori-
olis accelerations to the dynamics of collapse. This was investigated at the grain-scale
primarily through the temporal evolution of the average particle contacts, known as the
coordination number. A significant discovery was made in that increasing fluid viscosity
reduced the overall dilation of the granular phase. Moreover, both the centrifugal accel-
eration and the direction of Coriolis acceleration significantly influenced the structure
of the granular matrix.

Atthe larger flow-scale, the model was able to capture the expected centrifuge scaling
relationship of the flow front velocity. This relationship demonstrates that the maximum
phase front velocity is proportional to the column’s free-fall velocity when centrifugal
and Coriolis accelerations are not considered. Assuming that this scaling holds for all

forcing cases, the study concluded by investigating the centrifuge’s impact on the dy-
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namics of the collapse front as a function of its radius. Key takeaways include the
significant influence of both centrifugal and Coriolis accelerations on flow mobility and
the growing prominence of the centrifugal acceleration at smaller centrifuge radii due to
increased effective curvature. Furthermore, in alignment with Cabrera et al. (2020), the
model identified a limiting centrifuge radius ratio, log(R./hy) > 4, beyond which the
horizontal effects of centrifugal and Coriolis accelerations become negligible. Conse-
quently, conducting centrifuge experiments with a radius surpassing this limiting value
allows for the assumption that the centrifuge model is subjected to a constant gravita-

tional field, a concept pivotal for more effective model design.

7.2 Future work

From this research project, a combination of physical and numerical modelling forms a
robust foundation for delving into the influence of grain-fluid interactions on the macro-
scale behaviour of fluidised granular flows. This was achieved by employing simplified
laboratory-scale experiments that were designed to mimic specific aspects of geophys-
ical flow behaviour, particularly the stress-dependent nature of grain-fluid interactions.
The following section explores potential avenues for further research, aiming to enhance
the existing study and broaden its applicability to a wider contexts.

In the context of the experimental modelling carried out in this research, several im-
portant parameters affecting collapse dynamics were examined. However, it is impor-
tant to note that the range of parameters tested was relatively limited, primarily focusing
on a granular column that was just saturated, had an aspect ratio close to one, consisted
mainly of inertial particles, and utilised a fluid where the variation in its rheological
properties was limited. Expanding the scope of these parameters would significantly
enhance our comprehension of grain-fluid interactions in granular-fluid flows. Some

specific conditions worth exploring include:

1. The degree of granular material saturation and its impact on particle collisions.

2. The behaviour of granular materials with non-inertial particle sizes (e.g. sand),
especially how their dynamics scale within the stress-elevated environment of a

geotechnical centrifuge.

3. Granular-fluid mixtures containing a higher concentration of fine granular mate-
rial (e.g. kaolin concentrations exceeding 50%) with a specific focus on the con-

centration dependent variations in pore fluid pressure reduction behaviour.
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In terms of the collapse analysis process, image data was primarily utilised to exam-
ine configuration-dependent changes in macro-scale collapse dynamics by analysing the
evolution of the individual phase fronts over time. Additionally, analysing the collapse
evolution at the grain-scale, focusing on the motion of individual particles throughout
the collapse using techniques such as Particle Image Velocimetry (PIV) (e.g. Capart and
Young, 1998; Dalziel et al., 2007; White et al., 2003) or Voronoi based imaging (e.g.
Capart et al., 2002), would be highly beneficial. However, such imaging techniques
may suffer from the high speed nature of the experiments given that, in the current ex-
perimental configuration, image capture is limited to 240 frames per second. As such,
it may be difficult to track individual particles between frames given the significant dis-
tance that they can travel at higher g-levels. Utilising a camera with an increased frame
rate would be extremely beneficial if this extension to the project was to be considered.

Furthermore, to continue the development of the two numerical models used in the
project, creating a new experimental setup that allows for the examination of a similar
parameter and problem space without the influence of the lifting mechanism affecting
flow behaviour could be considered. Thus, a proposed development of a new inclined
planar collapse configuration is discussed in Appendix D.

Enhancements to the two-phase shallow water model could significantly improve its
ability in modelling the granular phase and its interactions with the fluid phase. Cur-
rently, the model assumes a constant solid volume fraction ¢, for the granular phase
in both space and time. While this assumption simplifies computational processes, it
deviates from the true nature of granular flows. To address this, it is recommended to
introduce an additional differential equation that accounts for the spatial and temporal
variations in ¢,. Iverson and George (2014) achieved this by considering how the dila-
tion and contraction of the pore space emanates from the divergence of granular velocity
through the flow depth.

Another aspect to consider is the inclusion of a secondary fine granular phase sus-
pended within the fluid, similar to the scenario discussed in Chapter 4. This could be
accomplished by adjusting the inter-phase interaction term in the model. However, to
calibrate such a model, additional experimental data would be necessary. Given that the
interaction term requires further investigation due to its incomplete scaling description
of experimental results for the Newtonian fluid test case, dedicating time and effort to
this endeavour would be worthwhile.

Similarly, enhancing the DEM-LBM scheme’s efficacy involves refining its mod-

elling assumptions to better align with the behaviour real-world experimental flows. A
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crucial enhancement would entail incorporating surface tension effects into the phase
coupling term, offering insight into granular-fluid flow behaviour in more intricate sce-
narios, such as polydispersed granular mixtures where particle size can be a significant
factor. Notably, Leonardi’s (2015) scheme already accommodates non-Newtonian fluid
rheologies, complementing further experimental research exploring the impact of fluid
rheology on collapse dynamics.

In the context of analysis, the DEM-LBM model, initially used solely for runout data
analysis, could provide further benefit through the extraction of basal fluid pressure data.
This has the potential to shed light on how the investigated parameter space influences
the mechanisms governing pressure reduction within the flow.

The model could also be utilised in trying to further understand the effects of con-
ducting granular-fluid flow experiments using a geotechnical centrifuge. A focused ex-
amination of friction’s role in a material’s behaviour, particularly the distinct behaviour
of granular and fluid phases under Coriolis accelerations at small centrifuge radii, is
recommended. In order to better appreciate the dynamics of the fluid saturated case, it
would be pertinent to conduct an investigation that concentrated on collapsing columns
comprised of a single granular or fluid phase.

Finally, considering the limitations of physical laboratory experiments in capturing
the dynamics of granular-fluid flows across a multitude of scales, it is challenging to
directly obtain pore-scale data. Given the significant impact that excess fluid pressures
can have on macro-scale flow dynamics, the DEM-LBM model emerges as an ideal
numerical scheme for investigating grain collision dynamics at the pore-scale. This
exploration holds the potential to solidify our understanding of the mechanisms leading
to excess pore pressure generation which are still an area of great debate in the field of

geophysical flow research.
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Appendix A

Experimental image, pressure and

non-Newtonian fluid data processing

This Appendix details the image and pressure data processing techniques used for the
physical column collapse experiments undertaken in this work. The experimental pro-
cedures followed to acquire the fluid parameters of the non-Newtonian fluid mixtures
used in Chapter 4 will also be briefly discussed. The goal of this Appendix is to provide
further insight and lessons learnt into the data extraction processes that were used during

the project that is potentially missing from the papers presented in previous chapters.

A.1 Image data processing

A.1.1 Image capture

The temporal evolution of the collapses was recorded by two GoPro Hero 8 Black cam-
eras at a resolution of 1080 x 1920 pixels and at an acquisition rate of 240 frames per
second. The cameras were mounted approximately 0.4 m above the plexiglass to a cam-
era rig that was separately fixed to the centrifuge cradle to increase camera stability.
The cameras were controlled by a computer, connected over Wi-Fi, through the Camera
Controller application developed by Meyer (2021). All apparatus components that were
located within the view of the two cameras were coated in a matte black paint to limit

lens glare emanating from reflected light emitted from the lightsheet.

A.1.2 Distortion removal

The GoPro Hero 8 is equipped with a wide angle fish-eye lens which introduces ex-
treme lens distortion into each test image. The Matlab (2020) Computer Vision Toolbox
camera calibration application, which employs the fish-eye camera model calibration al-

gorithm presented by Scaramuzza and Siegwart (2007), was used to undistort the lines
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Figure A.1: (a) Distorted test image. (b) Undistorted test image where the omnidirec-
tional fish-eye camera model calibration algorithm described by Scaramuzza and Sieg-
wart (2007) has been applied through the use of the Matlab (2020) Computer Vision
Toolbox camera calibration application. The black markers which were used as control
points to transform the image can be seen at the edge of both images.

of perspective in every test image. Briefly, the onmidirectional camera calibration al-
gorithm initially calculates the intrinsic camera parameters, comprised of mapping co-
efficients, the location of the distortion centre and a 2 x 2 stretch matrix, from a set of
calibration images of a target object, a planar checkerboard pattern in this case, where
the location and orientation of the target object is altered from image to image. Along
with the camera extrinsic parameters that relate a world coordinate system to a camera-
relative coordinate system through a 3 x 1 rotation matrix and a 3 x 1 translation matrix,
the intrinsic parameters are used to convert the distorted image to an undistorted image
where lines of perspective now appear straight. A typical result from the distortion re-
moval process is shown in Figure A.1. While the images remain 1080 x 1920 pixels in
size, the distortion removal process has resulted in the production of black, or *dead’,

pixels arching above and below the test area.

A.1.3 Image transformation

While obtaining the fixed point coordinates for the control points is straightforward
(see Figure A.1), background vibrations from the movement of the centrifuge and the
release of the steel tube, which initiates the granular column collapse, causes the cam-
eras to shake. This leads to the moving point coordinates of the control points, which are
the pixel coordinates of the control points within the test image, to differ from frame to
frame. Hence, the moving point coordinates must be obtained for every image captured
throughout the duration of the test. The initial moving point coordinates of the control
points are selected by the user from the first test image. The movement of the selected

coordinates within the remaining test images are then tracked by an open source 2D
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Figure A.2: Typical transformed test image where 1 pixel within the image is equivalent
to 0.5 mm in the object plane.

