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Abstract

Geophysical granular flows like debris \ite attractthe broad attentionof engineers and
researchergs a natural hazartthat threates life and properties. The material composition of
natural debris flows, i.e. wefiraded angular sediments saturated with water, greatly
complexifies the debrilow mechanism, hindering the tablishment of a universal physical
framework. The prevailing granulflow research commonly keeps the material relatively
consistent, composed of either highly idealised particles (i.e. dry, monodisperse and spherical) if
the fundamental physics and ctngive laws are preferred, or rather realistic soils (i.e. saturated,
polydisperse and angular) if hazard assessment and the macroscopic similarities with
geophysical flows aref interest. However, fewtudieshave paid attention to intermediate states
where flow materials extend from idealised to realistic and hence, the processes by which the
flow mechanisms gradually become more complex. This study attempts to fill this gap by
investigating the fundamental roles of pore fluid and polydispe(séythe property of solid

flow material containing multiple grain sizesh the granulaflow mechanism via sma#cale

flume experiments and to improve the understanding of the formation of complex-fteforis

behaviours.

The experimental work in this studyl@ted a smadcale inclined flume to conduct granular
flows with three separate conditions, i.e. dry uniform, wet uniform and wetgnaled. Bulk

flow mobility was analysed from the flow deposits, normal stresses and pore fluid pressures were
acquiredby sensors mounted at the flume bed and the-\se&ke velocity information was
derived by Particle Image Velocimetry (PIV) fromsariesof images captured by a stationary
high-speed camera smooth continuous evolution of pore fluid pressure from negatalues

to positive values with water content was exhibited in wet uniform granular flows, where the
developed pore pressures were found to be highly correlated with bulk flow mobilitynitnet

is overall retarded when negative suction dominates the furge but is enhanced when

positive pore pressure prevails. When no suction (negative pore pressure) was enadautk



mobility of wet granular flows, whether uniform or weltaded, formed an approximately fixed

slope linear relationship with wateontent. Excess pore pressure did not appear in wet uniform
flows and hence buoyancy seems adequate to contribute to the achievable high bulk mobility and
increased flow velocity, which is related to the lessening of local shear between solids due to the
increase in pore fluid involved in uniform flows. For wgthded flows, excess pore pressure can

be produced at high water content Higt not notably increase the flow velocity; instead, higher
water content and larger pore pressure seem to resulhificagtly smaller shear strength of the

flow material and thus larger shear deformation during the deposition process. Therefore, for the
tested granular flows, the fundamental influence of pore fluid is to adjust the solid contact stress
with either suabn or buoyancy, thereby affecting the velocity profile and shear mechanism of
the wet granular flow; the fundamental influence of polydispersity, on the other hand, is to

change the deformation mechanism of the flow material.

The obtained experimental s offer new insight into the pore fluid effect, as the smooth
transition of pore pressure from negative to positive, which is highly associated with the
variation of the correlated bulk flow mobility, does not appear to have been reported previously.
Pae pressure measurements for granular flows in laborat@le flume experiments are
generaly rare and this study can provide valuable data that are referenceable for future work.
Velocity profiles of uniform and weljraded flows may assist the selegtiof appropriate
parameters to account for solid interaction in graniliav modelling The high bulk mobility

and deposit morphologgichieved in the tested wet granular flows, similar to those of debris

flows, enhance confidence in the application of ltieeale experiments.
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Notation

A Basal area of the flow material fm

Ce Curvature coefficient

Cu Uniformity coefficient

c o Effective cohesion of the dry soil [Pa]

D Grain size [m]

E Stiffness [Pa]

% Kinetic energy ofthd mai n sur geo [ J]
e Void ratio

g Gravitational acceleration [nfls

HNj Elevation drop of the centre gfavity [m]

h Local flow thickness [m]

k Hydraulic permeability [

L Flow length (not used) [m]

L Deposit length otravel distancealculated from the inclined flume outlet [m]
LN;j Horizontal noving distance of the centre gifavity [m]

L* Travel distance normalised by the deposit length

m Flow mass [kg]