Digital Image Correlation (DIC) software Ncorr (Blaber et al., 2015). The DIC algo-
rithm uses image processing techniques to calculate displacements within interrogation
windows, which are small regions of interest, between successive test images. In this
case, the software has been modified to track the evolution of n,, interrogation windows
which are 32 x 32 pixels in size and centred on the n,, visible control point locations
initially selected by the user within the test image. The relative displacements of these
control points are tracked across each test frame which allows the pixel coordinate loca-
tion of each corner to be calculated for all test images. The sub-pixel accuracy of Ncorr
has been shown to compare favourably to other commercially available DIC softwares
and Finite Element Models (e.g. Harilal and Ramji, 2014) which provides great confi-
dence in the validity of the image transformation as both the moving point coordinates
and the fixed point coordinates can be measured to a high level of accuracy.

From preliminary testing, the relative displacement of a moving control point is gen-
erally less than 5 pixels in the vertical and horizontal coordinate directions relative to an
image’s pixel coordinate system. This suggests that the size of the interrogation window
selected to track the lightsheet corners is sufficient.

The relative vertical and horizontal displacements for a given test image are then
added to the original moving point coordinates to obtain the moving point coordinates
for that test image. During the transformation, a scale factor of 2 is applied meaning

that 1 pixel within the transformed image is equivalent to 0.5 mm in the object plane
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which is equivalent to the approximate spatial resolution of the original distorted test
image. This allows morphological flow information to be extracted directly from the
transformed images, an example of which is shown in Figure A.2, at any stage through-

out the evolution of the collapse.

A.1.4 Image masking

Even though the camera shutter speed and aperture settings were set to minimise vari-
ations in the background light intensity provided by the lightsheet, variations near the
source of the light and along the evolving flow front could still be observed. To limit
the effects of this noise during image analysis, while maintaining the structure of the
flow, the test images were masked, where all background pixels were set to a grey scale
pixel intensity of 0 (black), following a common segmentation approach based on in-
tensity thresholding. Whilst other segmentation techniques, based on texture (e.g. llea
and Whelan, 2011) or clustering (e.g. Yuheng and Hao, 2017) methods exist, threshold
by intensity segmentation was used due to the significant colour contrast between the
background lightsheet and the foreground flow.

Figure A.3: Visual representation of the image masking process. (a) Original cropped
test image. (b) Grey scale cropped test image (pixel intensities within the grey scale
integer range of 0 and 255). (¢) Binary test image (pixel intensities within the binary
integer range of 0 and 1). (d) Mask of test image. (e) Original test image with the mask
applied.

To simplify later image analyses, the steel test tube was completely removed from the
majority of test frames by initially cropping the transformed test images and removing
the image pixels found in the upper 45% of pixel rows (Figure A.3a). The in-built
Matlab (2020) function ‘rgb2gray’ was used to set the image colour map to grey scale
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where all pixels within the image were assigned a grey scale intensity value ranging
from 0 (black) to 255 (white) (Figure A.3b). Matlab’s Image Processing Toolbox was
then used to design a threshold segmentation scheme, consisting of image binarisation,
hole filling and region removal stages.

The image binarisation stage was carried out using a grey scale threshold where grey
scale image pixels with an intensity lower than this value are included within the bi-
nary image foreground (pixel intensity of 1), and those with a greater intensity value
are included within the binary image background (pixel intensity of 0) (Figure A.3c).
Through the evaluation of test image histograms, it was deemed that image contrast
enhancement, typically achieved using the adaptive histogram equalisation technique
CLAHE (Zuiderveld, 1994), was not required prior to thresholding due to the extreme
levels of contrast already present between the fluid, the particles and the lightsheet in
the original grey scale images. Otsu’s method (Otsu, 1979), which can be used to ob-
tain the appropriate grey scale threshold of an image, was also disregarded as it was
deemed more appropriate to binarise all images using a singular threshold value given
the consistent lighting conditions produced by the diffused light system.

The resulting binary test images often showed, as seen by the small regions of black
within the white mass in Figure A.3c, that the threshold segmentation incorrectly char-
acterised parts of the image foreground as being a part of the image background. Small
regions of white pixels within the black background of the binary image could also oc-
cur due to small droplets of interstitial fluid resulting from spray during the release of
the steel column. This was corrected by setting pixel regions smaller than the area of the
particle size being tested that were initially characterised as foreground to background
regions. This version of the binary image, displayed in Figure A.3d, was then used to
mask the original RGB test image (Figure A.3e). The entire masking process has been
visually summarised in Figure A.3. For the case of the official experiments, where matte
beads that were either red or yellow in colour were used, an analogous process was fol-
lowed to obtain a mask of the image that only considered the granular phase front. In
this case, instead of using rgb2gray to create the grey scale image, the blue colour chan-
nel of the original image was used instead. Since the fluid phase was dyed blue, this

created extreme contrast between the two phases within the grey scale image.
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A.1.5 Data extraction

With the shape of the two phase fronts captured by independent masks, the final task
is to obtain an average distance measurement between the edge of the two phases (i.e.
the edge of the two masks) and the central position of the original column which has
been referred to in the previous chapters as r,. This was achieved by taking the masks
of the two phases for each test image and converting them to a polar coordinates system
with respect to the radius from the column centre r and the angle 6, where the = and
y directions of the Cartesian image reference frame can be defined in a polar reference
frame as follows

xr =rcosb, (A.1)

y = rsinf. (A.2)

Dividing the # domain into 1000 subdomains, the phase front edge could then be ac-
quired from the image masks by extracting the material point that was furthest from the
column centre for each value of ¢ (Figure A.4b). Hence, the value of r,, for the test image
was then defined as the average distance from the column centre of phase v across the
6 domain (Figure A.4c). The phase front extraction process has been described visually

in Figure A 4.

Figure A.4: Visual representation of the data extraction process used to obtain the av-
erage phase front radius of each test image. (a) Original transformed and cropped test
image. (b) Masks of the fluid (top) and granular (bottom) phases transformed to the
polar reference frame where the red markers represent the extracted phase front posi-
tion for each # subdomain. (¢) Example of the final phase front extracted from the test
image (available at http://doi.org/10.17639/nott.7277). The raw (dashed) and
averaged (line) radial positions of the fluid (green) and granular (red) phase fronts are
shown.
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A.2 Fluid pressure data processing

A.2.1 Pressure measurement acquisition

The evolution of basal fluid pressure beneath the centre of the granular column was mon-
itored using a Honeywell miniature pressure sensor (Model 24PCDFA6G), positioned
approximately 1 mm into the plexiglass surface (refer to Figure A.5). This sensor had
a pressure range of 200 kPa, and its measurement accuracy, determined by calculat-
ing the average reading error when applying a known pressure to the sensor, was within
+ 0.1 kPa. The sensor was directly linked to a junction box, which transmitted data to an
NI 9205 Data Acquisition (DAQ) module at a sampling rate of 125 kHz. Subsequently,
the data was relayed to the CompactRIO system situated near the centrifuge’s axis of
rotation, which then transferred it to an external computer for subsequent analysis.

The sensor operates by converting the deformation of a flexible diaphragm into an
electrical voltage output, which can be calibrated to obtain the applied pressure (as de-
tailed in Section A.2.2). It’s important to note that the diaphragms’ dynamic behaviour
can be highly sensitive to chemical changes, highlighting the need to maintain their
cleanliness. When Newtonian fluids were used, a simple post-test rinse with water suf-
ficed to uphold the sensor’s integrity.

However, in the experiments conducted in Chapter 4, where fine kaolin clay parti-
cles were suspended within the fluid phase, additional protective measures were nec-
essary to prevent the kaolin clay from adhering to the diaphragm and altering its de-
formation characteristics. Various strategies were explored, employing filter paper as a
semi-permeable barrier to cover the sensor opening, while still allowing accurate pres-
sure readings. While this approach succeeded at lower gravitational levels, higher fluid
pressures and faster particle velocities frequently led to the filter paper tearing around
the sensor opening, enabling clay particles to enter the sensor. Several sensors were ren-
dered inoperable as a consequence, leading to the decision, as discussed in Chapter 4, not
to collect fluid pressure data for the non-Newtonian fluid experiments. Consequently,
for future projects aiming to measure fluid pressure in fluids containing a suspension
of fine particles, it is recommended to employ pressure sensors that can accommodate
porous stones inserted into them. These stones can act as a barrier to prevent fine parti-
cles from infiltrating the sensor. Numerous manufacturers offer these stones in varying
porosity grades, allowing the system to be configured based on the size of the fine par-

ticles present.
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Figure A.5: Schematic detailing the key components of the pressure acquisition system.

A.2.2 Instrument calibration

This section outlines the general procedure employed to calibrate the pressure sensors
utilised in the experiments. Given that calibration occurred on multiple occasions during
the project, such as when a sensor required replacement due to damage or to verify that
its calibration parameters had not drifted over time, [ am going to refrain from presenting
specific calibration data.

The calibration of the pressure sensor involved a two-step process. Initially, the aim
was to transform the voltage output V' from the sensor into a pressure value P equiv-
alent to the hydrostatic pressure exerted by the fluid column directly above the sensor.
This phase of the calibration took place under Earth’s gravity using a simple standpipe
arrangement (refer to Figure A.6). This setup enabled systematic variation of the fluid
level h,, up to a height of 3 m, equivalent to a hydrostatic pressure P = p,,gh,, of 30 kPa,
considerably higher than the fluid pressure encountered during centrifuge testing. Util-
ising this data, you could establish a linear relationship between the pressure sensor’s
voltage output V' and the externally supplied hydrostatic pressure P, described by the
following expression

V=V+ayP, (A.3)
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where V| represents the y-intercept, and ay signifies the linear gradient.

Fluid entry
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Figure A.6: Experimental standpipe configuration for pressure sensor calibration in
Earth’s Gravity. A two-way valve is employed to regulate the fluid level above the
pressure sensor, enabling conversion into equivalent hydrostatic pressure. To ensure
complete air bubble removal from the standpipe prior to calibration, both the sensor and
the short section of tubing below the two-way valve are saturated with water before in-
creasing the fluid level.

The second stage of calibration accounted for the pressure sensor’s behaviour within
the elevated acceleration field of the centrifuge. Exposure to the heightened accelera-
tion field alone, considering that the diaphragm’s axis of deformation is perpendicular
to the centrifugal acceleration’s line of action (see Figure 3.2), was adequate to deform
the sensor’s diaphragm and record a change in voltage output. Consequently, calibration
flights were conducted, with the sensor positioned in the experimental apparatus, mim-
icking its placement during official tests and subjected to various, systematic GG levels.
This process aimed to determine the voltage output associated with the natural defor-
mation of the diaphragm at test-specific G levels. These flights were executed without
constructing a fluid column on top of the sensor, but the sensor’s opening was filled
with water to maintain the diaphragm’s saturation, as it would be under standard test
conditions. Subsequently, the voltage output corresponding to the natural diaphragm
deformation under elevated acceleration could be subtracted from the signal output of

the column collapse experiments. This ensured that a pressure reading of 0 kPa in the
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signal aligned with the scenario where no fluid column extended above the sensor’s
opening. For a comprehensive description of this pressure sensor calibration method,
the reader is referred to Cabrera (2016).

A.3 Obtaining non-Newtonian fluid material parame-

ters

This section provides an overview of the techniques employed to determine the material
parameters of the non-Newtonian fluids used in the experimental testing discussed in
Chapter 4. The focus is on fluids comprising kaolin clay particles suspended in water.

The key parameters of interest are fluid density py, viscosity 77, and surface tension o¢.

A.3.1 Density

The calculation of py is straightforward and akin to determining the average column
density p as discussed in previous chapters. py is obtained as a weighted average of the

mass densities of the water and kaolin clay phases defined as

pr = Crpr, + (1 = Ck)pu, (A.4)

where C}, is the mass concentration of kaolin clay suspended in water, and p; and p,,

are the densities of kaolin clay and water, respectively.

A.3.2 Viscosity

As the kaolin-water suspension is non-Newtonian, with shear-rate dependent viscosity,
a representative value for viscosity 7y was required for the scaling analysis. A charac-

teristic shear rate 7 was defined relative to the expected free-fall velocity of the column

4 = /G/ho. (A.5)

A Brookfield viscometer was used to measure the viscosity at various shear rates ranging
between 0.46s~! and 92.6 s~! which are typical shear rates in the drainage and runout
phases of the collapses. Power law functions relating 1y and  were then fitted for each
test fluid, providing representative viscosity values corresponding to the gravitational

acceleration used in each test. Figure A.7 shows the data collected from the Brookfield
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viscometer tests, and the subsequent power law fits, for the two non-Newtonian fluids
used in Chapter 4 where C}, = [0.1,0.2].
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Figure A.7: Data from the Brookfield viscometer tests for the two non-Newtonian fluid
suspension used in Chapter 4 showing fluid viscosity 7 against shear rate . The power
law lines of best fit for each kaolin concentration are also shown.

A.3.3 Surface tension

The surface tension of the non-Newtonian fluids were determined using the classic cap-
illary rise method, based on the equilibrium of forces acting on a capillary tube liquid
column (Dole, 1951; Richards and Carver, 1921). A Tensiometer from Duran Wheaton
Kimble was employed for this purpose. The surface tension of the fluid was calculated
using the height difference between the capillary rise and depression A, introduced by

applying negative and positive pressures within the apparatus

1
Of = Ehcrcpfgv (A.6)

where 7. is the radius of the capillary. Calibrations to g based on latitude, longitude,
and altitude coordinates of the test location were also conducted. Calculation of the
surface tension for each non-Newtonian fluid used throughout Chapter 4 was repeated

five times to ensure a sufficient level of accuracy for the scaling analysis.
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Collapse complexities

The following Appendix details a set of experiments aimed at investigating peculiar
trends observed in the initial stages of pressure signals, as mentioned in Chapters 5 and
6. The pressure complexity will first be highlighted before discussing the methodology
followed to investigate its cause. The methodology as to how this complexity was dealt
with when analysing the pressure signals was summarised previously in Section 5.5.1.
The Appendix then goes on to investigate how these newfound insights might impact the
conclusions drawn in Chapter 3. Specifically, those concerning the evolution of phase

front separation and the scaling relation described by Equation (3.4).

B.1 Understanding the mechanisms controlling the de-

lay in column release

Figure B.1 displays the unfiltered pressure signal P against ¢ for the collapse of a col-
umn filled with only water at G = 45.22 ms~2. In theory, the collapse of an unconfined
fluid column should yield a hyperbolic pressure dissipation curve, corresponding to the
gradual loss of hydrostatic pressure over time. However, in our experiments, prior to
the anticipated smooth dissipation curve, there is an initial drop in pressure, followed
by a subsequent increase, ending at ¢; ~ 1. This phenomenon has been consistently
observed in terms of magnitude and timescale, suggesting that the experimental setup
exerts external forces on the collapsing mixture.

This behaviour was first investigated by analysing the force balance of the column
lifting mechanism under an elevated gravitational acceleration (as illustrated in Fig-
ure B.2). Assuming a frictionless pulley system and that the mass of the steel cylinder
M. is always less than the mass of the steel mass used to lift the column M,,,, the resultant

force of the system F;. is given by
FT:Fm_ch (Bl)

135



Chapter B: Collapse complexities

P (kPa)

Figure B.1: Evolution of the raw basal fluid pressure signal with ¢; ~for a water only
collapse at G =45.22 ms~2. The dotted lines align with the times at which the minimum
and maximum pressure of the pressure dip occur.

where F,, = GM,, and F. = GM, are the weights of the steel mass and the steel
cylinder, respectively. Consequently, the resultant acceleration of the system a, can be

calculated as
F,

T My + M,

Considering that the free surface of the collapsing mixture accelerates towards the hor-

(B.2)

Qr

izontal plane with an acceleration of G, the time at which point the free surface of the
collapsing mixture is in line with the bottom of the steel cylinder #,,,..; can be determined

as
ho

G+a,

(B.3)

tmeet =

For the collapse scenario shown in Figure B.1, where hy = 50 mm, M,, = 3.6kg and
M, = 0.92Kkg, tmeet = 0.0263 s. Nondimensionalising teet by ¢7 yields ¢ .., = 0.79.
This theoretical value of the instance where the collapsing mixture is no longer in con-
tact with the steel cylinder, is a good approximation of when the dip in pressure in the
experiment reaches its minimum at ¢; = 0.73. The maximum of the subsequent rise
in pressure occurs just after ¢; = 1 which is when the free surface of an unconfined

column would be expected to collide with the horizontal plane.
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Based on a detailed analysis of collapse images and pressure data, we formulated
a qualitative hypothesis for this mechanism. Upon collapse initiation, the significant
acceleration of the steel cylinder relative to the initial motion of the collapsing column
induces viscous shear stresses between the two surfaces that are capable of partially
lifting the collapse material. This results in a reduction in pressure applied to the pressure
sensor, reaching a minimum at ¢, = 1., when the column is theoretically no longer in
contact with the cylinder. The subsequent rise in pressure is attributed to the dynamic
pressure generated by the lifted material impacting the horizontal plane, ceasing at ¢, ~

1 when the free surface of the collapsing material collides with the horizontal plane.

a; =Ng

ho
.
o —

'

F

Figure B.2: Schematic of the force balance during the column lifting process.

To validate this hypothesised mechanism and gain a deeper understanding of this
effect, a series of purely fluid column collapse experiments were conducted where 7y,
hg, M., G, the roughness of the cylinder and, the ability for air to enter the top of the
cylinder were all varied. Table B.1 summarises these experiments, while the unfiltered
pressure signals from these tests are presented in Figure B.3 in ¢}, -P space where test
wO05005H has been used as a reference case in each subplot.

Figure B.3a demonstrates that both the roughness of the internal cylinder wall and
the fluid viscosity have little influence on the magnitude and timescale of the dip and
rise effect. Even in the case of Test g05005H, which uses the most viscous fluid used
throughout all centrifuge testing, the timing of the peak of the rise is only offset by
approximately 0.25¢; from the wO5005H which uses a fluid phase of water. Hence, for
the range of viscosities studied, the shear stress between the fluid and the steel cylinder

appears significant enough to lift a proportion of the collapsing column as the steel
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Table B.1: Summary of the experiments performed to better understand the influence
of the column lifting mechanism.

Test ID ho (mm) n(cP) G (ms™?) M, (kg) Notes

w05005H 50 1.0 45.2 3.6

g05005H 50 156.8 45.2 3.6

w05005L 50 1.0 45.2 2.6

w10005L 100 1.0 45.2 2.6

wO05005H1 50 1.0 45.2 3.6 Air inflow reduced by half.

w05005H2 50 1.0 45.2 3.6 No air inflow.

w05005HSP 50 1.0 45.2 3.6 Cylinder interior lined
with 240 grit sandpaper.

g05014H 50 15.7 137.4 3.6

cylinder accelerates away from the horizontal plane.

Figure B.3b illustrates the impact that varying G has on this behaviour. Increasing G
by a factor of three results in a proportional increase in pressure difference between the
maximum and minimum pressures of the dip. The duration of the dip appears to scale
with ¢;.

Figure B.3c presents a subset of experiments aimed at investigating whether the phe-
nomenon is due to suctions induced by insufficient air volume displacing the collapsing
material as the cylinder is lifted. The results indicate that covering one of the holes at
the top of the cylinder leads to no change in behaviour, implying that the effect persists
even when air flow into the top of the cylinder is reduced by half. Completely sealing
the top of the cylinder induced significant suctions between the cylinder wall and the
collapse material, causing the entire column to be lifted and negative pressures to be
induced. Therefore, it was concluded that the level of air flow into the top of the tube
was not the primary source of the lifting behaviour.