Nsav Savage number

NBag Bagnold number

Nfric Friction number



Pa

Poasal

Pst

Ts

t*

taitf

Uave
Uslip
Usurf

Vbulk

X*

;(

Pore airpressure [Pa]

Porewaterpressure [Pa]

Basal pore fluid pressure [Pa]

Basal fluid pressure due to the fluid weight [Pa]

Radius of the pore space or the curved meniscus in a capillary tube [m]
Saturation degree

Residuakaturation degree

Surface tension of watéN/m]

Time [s]

Ti me normalised by the fimain surg
Timescale for pore pressure dissipation [s]

Flow velocity [m/s]

Depthaveraged velocity [m/s]

Slip velocity [m/s]

Surface velocity [m/s]

Bulk solid volume [L]

Work done by Coulomb friction dur
Gravimetric water content

Saturation water content

Slope distance from the point under the hopper centre tddwaslope loac
cell [m]

Unit flow length per PIV time interval [m]

Rel ative flow Il ength normalised b
Travel angle []

Bulk shear rate [1/s]

Local shear rate [1/s]

Averaged grain size [m]



Clair

2 o o

@

Kinematicviscosity of fluid [nf/s]

Kinematic viscosity of air [fis]

Kinematic viscosity of water [#s]

Slope angle |

Contact angle of the graimater interface |

Filling angle []

Coefficient associated with the arrangemergpiferical particles
Dynamic viscosity of fluid [Pa.s]

Bulk density[kg/m?]

Solid density[kg/m®]

Fluid density[kg/m?]

Normal stress [Pa]

Basal normal stress [Pa]

Basal effective normal stress [Pa]

Basal normastress due to the weight of flow material [Pa]

Shearstress or shear strength [Pa]

Volumetric solid fraction

Maximum (closepacked) volumetric solid fraction
Internal friction angle ||

Parameter dependent on the saturation degree

Matric suction [Pa]
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1. Introduction

1.1. Background

Debris flowsdevelopwhen mixtures of water and solid mass with a large range of particle sizes
rapidly move downslope due to gravitational forces. Considered a destructive and deadly natural
disaster, debris flows often demonstrgteatvelocity and impact, along with highcidence in

rainy, mountainous regions. Understanding the délawe mechanismss neededo accurately

estimate their haza@hdto protect lives and properties.

However, arrent knowledge about debris flowss insufficient The establishment of a
straghtforward, universal and globally valid theoretical framewsrkinderedby the complex
nature of debrdlow materia] and the consequent strong, varied sdélid interactions
distinguish debris flows from other geological phenom@gnarson, 1997)Instead, the available
frameworks of debriflow analysis are often based on sempirical approaches with
simplifications of locaiscale interactions. For example, the widely accepted hydraulic model
employingdepthaveragedequationswhich is preferred for allowing the realistic unsteady flow
motion, replaces heterogeneous mixture vathequivalent fluid continuum and simplifies fluid
effects into a rudimentary friction reductighlungr, 1995; Gray et al., 1999; Denlinger and
lverson, 2001; Hungr et al., 20057his type of approach is convenient to use in practice, yet
leaves the fundamental debfisw mechanisms poorlydescribed hence showing a few
deficiencies empirical parameters that highly depend on specific flow conditions need to be
calibrated from real events, and scale consistency is required to guarantee morphological
relevance. Asverson (201% says, similarities igeanorphology do not imply similar flow
processes, and identical bulk flow behaviours can result from totally different mechanisms.

Faithful description®f fundamental mechanismasenecessary for better debflsw estimation.
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On the other hand, flow mechanisms can be precisely captured when the material is highly
idealised (e.gdry, monodispersecomposed of identical spheres) which case the flowing
medium i s generally referred to as figranul a
flow behaviours into a combination of basic processes, which are achievable through constitutive
laws. Confidence has been provided ieganting rheologies of individual typical granuflam
configurations (GDR MiDi, 2004), particularly the flow on a channelised inclined plane
discussed byop et al. (2006)Yet, suchanalysing approactannot be directly applied to debris

flow prediction due to the obvirs mismatching of flow condition& gap remains between the

current understanding of flow mechanisms and their application ttifeesituations.