Figure B.3d explores the influence of cylinder lifting speed and the initial height of
the column. Reducing the lifting speed of the column by decreasing the mass of the
steel mass results in a pressure dip of similar magnitude to the reference test wO5005H,
with ¢, shifted by approximately 0.41. This is likely due to the fact that, at collapse
initiation, the gap between the bottom edge of the rising column and the horizontal
plane over which the collapse spreads widens more slowly. Consequently, the rate of
fluid discharge from the centre of the column is reduced because the rising column can

interfere with the motion of the fluid for a longer duration.
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Figure B.3: Evolution of the raw basal fluid pressure P signals with ¢ for the different
experiments performed to investigate the influence of the column lifting mechanism.
The effects of (a) column roughness and viscosity, (b) gravitational acceleration, (¢) the
entry of air into the column, and (d) the mass of the steel mass used to lift the column
were all considered.

Conversely, increasing the initial height of the column, along with a lighter steel mass,
results in an increase in pressure variation proportional to the increase in surface area and
a shift in ¢}

meet

by approximately 0.07. In this case, the reduced discharge rate due to the
slower column release speed is mostly compensated for by the increased pressure head
of the taller column, leading to a reduction in the offset. The increased contact area
results in greater viscous effects between the collapse material and the column wall,
causing more fluid to be lifted along with the column and a larger reduction in pressure

during the early stages.

B.2 Quantifying the delay of the granular column re-

lease

The issues concerning the column lifting mechanism emerged later in the project, par-
ticularly during the numerical modelling phases outlined in Chapters 5 and 6. Conse-

quently, it becomes essential to evaluate its implications on the findings drawn from the
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*

Table B.2: Summary of ¢4, values across the examined G-d,, parameter space. g,

values for each inertial particle size are also shown.

_ taap (S)
G (ms™) d, = 2mm dp:4rnnglp d, =6mm d,=8mm
9.81 0.026 0.037 0.045 0.052
45.22 0.012 0.017 0.021 0.024
137.64 0.007 0.010 0.012 0.014
275.45 0.005 0.007 0.009 0.010
t* 0.367 0.519 0.636 0.735

gap

physical experiments detailed in Chapters 3 and 4. One crucial aspect to consider is the
time delay between the initiation of collapse, where the fluid phase begins to flow from
the column, and the onset of lateral motion in the granular material. Calculating the time
required for the gap between the column and the horizontal plane to equal the inertial
grain diameter, denoted as 4, proves to be a logical step.

Utilising Equation (B.2), with given parameters M,,, = 3.6kg, M, = 0.92kg, and
a, = 0.593@G, and considering the initial rest state of the cylinder, we can express the

time taken for the column to raise by a distance .S as follows:

S = 1aTtQ. (B.4)

2
By rearranging Equation (B.4) for ¢ and substituting the inertial particle height d,, for .S,
t4ap can be determined. A summary of relevant Z,,, values across the examined parameter
space is presented in Table B.2. Intuitively, ¢4, is a function of both GG and d,,, increasing
linearly with the square root of both variables. Hence, defining a dimensionless version
0f t4p, denoted as t3, , by normalising it by the inertial timescale of the collapse \/m

proves useful. As shown in Table B.2 is solely dependent on d,, and, again, increases

» Laap
linearly with the square root of the variable.

B.3 Influence of the column release mechanism on phase

front separation

Given that the release mechanism results in a delay in the release of the granular phase,
it is imperative to reassess prior conclusions concerning phase separation evolution. As
discussed in Section 3.4, Figure 3.6 depicted the variation in the temporal evolution

of phase front separation due to variations in d, and G. A modified version of this
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Figure B.4: Temporal evolution of the normalised distance between the phase fronts
(ry — rp) /7y against normalised time ¢} for all particle sizes d,, at (a) G = 9.81 ms?,
(b) G =4522ms72, (¢) G = 137.64ms 2, and (d) G = 275.45ms~2 upstream of

centrifuge motion.

figure, represented as Figure B.4, presents (17 —r,) /7 plotted against ¢} , allowing for

the identification of reference times corresponding to the points where the column has

*

ascended by one and three particle diameters, denoted as ¢, = t;, and {; = \/gtgap,

gap
respectively.

Figure B.4 reveals that in all collapse tests, a significant portion of phase separation
oceurs prior to time ¢, = {5,
to time ¢, = \/§tzap. Thus, the initial increase in phase separation can be attributed

while the maximum phase separation is attained closer

to the granular phase being restrained by the rising column during the initial collapse
stages. Consequently, this initial phase separation is influenced by the column lifting
mechanisms and accounts for the observed variations dependent on G and d,. It is
noteworthy that with a maximum value of 1.3 for \/gt;ap within the tested parameter
range, the confinement of the granular phase spans only a small fraction of the total
collapse duration (approximately 15% in the most extreme cases).

Therefore, the assertions made in Chapter 3 concerning the dependence on G and d,
during the stage of collapse where the granular phase begins to converge with the fluid
phase remain pertinent. Future investigations should prioritise exploring the impact of

column release velocity on phase separation dynamics. Specifically, emphasis should
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be placed on understanding its influence on the time of maximum phase separation at-

tainment, which in the present scenario occurs at approximately ¢} = \/gtgap.

B.4 Influence of the column release mechanism on runout

scalings
5 1.5
@ (b)
1 -
< -
A
N
~
* s
&~
0.5
d,, (mm)
2 4 6 8
—— N=1 === N=46 —= N=14
O 1 1 1 1
0 10 20 0 0 10 20
th*o th*o

Figure B.5: Temporal evolution of the normalised fluid runout length ', scaled by Dy 1,
where (a) L = hg, and (b) L = d,,, with timescale ¢ , for varying particle sizes d,, and
values of N downstream of centrifuge motion.

To validate the scaling relations found through the dimensional analysis and param-
eter space reduction outlined in Chapter 3 (specifically represented by Equation 3.4),
it 1s important to reinterpret the evolution of the phase front runout in a dimensionless
framework, as implied by these scaling relations. The evolving parameter of interest
for this assessment is the normalised phase front runout 7 divided by the scaling fac-
tor D, ;, = (Bo/Ca)®(p*)?(r*)?, where the exponents «, 3, and v correspond to those
stated in Table 3.3 for the pertinent quantity of interest, Fr, ;. For instance, in the case
where v = f and L = hy, the exponents [«, 3, 7] = [ -0.02, 0.08, -0.25].

To achieve a dimensionless representation, the temporal domain is once again nor-
malised by employing ¢}, . Consequently, Figures B.5 and B.6 depict the temporal pro-

gression of the scaled phase front runout in r; D, 1-t; space for the fluid (v = f) and
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Figure B.6: Temporal evolution of the normalised particle runout length r;, scaled by
D, 1, where [(a), (b)] L = ho, and [(¢), (d)] L = d,,, with timescales ¢}, [(a), (¢)], and
thy — ﬁt;ap [(b), (d)], for varying particle sizes d,, and values of N downstream of
centrifuge motion.

granular (v = p) phases, respectively. For the evolution of the fluid phase fronts , scal-
ing the system by Dy, (Figure B.5a) results in a reasonably good collapse of the test
curves during the early stages of the collapse. This is somewhat expected as the scal-
ing is derived from the peak velocity of the phase front. However, deviations become
apparent during the deceleration phases of the collapse, where capillary effects become
more significant, as discussed in Chapter 3.

Figure B.5b, where the system is scaled by Dy 4, exhibits a more pronounced spread
at the early stages of the collapse, but the general trends observed in Figure B.5a persist.
Notably, tests conducted with a granular phase comprised of 2 mm particles show the
greatest deviation during the early collapse stages. Consequently, the scaling relation,
predicated on the assumption of negligible surface tension effects, begins to falter for
these smaller particle sizes.

Similar conclusions can be made from the scaled runout behaviour of the granular
phase front (Figures B.6a and B.6c¢), where the collapse is generally satisfactory during
the acceleration phase but demonstrates increasing deviation as the flows decelerate.
However, unlike the scaled fluid phase fronts, a significant temporal lag is present be-

tween the experiments, largely dependent on particle size. This lag likely stems from
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the release delay of the granular material due to the column lifting mechanism.

To address this, Figures B.6b and B.6¢ apply a temporal shift to the collapses equiva-
lent to ﬂtgap, representing the time taken for a gap equivalent to two particle diameters
to open up between the horizontal runout plane and the base of the column. The shift,
especially evident in Figure B.6, results in a better collapse of the test curves, suggesting
that the scaling relations do not adequately account for the release delay of the granular
material, which is an effect arising from the experimental configuration.

Overall, the scaling relations demonstrate a significant degree of data collapse during
the initial stages of the flow, which is promising given that the scaling was derived from
the peak velocity of the phase front. However, as the flows decelerate and the influence
of capillary effects between the granular and fluid phases becomes more pronounced,
the scaling relations begin to break down. Although the scaling relations overlook the

release delay of the granular phase, it appears that this can be rectified by adjusting the

*
gap*

temporal shift and understand its variation with column lifting speed.

collapse by a timescale of /2t*, . Further investigations are warranted to optimise this
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Appendix C

Shallow water model derivation

The following Appendix outlines the derivation of the two-phase shallow water model
employed in Chapter 5 to replicate the experiments on fluid-saturated column collapses
outlined in Chapter 3. Beginning with the basics of continuum mixture theory, it ex-
plains the steps taken to formulate a mathematical representation of an undersaturated
two-phase granular mixture, moving within a axisymmetric coordinate framework. This
derivation leads renders a system of equations, which are refined in Chapter 5 to effec-

tively simulate high-g collapse scenarios.

C.1 Governing equations

In order to replicate the flow dynamics observed in the experiments detailed in Chap-
ter 3, the theoretical model will describe the grains and the fluid as two continuum
phases with constant specific densities p,, where v = p, f for the granular and fluid
phases, respectively.

Continuum mixture theory (Morland, 1992) will provide the framework to describe
the equations governing the behaviour of each phase. The theory is based on the idea
that both phases occupy each spatial point within the flow concurrently, where the vol-
umetric proportion of each phase is described by its volume fraction ¢,. Hence, under

the assumption of a fully saturated granular phase,
¢p + ¢y =1 (C.1)
As such, the mass continuity equations for the granular and fluid phases are
O(ppdp) + 'V - (ppdpup) = 0, (C2)

Oulpsdr) +V - (proguy) =0, (C.3)
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and the respective momentum continuity equations are
Pp®p0i(up) + (up - V)uy] = =V - 0, + ppdpg + By, (C4)

Prosl0:(uy) + (up - Vus] = =V - o+ prdrg + By, (C.5)

where u, and o, are the velocities and the symmetric stress tensors for each phase.
Gravitational acceleration vector is denoted as g while 3, is the interaction force exerted
on the v phase by the other. Newton’s third law implies that 8, + 3; = 0 resulting in
no mass being transferred between the two phases.
Following the work of de Boer and Ehlers (1990) and Meng et al. (2022), the granular
stress tensor is defined as
o, = ¢ppsl + 0, (C.6)

where I is the unit tensor, py is the fluid pressure within the mixture and o, is the effec-
tive granular stress which only considers the contribution of inter-particle contact forces

(Terzaghi, 1943). The fluid stress tensor can also be decomposed into two components

or= ¢l — Ty, (C.7)

where 7; is the deviatoric stress tensor for the fluid. Given the rheological behaviour
of the fluids used within the experiments, it is assumed that 7, can be described by a

Newtonian fluid rheology.
T = ¢y [Vuy + (Vuy)'], (C.8)

where 7); is the constant dynamic viscosity of the fluid phase and 7" is the transpose.
Typically, as in Bouchut et al. (2015), the interaction terms, 3; and 3,, can be de-

constructed into two components

Br=-Bp=fs+f=—-0sVps+ f, (C.9)

where fg is the contribution of the buoyancy force —¢;Vp; and f is the remaining
interphase body force consisting of the contributions from the drag force, virtual mass
force and lift force (Phan et al., 2022). Following the derivation of Meng et al. (2022),
the —¢¢Vp; term will be amalgamated with the partial fluid pressure gradient term
—V(¢spys) term which arises when Equation (C.7) is substituted into Equation (C.5)
confirming that the dynamics of the fluid is governed by the pore water pressure gradient
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—¢#Vp; which is in accordance with Darcy’s law (Morland, 1992).
As was done by Bouchut et al. (2016), it is assumed that f can be well approximated

as an interphase Darcy drag force resulting from the relative motion of the two phases

f = C’dd(up — ’U,f), (CIO)

with the drag coefficient C, taking the form of that described by Pailha and Pouliquen
(2009) and Iverson and George (2014)

2
]

Caa = U (C.11)

where the permeability of the granular phase £ is described using Carman’s formula for

a packing of monodispersed spheres with diameter d,

_ 9

= 1500 (C.12)

Substituting Equations (C.6), (C.7) and (C.9) into Equations (C.4) and (C.5), the mo-

mentum conservation equations for both phases can be rewritten as

Pp®p[0i(uy) + (uy - V)u,| = =V - o, — 6,Vps + ppdpg + Cag(uy — u,), (C.13)

propl0(uy) + (uy - V)uy] =V -1 — ¢Vps + prdrg + Caa(u, —uy), (C.14)

for a fully saturated mixture. Equation (C.14) reduces to the Navier-Stokes equation for
a pure Newtonian fluid when ¢, = 1 and assuming that the interaction force between
the two phases is 0. Similarly, Equation (C.13) can take the form of a momentum conti-
nuity equation for a dry granular material by setting ¢y = 0 and assuming that both the

buoyancy force and the interaction force are 0.

C.2 Boundary conditions

For the purposes of generality, consider that the two-phase flow being modelled ad-
vances down a slope with an angle of inclination (; (see Figure C.1). We also define a
two-dimensional Cartesian coordinates system, Oz z, where the x-axis is directed down

the slope and the z-axis is directed upwards. It is straightforward to describe this model
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Figure C.1: Sketch of a 2-D slice of an undersaturated granular flow travelling down an
incline modelled as two coupled continuum phases.

in three dimensions by adding another coordinate directed across the slope y, but for
simplicity, the current model will only consider the two former dimensions. Hence,
the phase velocity w, can be broken down into components pointing down the slope
and perpendicular to the slope such that u, = [u,,w,]. Similarly, o, 77 and g can
also be deconstructed into components relative to the defined Cartesian axis such that
O, = [0 0er Oponr Opoals T = [Tfaw: Tfze) Traz) and g = [gsin(, g cos (] where g is
the magnitude of the gravitational acceleration parallel to the z-axis, respectively. As
done by Iverson and Denlinger (2001), a local right-handed sign convention is adopted
to define the acting direction of the stress and velocity components where the normal

stress components (i.e. 0y, .., 0, .., Tfz @nd 7y, ..) are positive in compression.

axs YVp,zzo

The granular and fluid surfaces can be defined by the functions F?(z, z,t) = z —
sP(z,t) and F/(x,2,t) = 2 — s/(x,t), respectively, while the basal surface is charac-
terised by F®(z,2,t) = z — b(x). Hence, the upward pointing normal vector for each
surface n’ = VFY/|VF"| with v = p, f,b. Given that both the granular and fluid
phases are constrained by the kinematic condition F"¥(x,t) = 0 at each of their respec-

tive free surfaces, we can expand these conditions to their component form as follows
Or(s?) + u,04(sp) —w, = 0, z = sP(x,t). (C.15)

Oi(s?) +up0u(sy) —wy =0, z=sl(x,1). (C.16)

Similarly, as the model does not consider the erosion of the slope, meaning that F°(z) =
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0, we can also define the following conditions at the basal surface
0¢(b) 4+ u,0,(b) — w, = 0, z = b(x). (C.17)

0¢(b) + u0,(b) —wy =0, z = b(x). (C.18)

For the purposes of simplifying the model, it is assumed that the granular phase is al-
ways either exactly saturated or undersaturated. This is deemed a reasonable assumption
given the relatively large diameters of the particles used to experimentally model the
granular phase even though it is likely to be violated by many model solutions. Hence,
s/ < sP is always true meaning that in the undersaturated regime, the position of the
interface between dry and saturated granular material is located at s/. Given that the po-
sition of s/ varies spatially and temporally, the volume fraction of the material crossing
s/ would change suddenly. For example, the volume fraction of the fluid jumps from
¢; = 0 above s/ to ¢y = 1 — ¢, below s/. As such, we use the mass jump condition

presented by Chadwick (1999) to express this behaviour at the interface
[[p0p(De(s7) +1up0a(s”) —wp)]] =0, 2= (), (C.19)

where [[ | are jump brackets that designate the variation of the enclosed quantity either
side of the discontinuity.
We also assume that both phases are not subjected to external stresses at their free

surfaces in either the downslope or slope normal directions

0} 220:(8") +0,,. =0, z = sP(z,1). (C.20)

0}, 4.0:(s") + 0, .. =0, z = sP(x,t). (C.21)
O0p0u(s7) = TrawOu(s!) + 770 =0, 2= s7(a,1). (C22)
—Qspy — vamax(sf) +7p.. =0, z = sf(x, t). (C.23)

Based on the findings of the large-scale chute tests of Iverson (2003), the tangential
movement of the granular phase will be constrained by a Coulomb-style basal friction

boundary condition in both the downslope and slope normal directions

b
—a;7xxax(b) +o . =—(n"- O';nb) [&ub\VFb\ + Gx(b)] , z=b(z). (C.24)

e )
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b
—0 .0:(b) + o). = —(n’ - oln’) [ﬂub\vmq], z=b(x). (C.25)

Pz~ T D22 ‘ug|

where 1, is the basal friction coefficient. Similarly, the basal friction boundary condi-
tions for the fluid phase will be modelled utilising the Chézy formula (Chaudhry, 2008).

712202 (0) + Trax + (040} + (0 - 0pn?)]0,(b) = psCriiy|us || VF, z = b(x).
(C.26)
710200 (0) + Tf2: = [0} + (0’0 yn”)] = ppCrwsluy||[VF), z=b(z). (C27)

where C/ is the Chézy drag coefficient which accounts for turbulent friction along the
horizontal plane, u, is the depth averaged fluid velocity and @ and wy are the x and 2

components of the depth averaged fluid velocity, respectively.