Knowledge regarding the evolution of fundamental mechanisms is absent when the flow material
shifts from ickalised to realisticFrom dry to saturated and uniform to wegthded, the
participation of pore fluid and polydispersity seems to greatly complicate the dynamics of
granular media, to a point where the estimation of macroscopic flow behaviours (e.defithw

and bulk mobility) cannot be derived from an accurate description of microscopic physical
process. To gradually deepen the understanding of more complex gféowgratempts have

been made taonsiderdebrisflow properties such as polydispeysitGray et al., 2015and
unsteady motioriParez et al., 2018y hen exploring fundamental mechanisrhewever,few
studies havéried to make thélow material as realistic as possible this senseestablishinga
smooth transition of the material composition from idealised to reabstaduableas itcanhelp

to givean insightinto theinternal physicaprocess where flow mechanisms become increasingly

complex

1.2. Aims of Research

This researchaims to investigateby smaltscale experimentshe evolution of fundamental
debrisflow mechanisms during the transition of material composition from idealisedlistic
specifically, toclarify the roleshatpore fluid and polydispersitglay inthe behaviours of small
scale experimental flume flowsn which the material is initially composed of dry uniform
spheres, themixedwith water to oversaturation, andestually added with weljraded real soil

to replace spherical graindVith regard to the direct contribution, this research provides
experimental data with clear conditioshowing both bulk flow behaviours and internal

dynamics which can be utilisetb calibrate, verify and improveumericalmodels.
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Two types of flow behaviours are particularly focused on:ldgatscale dynamicsof the
granular mediumincluding basal stresses, veloeg shear mechanisms, and momentum transfer
and (ii) bulk mobility one of the crucial debrifow characteristics and one of the biggest
engineering concerns regarding delfiasv hazard assessmenmihese two aspects respectively
represent the analyses from microscofmcmacroscopic perspectives and the interests of
granular physicistand engineerstherefore, the connection between the two aspects can bridge
engineering and granular physics, facilitating the communication between the two separate
principles.

1.3. Outline of the Thesis

The content in this thesis is organised as followWsapter Zoriefly reviews physical frameworks

of idealised and realistic granular flows ahé current knowledge of the influence of pore fluid
and polydispersityChapter 3ntroduces the methodology tfis experimental studyontaining

the smallscale flume experiments(including the experimental setup, source material, test
conditions and test procedurgnd data analysis method@cluding PIV analysis, the
guantification of bulk flow mobility andithensional analysis"hapter 4Chapter flandChapter

6 respectivelypresent the results of dry uniform flowuid-mixed uniform flows and fluid
mixed wellgraded flows;each chapter covers the analyses of grafflder deposits, flow
profiles along théongitudinal direction, flow heights, sensor signals, ¥Bfived velocities and
flow regimes.Chapter 7compares and contrasts the obtained results of separate test groups to
deduce the influence of the existence of pore fluidtaadoarticipation of wie-graded solids on
the fundamental granuldlow mechanismsChapter &raws the final conclusions of this thesis,

along with the limitations of this work and some expectations to the future work.
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2. Literature Review

Preface

Terminology must be stated &wvoid the ambiguity potentially brought by the interchangeable
wording. ADebris fl owo0o i s adrigee mdvioggriagdiffdrentt e r m
from Ar oc k(whetvlaKks toenirdltereadof viscous fluid phase) o r i mu @whidho wo
lacks the participation of coarse solids); Agranular flowd is a more
distngui shed from Afluid fl owd hi ghlnegldibteiTheg t he
material compositiorof debris flow is naturally complexhus if debrisflow behaviours are

desired to be reproduced in experimental works, samples are bettemsodadistic as possible.
AReal i s inithts stidy efer® to saturated flows involving wgiaded irregulashaped

sol ids, which |l ead to the flow condition cl
refers to the dry monodisperse flowErigid spherical particles, which are usually used when
analysing locabkcale granular flow mechanics. Note that requiring the flow to be at a steady state
(i .e. not accelerating) is not includedfe in t
since material composition is the main focus of this study. Natural debris flows can exhibit the
properties of both Agranular fl owd and Afl u
however, for smalscale flowslike those in the experimentalork of this study, the effect of