C.3 Scaling the system

It is typical for natural scale debris flows to have a characteristic flow depth H that
is significantly smaller than their characteristic length L such that their aspect ratio
e = H/L < 1 (Iverson, 1997). This assumption allows for the development of a more
computationally efficient model consisting of a depth averaged system of equations, in-
dependent of the slope-normal z-direction. To develop this model, it is beneficial to
scale the mass and momentum conservation equations to assess the comparative influ-
ence of each term on the motion of the flow. To do this, we follow the logic of Meng et
al. (2017) and assume that the downslope speed of both phases U = /gH where L and
H are the characteristic length scales of the z and z axes, respectively. This suggests
that the slope-normal phase velocities can be scaled by eUU. Hence, the characteristic
timescale of the mass movement is assumed to be t = L/\/gH while the granular and
fluid stresses are scaled by the expected lithostatic pressure p,gH and the Newtonian
fluid rheology defined in Equation (C.8), respectively. We also assume that C,,; scales
with p¢ \/g/_H . The full set of scalings for the governing equations and boundary con-
ditions are as follows

(z,2,s',sP,b,d,) = L(%, €2, €57, €8P, eb, eczp), t = L/\/gHt, )
(tt, Wy, ) = VgH (i1, €y, o)), Caa = py\/9/HCua,

/ / ~/

(0has 0Las 00z) = PpgH (07050, 672,

(C.28)

xx) T z2) X)) T 22 T T2

(pf; Tfaxs Tf 2z Tf,:vz) = png@f, €7A—f,xmy G%f,zza 7A—f,:zsz)a )
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where the hatted variables are dimensionless. Applying the scalings in Equation (C.28)
to Equation (C.2) and Equation (C.13), and removing the common factors, the dimen-

sionless mass and momentum equations for the granular phase are

atf(CbP) + ai(ﬁbpﬂp) + aé(ﬁbpwp) =0, (C.29)

6[8{(@,@,,) + a:%((bpapﬂp) + aﬁ(¢papwp>] = _Gai(&]/o,m) - 873(&;,:5,2) - E’V*a’i(ﬁbpﬁf)
+ ¢psin G + v Caa(tiy — @), (C.30)

€ [af(‘bpwp) + afc(¢pﬁpwp) + 82(¢pwpwp>] = _EaD%(&]/a,xz) - 82(&1/9,zz> - 7*8£(¢p]5f)
— ¢pco8 (s + ev*édd(ﬁ}f —wp,), (C.31)

where 7* is the density ratio between the two phases such that v* = py/p,. Similarly,
applying the scalings in Equation (C.28) to Equation (C.3) and Equation (C.14), and
again removing the common factors, the dimensionless mass and momentum equations

for the fluid phase are

9i(5) + 0a(@yiy) + Oz(dpiy) = 0, (C.32)

el0i(driis) + Os(Dripiiy) + s (driisiv)] = 205(Fp.a0) + Os(Fraz) — €02(dshy)
+ ¢psin(s + édd(ﬂp —ay), (C.33)

E[0i(ds1y) + Os(dpiipidy) + (P pibpidy)] = €05(Fpaz) + €05(Fy,22) — Oz(DyDy)
— ¢y 00 (s + €Cqlthy, — ty). (C.34)

While the scaling process suggests that any term of O(e) or higher is negligible and
could be discarded, as discussed by Savage and Hutter (1989), removing the longitu-
dinal stress components from the z-direction momentum equations would result in an
oversimplified model that is incapable of simulating debris flow motion. Hence, O(¢)

or higher order terms are only removed from the momentum balances in the z-direction.
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C.4 Depth integration

C.4.1 Mass continuity equations

In order to formulate a depth averaged system, each equation has to be integrated up
to the relevant phase’s respective flow height A, using Leibniz’s rule (Flanders, 1973)
which allows the order of the differentiation and integration operations to be inter-

changed as follows

zo+21 z0+21
[ oo ([ 54) < Sl 20 4 Sl (€39
z20 20

where zj and z; are arbitrary surfaces dependent on z and S is an arbitrary scaler quan-
tity. To further simplify the complexity of the modelled flow, as done by many previous
authors (e.g. Iverson, 1997; Iverson and Denlinger, 2001; Meng et al., 2022, 2017), we

assume that

bp = P, (C.36)

where ¢, is a constant in space and time. While this has been shown to be a reasonable
assumption in debris flows whose behaviour are dominated by granular inertia (Iverson
and Denlinger, 2001; Meng et al., 2022), as is the case with the current experimen-
tal configuration, this approximation inherently assumes a hydrostatic pressure profile.
Hence, the model does not consider the influence of excess pore pressures that can arise
from the partial, or full, suspension of the granular phase (Kaitna et al., 2016). As such,
a spatially and temporally dependent closure equation for ¢, may need to be consid-
ered if the particle size distribution of the debris flow is expected to contain significant
amounts of fine granular material (see Iverson and George, 2014; Kowalski and McEI-
waine, 2013; Pitman and Le, 2005). As it is assumed that the flow is always fully or
undersaturated, ¢; can be described by

— !
by = 1—¢e, z€[b s, (€37)
0, z € [sf, sP].

By integrating Equation (C.29) and noting that ¢,, is a constant, we can obtain the depth
averaged mass conservation equation for the granular phase

af(@?ilp) + 8§:(¢phpﬁp> + [[¢p(a£(§f) + ﬂpai(éf) - wp)]] =0, (C.38)
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where the [[¢,(0;(8) + 1,0:(8") — ,)]] describes the difference in the value of the
bracketed quantity between sP and the granular-fluid interface in the undersaturated
regime at §/. Using Equation (C.19) to account for [[¢,(0;(8) + 4,0:(37) — 1,)]] and
rewriting ¢, using Equation (C.36), we can rewrite the depth averaged mass continuity

equation for the granular phase as
0;(hyy) + 93 (hyti,) = 0. (C.39)

Without needing to consider an interfacial surface when integrating up to the fluid free
surface, simply integrating Equation (C.32) and applying Equation (C.37) leads to the

following dimensionless mass continuity equation for the fluid phase

9;(hy) + 0z (hyiy) = 0. (C.40)

C.4.2 Normal components of the momentum continuity equations

By only considering the fluid saturated region of the flow, notice that by applying the
limit ¢ — 0 to Equation (C.34), it can be shown that the fluid is hydrostatic

0:(py) = — cos (. (C41)

Due to the scaling, velocities in the z-momentum equations cancel, which is a key result
of the thin/shallow-water flow approximation (Savage and Hutter, 1989). Integrating
Equation (C.41) and imposing the free surface boundary condition in Equation (C.23)

to leading order accuracy, we obtain
br=cos( (3 —2),  ze[bd]. (C.42)
As such, the dimensionless fluid pressure at the basal surface is
prly=rcosChy, 2= (C.43)

Hence, the depth averaged fluid pressure is

sf

A 1 1 .
ﬁf = 3 / ﬁf dzZ = —cos Cs hf. (C44)
hy Ji 2
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Writing Equation (C.31) to leading order accuracy, the z-momentum balance for the

saturated granular material reduces to

0:(6..) = —.c0s (s — 7' .05 (py). (C.45)

A similar equation for the dry granular material can be developed given that the contri-

butions of fluid phase would vanish
0:(6,,..) = —dccos ;. (C.46)

Following the logic of Meng et al. (2022), by assuming a continuous velocity profile
with depth, there will be no jump in granular effective normal stress across the inter-
facial surface. Hence, integrating Equations (C.45) and (C.46), imposing the relevant
boundary conditions at the free surfaces and applying Equation (C.41), we obtain

ccos (s (87 — 2) — v*¢.cos (s (87 — 2), 2€ b, sf
. e cos (s ( ) =" pecos s ( ) (C.47)
S .

¢ecos (s (8P — 2), 3

The dimensionless granular normal stress at the basal surface is

Q>
Il
b

&;,zza;) = (bc COsS CS (Bp - fy*ilf% (C48)

Therefore, the slope normal granular stress is defined as the buoyancy adjusted overbur-
den stress of the granular material (Pitman and Le, 2005). The depth averaged granular

2
f)
y2

stress can then be calculated as

1 1

2 ~ ~ At ~ 7 *

Opow = P (/ 0,..d2 + / Op 2 dz) = §d)c cosCshy |1 —7 (
D b Sf

>

>

(C.49)

C.4.3 Horizontal components of the granular momentum continu-

ity equations

Following the process of many previous authors, we can relate the downslope normal

stress 5-1),;18;1: to the slope-normal normal stress ng using a lateral Earth pressure coeffi-
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cient ket /pass Which can be derived from Coulomb theory

5/ = kact/pzzssg;zza (CSO)

p,xx

where the value of k. /pqss 15 dependent on whether the material is contracting
(Kact/pass > 1) or dilating (Kuer/pass < 1). However, we, like previous authors (e.g.
Iverson and Denlinger, 2001), choose to assume a statically indeterminate stress state

by taking ket /pass t0 be equal to unity, implying that
AN 2
~/ ~/ fa * hf
O_p,xac = Up,zz = _¢C Cos Cs h’p 1 - ]Al_ . (CSI)
P

As such, using Equations (C.25) and (C.48), the dimensionless effective granular normal

stress at the basal surface can be written as

Q>
Il
b

- A h
n’-on’ =d,..(b) = ¢.cos (s by, (1 - ’yh—f> : (C.52)
P

Hence, using the scaling relations in Equation (C.28), a dimensionless version of Equa-

tion (C.24) can be written as
- &pvxﬂf(i))/aﬂ?(i)) + 5-],),a:z<l;) =

- g\ [ A o
— ¢ecosCshy [ 1 — "= — i+ €0:(b) |, z=10b, (C.53)
hy ) \ |4

where, for simplicity, it is assumed that @} / |4} | ~ w,/|,| (e.g. Pudasaini, 2012). Given

that ¢, is a constant, The left-hand side of Equation (C.30) can be rewritten as
LHS = €[0;(pcty) + 0z(Petipty,) + 0z(Petiptiy)]. (C.54)

Again, by dividing the integration across the depth of the granular material into two
components, based on the location of the interfacial surface, using Leibniz’s rule to in-
terchange the order of integration and differentiation operations and applying the kine-

matic boundary conditions for the granular phase at the basal (Equation C.17) and gran-
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ular surfaces (Equation C.15),

P sf P
/ LHSdz = / LHSdz + / LHSdz
b b 5t

= Eaf(ilpgbcﬁp) + Eaﬁ(hquC(ap)z)
+ ellpet, (9;(87) + @,0:(37) — )],

(C.55)

where, similar to Equation (C.38), the term in the jump brackets is equal to 0 provided
that the flow velocity profile is continuous across its depth. To simplify the convective

term in the momentum equations further, we assume that

P = [ ds = (@) (C.56)

where v = f, p depending on the phase of interest. It should be noted that, given that we
are assuming a simplistic plug flow velocity profile, we have omitted the shape factor
from Equation (C.56).