fluid viscosity that develops pore pressure and reduces the effective stress, which weakens the
friction among particles is reducéderson, 2015and thus solid grains are easier to maintain in
close contact and are |l ess |likely to be flu

fl oswooughly regarded as a specific type of fg

A debrisflow event consists of mobilisation, motion and deposition. Mobilisation is a big part of
debris/granular flow research, including considerations like failure mechanism, yield criteria,

liquefaction, theemergencef dispersive pressure and the regimengeaof granular media from
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jammed Asolido to flowing dAliquido,; t hese t
mass exchange (i.e. erosion and mass loss) that commonly occurs in natural geophysical flows is
also not investigated here. The gramdlow behaviours of focus in this study include the local
dynamics during the downslopeocessand the macroscopic runout features in the depositional

area.

The literature review of this thesis is structured as follofvsc.2.1 gives basic information
about granular flowsnd debris flows, including their definitions, classifications, and essential
complexities.Sec.2.2 briefly reviews several typical modellirmpproachegor granular flows,
discussing their strengths and shortcomirigsc.2.3 introduces several dimensionless numbers
that are often used to differentiate between flow regimes which are dominated by different
momentum transfer mechanisms. These three sections expkimifficulties and current
theories of describing the fundamental flow mechanisms when theciowositiontransforms

from idealised into realisticSec.2.4 briefly reviews the established knowledge about pore fluid
and pore pressure; whifeec.2.5 takes an interest in different grain sizes and their impact on
debrisflow behaviours. These two sections show the gap in the current understanding of the
roles of pore fluid and polydispersity in granular flow mechanisms. Finally, 2.6 gives
critiques of the referenced literature and locates this study within the body of granular flow and

debris flow research.

2.1. Granular Flow and Debris Flow

2.1.1. Definition of Granular Flow

Granular flows are flow motions of particulate solids where m@Eckaare dominated by
interparticlecontacts(Brennen, 2005)The criteria of granular flows are straightforward. First,
particles constituting granular flows must belong to granular medigch requires that: (i)

grains are effectively rigid, andi i ) grain sizes ar e(suthygrtclesal | vy
are categor i sed toaignoreiByowaian inbvamentaneler iWaads)force, air

drag and thermal agitation. Second, wieetdry or wet, solid concentration must be sufficiently

high to an extent that solid interparticle momentum transfer can determine the bulk flow
propertieg Brennen, 2005)Particularly, dry particles exposed in the air are usually referred to as

Apowder 06 or fAgranul ar material 0 whi(Andreoiiar t i c
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et al., 2013)according to the definitigg r anul ar f |l ows must be compc

or fAgranul ar medi ao.

Granular flows can occur in a variety of geometries as no criterion of moving pattern is
introduced in the definitionsDR MiDi (2004)details six main configuratis often investigated

in granular flow studiesHigure 2-1): (i) simple plane shear, (ii) annular shear, (iii) vertical silo,

(iv) inclined plane, (vheap flow, and (vi) rotating drum.o@stitutivebehaviours derived from

each geometry have been wadiscribed individually but cannot be applied to another
configuration (GDR MiDi, 2004) common laws across different configurations are still a
challenge To directly compare with debris fl ows,
those on a channelised inclined plane (i.e. chute flows) unless otherwise specified;

correspondingly, the term figranul aharactedstcs.a 0 i

Figure 2-1: Main granular flow configuration§GDR MiDi, 2004) (a) plane shear, (b) annular shear, (c) vertical
silo, (d) inclined plane, (e) heap flow, (f) rotating drum.

2.1.2. Definition of Debris Flow

From a fairly early stage of the research,
slurry-like mass movement containing a considerable amount of both fine and coarse sediments
(Carter, 1975)Classification schemes discriminating debris flows from oth&sstmovements

are generally divided into two categories: one defines debris flows depending on geophysical

features like moving mechanisms and material properties, i.e. from a macroscopic or geological

6
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perspective(Varnes, 1978; Hutchinson, 1988; Hungr et al., 20While the other is based
mainly on flow regimes which can be represented by the dominant physical process occurring
inside the flow, i.e. from a microscopic or rheological perspectieries, 1988; Coussot and
Meunier, 1996; Iverson, 1997; Takahashi, 2001)

According to the landslide material classification system establishedubyr et al. (2001)
designed for engineering geol o-gohesiveaunsoreee(ber i s
well-graded or polydisperse) debmaterial whose plasticity index is usually lower than 5%, (ii)
contain less thaB0% fines content, i.e. silt and clay (< 0.074 mm), (iii) be fully saturated with
water, (iv) move very rapidly with a velocity at least greater than 3 m/min, and (v) imave
regular confined channel covering a large portion of the flow path and ending with an alluvial
fan. This definition gives usdriendly parameters related to debiiew material composition

and kinematics and points out the necessity of the chaedélesv path.

Focusing on the evolving physical mechanism results from increasing solid content in a fluid
flow, a rheological classification proposed Gyussot ad Meunier (1996and later on modified

by Schatzmann (200%listinguish mass movements by two parameters: solid volume fraction (or
volumetric sediment concentration), and percentage of fine material (< 0.04 mm in this case).
Within this framewor Kk, the <concept Afdebri s
intermediate between those of hypencentrated flow and blodipe landsde, as shown in

Figure 2-2, and is possible to be subdivided into more types: (A) granular debris flow, where
coarser grains are in the majority oetkolid phase and their interactions dominate the flow
mechanics; (B) viscougranular flow, where the dominant mechanism transits from solid
contacts to viscous shear; (C) viscous debris flow where fines content takes more than 10% of
the solids and thendéire flow acts rather like a homogeneous viscous fluid; and (D) mudflow,
which is usually not considered as a deflosy type in engineering and possesses more fine
particles than coarse grains. Additionally, natural debris flows typically containgsalits with

a volume fraction of 580% as proposed byerson (1997)or 3665% in the flow front and

gradually decreasing towards the tail as reportedudyer et al. (1994)
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100%

Volumetric sediment
concentration C,

0%

0% 100%

Content p of fine material (d < 0.04 mm)
within complete grain material

A Granular debris flow E Block type landslide

B Viscous-granular debris flow F Rock fall/lavalanche

C Viscous debris flow G Hyperconcentrated flow
D Mud flow H Bed load transport

Figure 2-2: Mass movements classification proposedCbyssot and Meunier (199&hd modified byschatzmann
(2005), in which fidebris fl owso are mar ked

2.1.3. Complexities of Granular Flows

A valid theoretical framework of granular media is challenged by many difficulties. A large
number of particles can be involved and multiple -finear intergranular interaicins (e.g.
Coulomb friction, inelastic collision, and, if immersed in viscous fluids, hydrodynamic contacts)
can coexist in a granular medium. As explained?bylreotti et al. (2013)the complex grain

level interactions and the huge number of grains greatly increase the cost of tracking the
dynamics of individial grains, resulting in a preference for continuum modelling with averaged
quantities of grais However, regardingggregation of particleas a continuum also seems
doubtful. Since big particles do not experience Brownian movement, granular media cannot
rapidly achieve local thermal equilibrium as liquid and gas do; in other words, in a system of
particulate soliddocal mechanics cannot be determined by averaging the macroscopic state. The
separation between the microscopic scale and macroscopiotgadmular media is unclear, i.e.

the scale where mechanics of individual grains start to not affect bulk behaviours of the entire
medium thickness isinavailable These issues can be alleviated if the mechanics of every
individual grain is identical andustained. As a result, the rheology of granular flows at present
is not welldescribedwithout the simplest condition, i.e. steady motion of the idealised flow

material.
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However, more complicated debflsw material that has to be faced in reality is feomn
idealised conditions. Soligrainsof various sizesnd viscous fluid create strong interactions that
distinguish debris flow from other geophysical phenomena, leading to high mobility as well as
huge impact force (lverson, 1997) The first unique debrilow characteristic is the
heterogeneous surge. Within a delfilasv surge, solid particles experience dynamical sorting
both normal to and along the flow direction depending on their sizes: vertically, larger grains
tend to movecloser to the flow surface and smaller grains to the bottom, becoming a matrix
carrying the upper flow body; longitudinally, largest boulders accumulate at the unsaturated flow
front, relatively coarse grains suspend in the saturated flow body, andlfioe day gather at

the hyperconcentrated liquefied flow taiPierson, 1986; McArdell et al., 2007; Leonardi et al.,
2015) This sorting process called fAgrain size
features in the and spacd-{gure2-3Figure2-3).