Given that ¢, is a constant, the right-hand side of Equation (C.30) can also be rewrit-

ten
RHS = —€0;(6), ) — 0:(6) 1) — €703 (dey) + e sin G +v*Caality — i1y). (C.57)

Similarly, using Leibniz’s rule to help integrate across the whole flow depth, noting that
the influence of the buoyancy and interphase drag forces are only felt below the fluid

free surface, and simplifying the result using Equations (C.15), (C.17) and (C.20)

3P sf sP
/ RHSdz = / RHS dz + / RHS dz
b b 3f

= iLPgbC sin CS - Eaf(ﬁpé_;,xx) - EW*ai@f(bcﬁf) - [[E&;,xxaf(§f> - 5_]/2@2]]
sf
= 0upy 0)25(0) — 0}, 0)05(0) = 57, (0] + [ 7" Cuntiy — ) 8,
b
(C.58)
where again, the quantity in the jump bracket is zero provided that the depth profile of

the effective granular stress is smooth. For convenience, the interphase coupling term
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will be approximated as

A

sf
[ ’}/*Cdd(ﬁf — ﬁp) dz = ’Y*Odd min(hf, hp)(ﬂf — ﬁp) (C59)
b

While the model does assume that the granular phase is never oversaturated, this may
not be the case for all numerical solutions. Hence, the inclusion of the min function is
worthwhile. By equating Equations (C.56) and (C.58), the depth averaged downslope

momentum conservation equation for the granular phase is

E[af(hpgbcﬁp) + ai(ilpgbcﬁf))] = _Eai(ﬁpé-}/),rx) - GV*ai(iLfﬁbcﬁf)
+ hpoesin G, — e 6py(0)0:(b) — (€6}, ., (0)0:(b) — 6, ,.(D)]

A

+ 7*Cygmin(hy, hy)(tiy — 1,). (C.60)

By, substituting Equations (C.43), (C.44), (C.51) and (C.53) into Equation (C.60) and
simplifying, we can obtain the following

N N ~ R 1 “
€ [Gi(hpgbcﬂp) + 0; (hpqﬁcﬂi + §¢C cos (, hi)} —

b=
- || - ~
Gravity N _ Darcy drag

TV
Basal friction

. . TR h e
hy¢esin (s — pt &hpgbc cos (, (1 - Af> +*Cagmin(hyg, hy)(up — )
N— h ~

— e c0s C, yD:(b), (C.61)

~
Topography

where the gravity, basal friction and darcy drag terms are all O(1) individually, but their

sum is O(¢). Hence, Equation (C.61) can be rewritten to leading order accuracy as
o N A ~ 1 A N
0;(hppeuy,) + 0 <hqucuz2, + 5@ cos (s hi) =S, (C.62)

where S, is the summation of the O(1) source terms such that

~ ~

A ~ . Uy ~ *h £ A . 7 7 2~ ~
€S, = hypesin(s — #bﬁh;ﬂ¢c cos (1 — 7y iz_f> + 7" Cyqmin(hy, hy)(uy — up).
P P
(C.63)
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C.4.4 Horizontal components of the fluid momentum continuity

equations

Using Equation (C.27) and the scaling relations in Equation (C.28), the dimensionless

fluid normal stress at the basal surface to O(1) accuracy is

(n*-om’) = -, =0 (C.64)
Therefore, a dimensionless version of Equation (C.26) can be rewritten as
7450 (0)05(D) 4 7142 (b) = Criiyligl. (C.65)

As was the case for the granular phase, the fluid downslope momentum equation needs
to be integrated across the full phase depth. Given that ¢ is also a constant, the left-hand
side of Equation (C.33) becomes

LHS; = e{0;[(1 — de)tis] + 0z[(1 — ¢c)iypitg] + 05 [(1 — pe)tusig]}- (C.66)

As it is assumed that the granular phase is never oversaturated, this process is simplified
as there is no interfacial surface to consider. Again, using Leibniz’s rule to swap the
order of the integration and differentiation operations, applying the kinematic boundary
conditions associated with the fluid phase (Equations C.16 and C.18) and simplifying
the result using Equation (C.56)

sf

[ LS s = oy - o) + dulh(1 - )i c6T)
b

Similarly, the right-hand side of Equation (C.33) can also be rewritten

RHSf = 62((%(7:]071«37)—1—85 (%ﬁm)—Gaf[(l—gﬁc)ﬁf]—i-(l—qbc) sin Cs—f—édd(ftp—ﬂf). (C.68)

This can be integrated again using Leibniz’s rule and simplified using Equations (C.16),
(C.18) and (C.22)

sf

/ RHS; d2 = (1 = 6) sin s + €05 (hs7ya) — Dslis (1 — b))
b
sf
— €(1 = 0)psls02 (D) + (71 al302(D) — Trazly) + / Caaltl, —1y)dz. (C.69)
b
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By equating Equations (C.67) and (C.69), rearranging and substituting in Equations (C.43),
(C.44), (C.59) and (C.65) we obtain the depth averaged downslope momentum conser-
vation equation for the fluid phase

€ {8t[i1f(1 — ¢C)ﬁf] + (‘9@ ilf(l — gﬁc)ﬁfQ -+ 1(1 — gbc) COS Cs }Al?c:| } =

ilf(l — gbc) Sil’lCS — Cfﬁf|1fl/f| + édd min(ﬁf, ﬁp)(ﬁp — ﬁf)
N—— N v

[\

Gr;;ity Chézy drag Dar(?yr drag
~ ~ 9 a
— \6(1 - gbc) cos (s hfﬁx(b)j —|—E a@(thf@wz, (C.70)
Topo‘g?aphy Viscou‘sreffects

where again the gravity, basal friction and darcy drag terms are all O(1) individually, but

their sum is O(¢). Hence, Equation (C.70) can be rewritten to leading order accuracy as

(1—¢c)cos¢ b | = S, (C.71)

. . N . 1
Oilhs (1 — bo)iig] + 05 [hp(1 — ¢o)iy” + 3

where S is the summation of the O(1) source terms such that
ES’f = iLf(l - ¢c) Sil’le — Cf’lif|ﬁf| + CA’ddmin(fo, hp)(ﬁp — ﬁf) (C72)

Note that, with the chosen scaling, the viscous term in Equation (C.70) - the only re-
maining dependence on the horizontal fluid pressure gradient - is of O(¢?), and is thus
negligible compared with the grain-fluid interaction term. Hence, in our model, the hor-
izontal force balance is dominated by Darcy-type drag between fluid and grains rather

than classical fluid forces that would drive the equivalent single-phase flow.

C.4.5 Depth averaged dimensional system of equations

By discounting the normal component of each phase’s momentum continuity equation,
a reduced system of equations describing the motion of the depth averaged two-phase

flow can be dimensionalised by applying the scalings below

x = L3, (hy,s¥,b) = H(h,,8°,b),  t=L/gHi,

) ’ (C.73)
Uy = v/ gH1,, S, = (gH?/L)S,, Caa = pr\/9/HCa,

159



Chapter C: Shallow water model derivation

to Equations (C.39), (C.40), (C.62) and (C.71) and obtain
O¢(hy) + O (hyu,) =0, (C.74)

O(hy) + 0y (hyuy) =0, (C.75)

1
Oy (hyti,) + O, <hpu§ + 59 cos G hi) —

h C
gsinCy hy — py—2-gh, cos Cs (1 - 7*_f> + =% min(hy, h,)(a; — @), (C.76)
|| hy, PpPe

1
at(hfﬂf) + 0, (hfﬂ?c + §g cos (s h?) =
Crugltg| | Caa
(1_¢c> ,Of(l _¢c)

gsin(shy — min(hy, hy)(a, —uys). (C.77)
To leading order accuracy, this system is analogous to the one developed by Meng et al.

(2022) when it has been simplified to only consider an undersaturated flow case.

C.5 Application to fluid-saturated granular column col-

lapse

As our granular-fluid mixture spreads across a horizontal plane (see Figure C.2), we set
(s to 0. Additionally, we assume that fluid basal drag arising from fluid turbulence is
negligible by setting C'y = 0. This simplification is computationally advantageous, as
the fluid basal friction term can become numerically challenging when approximating
Uy as the ratio between fluid discharge and h; (Chertock et al., 2015).

Considering the experimental configuration, it is also advantageous to transform
the system of Equations (C.74)—(C.77) from a Cartesian to an axisymmetric reference
frame. This transformation eliminates the dependence on the polar angle (Alcrudo and
Garcia-Navarro, 1993), making the results applicable to flows without lateral bound-
aries, such as the case of axisymmetric collapses where the flow expands over an open
slope, forming a fan. Utilising polar coordinates, we can express each non-conservative

flux term ~ as the summation of a conservative flux term and a source term

160



Chapter C: Shallow water model derivation

Figure C.2: Sketch of a 2-D slice of an undersaturated granular collapse modelled as
two coupled continuum phases.

S0 [s(r, 0] = B, [s(r, )] + (1, 1), ©79)

where r is the radial spatial dimension. Then, the system of Equations (C.74)—(C.77)

can be expressed in the following conservative form

Bihy + O, (hylty) = —@, (C.79)
L
by + 0, (hyiiy) = — fT“f , (C.80)

1
Oi(hptiy) + O, <hpaf, + §gh§) =

hpﬂf, Uy < hf) 77f¢?° )
S o (1= ) - Y in(hy, b)) (@ — @), (C.81)
r b|Up| D hp pp¢pk ( f p)( f P

1 hyu} . o
Oi(hyuis) + 0, (hﬂﬁ + §gh§> = — % - %mln(h]«, hy) (@, — tf). (C.82)

The use of a conservative approach offers several advantages. Firstly, it ensures the
accurate preservation of mass and momentum conservation across phase interfaces, en-
abling the correct representation of jump conditions (Meng et al., 2022). Secondly, from
a numerical perspective, employing the conservative formulation proves beneficial, fa-
cilitating more efficient and accurate solutions of the system (Kurganov and Tadmor,
2000). The resulting system of Equations (C.79)—(C.82) allows us to predict the be-
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haviour of the system in terms of conservative quantities such as h, and h,u, for each

phase, respectively.