Correspnding to different zones in a segregated ddlois surge Figure 2-3), distinct flow
dynamics is exhibited due to different dominant interactions. During diétanismotion, five

types of interactions can simultaneously exist: (i) intergranular contactgifg]lisliding and
selflocking), (ii) interactions with the underlying bed, (iii) interactions between grains and
interstitial fluid, (iv) viscous shear of the pore fluid, and (v) interactions with ambient fluid
(Delannay et al., 2017whereupon complex stresses are generated inside debris faty m
including (i) solid inertial (collisional) stress, (ii) fluid inertial stress, (iii) solid gistatic
(Coulomb frictional) stress, (iv) fluid quastatic (viscous shear) stress, and (iv) sl
interaction stress due to pore fluid resistihg grain rearrangement motiglverson, 1997)
Multiple interactions with different dominance tend to generate distinguishing stress states
depending on grain size: the momentum transfer from larger particles is governed more by
gravity, while smaller particles are more easily influencedflbid effects. At the flow head,
granular collisional stresses over large clasts dominate; in the following flow body, granular
shear stresses play a bigger role with smaller grain size and densegpawamwhile, viscous

pore fluid effectsstep in, gradually buffering granular contacts as grains become finer and finer
approaching to the rear, until small grains are no longer in contact with each other and viscous
fluid sheardominateshe momentum exmange; in the dilute tail part, the fully suspended fine
particles are too scattered to drag the fluid, resulting in a stress state mainly determined by fluid
inertia, which seems to surpass viscous shear in the turbulent flow tail for natural debris flows
according tolverson and Denlinger (2001The coexisting different stress states make {ocal

scale debriglow rheologiesvery difficult to present.
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COARSE PARTICLES IN SUSPENSION PR Escuuﬁaégnv
ONSET OF TURBULENCE
BOULDERY
FRONT
TAIL HEAD /

| T JL_s 31 T — L JL r 1]
HYPER— FULLY DEVELOPED DEBRIS FLOW VARIABLE
CONCENTRATE (SLURRY FLOW) cc;ugrsg-

TRATION
STREAMFLOW b NSITION BOULDER

ACCUMULATION
{NOT LIQUEFIED)

Figure 2-3: Grain sizesegregatiorin a heterogeneoudebris flow surgéPierson, 198%

Another imporant debrisflow characteristic is high and persistent pore pressure brought by
large compressibility and moderate permeability of the flow material, which are properties that
result from welgraded sediments and cannot be produced by monodisperse (framsn,

1997) This nonequilibrium pore pressure is believed to contribute to the high -flefris
mobility, but its mechanism remains uncertain, leaving several different explanations and no

defaultconsensusMore details about pore fllipressure are presentediac.2.4.

2.2. Physical Frameworks of Granular Flow

2.2.1. Conventional Debris-flow Models

Two types of theoretical model were commonly applied in the early eéfrisresearch: one
approximates debriow material as a singiphase viscoplastic continuum, whereas the other
assumes solid grains are fully and uniformly dispersed in the flladepiBoth types of models

have laid significant groundwork for the physical understanding of debris flows, but also possess

essential shortcomings.