C.6 Implementation

The described computational framework was instantiated within Matlab (2020), wherein
the spatial discretisation of Equations (C.79)—(C.82) was executed utilising the second-
order central-upwind scheme developed by Kurganov and Petrova (2007) for solving the
Saint-Venant system of equations. An explicit second-order Runge-Kutta method was
employed for the temporal discretisation of the system. The application of this mod-
elling methodology was demonstrated through its utilisation in analysing the collapse
of granular-fluid columns subjected to elevated gravitational elevation, as explored in
Chapter 5 of this thesis.
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Appendix D

Design of a 2D sloped prototype

D.1 Introduction

This chapter details the development of a second physical centrifuge model, specifically
designed to further investigate the the effects of polydispersity and fluid rheology on
granular-fluid flow dynamics. The chapter begins by outlining the key objectives guid-
ing the experimental investigation, followed by an in-depth discussion of the design and
methodology underpinning the experimental apparatus. A comprehensive examination
of the envisaged parameter space for the study is then presented, along with an eval-
uation of the strengths and limitations inherent in the chosen approach. The chapter
then concludes by outlining the reasons why the model has yet to be used for extensive

testing.

D.2 Modelling objectives

The experimental investigations discussed in this thesis have yielded valuable insights
into the impact of grain-fluid interactions on the dynamics of granular-fluid flows. How-
ever, it should be acknowledged that the explored parameter space, as outlined in Chap-
ter 7, remains somewhat constrained. Existing evidence suggests a discernible grain
size dependence in the evolution of excess pore pressure in geophysical flows (e.g. Mc-
Coy et al., 2010). To address this limitation, it would be pertinent to conduct additional
centrifuge model experiments that encompass a broader range of particle sizes. This
can be achieved by incorporating both a polydispersed inertial particle phase and higher
concentrations of kaolin clay suspended within the fluid phase.

Expanding the parameter space not only enhances the comprehensiveness of the study
but also offers an opportunity to refine the shallow water model introduced in Chap-
ter 5. Ideally, the new experimental configuration should closely align with the geo-
metric characteristics of geophysical flows, such as the movement of a granular mixture

down an inclined slope. Such a configuration would allow the study focus more on the
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dynamics of the flow rather than its runout, as was the case for the axisymmetric con-
figuration. Simultaneously, it should facilitate a straightforward definition of the initial
geometry of the granular-fluid mixture.

In contrast to the axisymmetric configuration, the new experimental apparatus should
feature a flow release mechanism that minimally influences the subsequent flow dy-
namics. Additionally, careful consideration should be given to mitigating the influence
of the Coriolis acceleration direction on flow behaviour. This is crucial for ensuring
that the experimental setup can replicate flow conditions consistently, regardless of the
radius of the geotechnical centrifuge. In summary, the proposed experiments aim to
broaden the scope of the current research, refining both the experimental design and
model configuration for a more comprehensive understanding of granular-fluid interac-

tions in geophysical flows.

D.3 Model apparatus

In this section, we present a comprehensive description of the newly developed experi-
mental apparatus designed for studying unsteady granular-fluid flows down a slope (see
Figure D.1). The apparatus is housed within a windproof strong box and can be mounted
on to the University of Nottingham’s GT50/1.7 geotechnical beam centrifuge, enabling
control over the stress-state within the granular-fluid flow.

The orientation of the model can be adjusted to direct the flow towards, away from,
or perpendicular to the centrifuge’s direction of travel. This adjustment provides control
over the Coriolis acceleration’s impact on the flow, allowing the user to dictate whether
the Coriolis acceleration acts to contract, dilate, or exhibit little volumetric influence on
the flow, respectively.

The apparatus, inspired by the work of Cabrera and Wu (2017), consists of two ma-
jor components within the strong box. The first component is the storage vessel (see
Figure D.2), capable of holding a maximum material volume of 8.23x 10~*m?. Bolted
to the strong box’s lid, this vessel releases the granular-fluid mixture through a trap
door, operated by a release mechanism similar to that used in the axisymmetric column
collapse.

The watertight trap door, initially secured by tensioning a steel rod against a forked
piece of steel, opens upon triggering an air-powered actuator. A steel wire threaded
through the rod allows control over the trap door’s opening angle, facilitating a precise

and repeatable release. The granular mixture then enters a U-shaped channel and travels

164



Chapter D: Design of a 2D sloped prototype

down a 600 mm long slope inclined at 27.5° (see Figure D.3).

Cameras

Wind-proof
strong box

Swing
cradle

Storage__—>"

vessel

Deposit
container

Pressure transducers

Figure D.1: Schematic of the planar collapse configuration at different angles.

The slope, 100 mm in width (equivalent to 12.5 diameters of the largest inertial par-
ticle size), is comprised of smooth sidewalls and a roughened base covered with 4 mm
diameter glass spheres. At the slope’s lower end, a container captures and stores the
granular mixture.

To observe the flowing mixture, two Go-Pro cameras are fixed to the slope’s top plate,
approximately 115 mm above the surface. Positioned parallel to the slope, these cam-
eras capture the flow’s evolution, facilitating subsequent image correction and analysis.
[llumination is provided by two 12V lightsheets installed into the sidewalls, ensuring
uniform lighting diffused behind protective plexiglass sheets.

Basal fluid pressure measurements are obtained at two locations using pore pressure
transducers capable of recording pressures up to 20 kPa with an accuracy of +20Pa ata
frequency of 1000 Hz. The transducers are strategically mounted with their diaphragm’s
axis of deformation perpendicular to the centrifugal field’s line of action.

To protect the pressure transducers from damage due to fine kaolin clay particles

within the granular mixture, porous discs are mounted above the transducers. These
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Steel wire

Actuator

Tension rod

Neoprene
waterproofing

Figure D.2: Schematic (left) and image (right) of the storage vessel where the inset
shows a close up view of the tension rod, steel fork, and steel wire.

discs, with sufficient porosity to prevent clay particles passing through them, are fully
saturated under vacuum conditions before installation. To maintain saturation during
centrifuge spin-up, a rainfall nozzle drizzles water down the slope, ceasing before test
initiation. During spin-up the fluid is allowed to drain out of the experimental configura-
tion through an outflow pipe located on the side of the collection container and dumped
towards the centrifuge’s axis of rotation. Closing the outflow pipe with a solenoid valve
prior to the test initiation retains particles and fluid, including fine clays, within the
container.

Additionally, two point lasers attached to the slope’s top plate record the height of
the flow passing below them at a frequency of 1000 Hz. This addition is crucial for
obtaining flow height information, which was unavailable in the previous experimental
configuration. The lasers are strategically positioned close to the basal fluid pressure
measurement locations, avoiding placing the lasers over the porous stones that could
distort laser readings due to refraction. This positioning enables the evaluation of excess

pore fluid pressures by approximating hydrostatic fluid pressure using flow height and,
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Figure D.3: Schematic (left) and plan view image (right) of the slope and data acquisi-
tion systems.

subsequently subtracting this value from the total fluid pressure obtained from the basal

fluid pressure sensors (e.g. Kaitna et al., 2016).

D.4 Parameter space of interest

While the available parameter space for such an investigation is large, as discussed in
Section D.1, the primary objective of this study is to enhance our comprehension of
the impact of grain-fluid interactions on geophysical flow dynamics. Consequently, the
focus should be centred on key variables, namely the particle size distribution of the
granular phase, the viscosity of the fluid phase, and the saturation level of the initial
configuration.

Among these variables, the primary emphasis lies on variations in the particle size
distribution. Preliminary considerations involve a comparative analysis of flow be-
haviours between monodispersed inertial particle sizes and polydispersed inertial par-
ticle sizes. This entails a significant variation in both the concentration and grading
of the granular compositions. Additionally, the aim is to explore the influence of fine

kaolin particles within the flow composition, with effective kaolin concentrations reach-
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ing up to approximately 50% by mass. This approach draws inspiration from the work
of Kaitna et al. (2016), who investigated into the role of particle size distribution in the
dynamics of steady-state granular-fluid flows.

While a scale analysis akin to the one conducted for the axisymmetric collapse exper-
iments would be beneficial, especially by varying the effective gravitational acceleration
imposed on the model by the centrifuge, the majority of tests within the study would aim
to replicate geophysically similar stress states. This choice allows the study to focus on
understanding the mechanisms behind excess pore pressure generation observed in nat-

ural debris flows.

D.5 Design limitations

While the proposed investigation has the potential to achieve the objectives outlined in
Section D.2, the usability of the obtained data is constrained by an incomplete under-
standing of how centrifuge modelling influences the scaling of grain-fluid interactions
(see Chapter 6). There is a possibility that the model’s behaviour may deviate from
real-world observations.

As discussed in Section 7.2, further numerical modelling is deemed essential to com-
prehensively understand how the centrifuge modelling environment impacts the be-
haviour of our laboratory-scale models. Only through such an understanding can we
fully appreciate how to relate observations from our experiments to the behaviour ob-
served in geophysical flows and better replicate this behaviour within the models used

to predict them.

D.6 Reasons for non-execution

As of the submission date of this thesis, the planar setup has been constructed, but a
detailed testing regimen has yet to commence. The primary impediment to this delay is
unforeseen complications during the construction and preliminary testing phases, pre-
venting the extensive testing required for the scheduled analysis in the final months of
my PhD. Consequently, an agreement was reached between myself and my supervisors
to redirect my time and effort towards developing research articles focusing on the two
modelling approaches detailed in Chapters 5 and 6. However, the apparatus is now in a
state where preliminary testing can resume, and final adjustments to the model can be

made.
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