The viscoplastic model, also referred to as the Bingham model, originates from a recognition that
debrisflow material can physically behave like both plastic solids and viscous(flaichson,

1965; Yano and Daido, 1965¢debrisflow was then modelled as a viscoplastic material that
remains rigid until subjected to shear stresses over its plastic yield strength, after which exhibits
properties of Newtonian viscous fluidohnson, 1965; Johnson, 1970; Johnson, 1€eylomb

10
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friction can also be involved in the viscoplastic model by introducing a nestreslsdepended
frictional strength into thgield strengthlJohnson, 1965; Johnson, 1970; Johnson, 1%4his

case, the yielding of debsflow material follows the Coulomb failure criterion and is solely
controlled by cohesion. The defect of the viscoplastic model is thedimpplication to only
muddy debris flows rich in fine sediments, in which the matrix deformation governs the flow
motion (Whipple, 1997) In a Bingham fluid, the yield strength or shear strength should increase
with the bulk viscosity as more fines content is added; however, the increase of fines content
helps to improve the bulk mobility and to decrease the apparent strength of debrig/flows

1996) This indicates that debffloow characteristics cannot be properly represented by
viscoplastic rheology, which ignores the crucial contribution of cograms interacting with

pore fluid.

The other type is the inertial flow model establishedrbigahashi (1978and Takahashi (1981)

based on the work dfagnold (1954which gives constitutive relations of solfildiid mixtures,

where monodisperse large spheres are dispersed in fluid, in both inertial and viscous flow
regimes. The inertial flow model adsirpssand Bagn
shear strain for the inertial flow regime to account for behaviours of the granular debris flow
where collisions of large clasts dominate the momentum exchange and effects of viscous or
turbulent fluid can be ignored. This model gives insigta the role of large particles in debris

flow mechanics, but with a few issues. Firstly, the original experimeritsamold (1954 were

carried out in an annular shear cell in which the densities of particles and fluid were balanced, i.e.
the gravity effect was eliminated, so that intergranular noemalr e s ses (or t he r
pressureso as used by the author) tend to dr
realistic debris flows, on the contrary, gravity greatly impacts the stress development and shear
motion by facilitating eduring granular contact. Secondly, the lack of enduring granular contact
leads to the absence of frictional selfking that must happen during the mobilisation and
deposition of debriflow material (Major, 1996) Thirdly, as grains are assumed uniformly
dispersed and separated in the fluid, the pore fluid is not able to be@regsurised, €. no

excess pore pressure is allowed; this again contradicts with field observations.
2.2.2. Depth-averaging Approach

Depthaveraged equations of mass and momentum balance proposgdvhye andHutter
(1989) have been widely applied to geophysical mass movements for simplicity and

independence from microscopic parameters. The emmhaging approach was originally

11
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employed to describe the release of a finite granular mass from rest on andurgdd plane

and its application requires several assumptions: (i) the flow is shallow, i.e. flow thickness is
much smaller than flow length, (ii) the flow material is regarded as a continuum, which means
the flow size exceeds individual grain sizei) tine change in void ratio and thus in bulk density

of the flow material is ignored, (iv) the basal friction is subject to Coulomb friction law, and (v)
the basal friction angle is a constant independent of shear strain and solid volume. fratgion

in the modified deptfaveraged models proposed Byingr (1995) basal friction calculation has

been generalised to account for flow resistance responding to different regimes: plastic flow
(which adopts constant shear strength), friction flow (where flow resistance sorely depends on
effective basal normal stress), Newtonian laminar flow (where velocity is linear with dynamic
viscosity), turbulent flow (where flow resistance is a functionqafased flow velocity noting

t hat this is a different concept of At ur bu
Bingham flow (which considers the flow material as a Bingham viscoplastic medium), Coulomb
viscous flow (where the Bingham yield sigth depends on effective stress, as described in Sec.
2.2.7), Voellmy flow (Voellmy, 1955)(which combines the effects of fricti@ndturbulence i.e.

the influence of velocisquared)Under these assumptiorthe bed layer of flow material is
where the sliding occurs and the stress distribution across the flow depth is then simplified into

the stress state of the bed layer, in which the normal and shear stress varies only with flow depth.

Developments have beenade in the modelling of debris flows along with other geophysical
mass movements based on the depttraged governing equations. A depitegrated model
provided byPudasaini and Hutter (200generalises the application 8fvage and Hutter (1989)

into granular avalanches on curved and twisted channels. The dynamic analysis (DAN)
numerical modl developed bylungr (1995)as well as its thredimensional version (DAN3D)

by McDougall and Hungr (2004)ave been designed for runout analysis and risk assessment on
landslides, avalanches and debris flows; these models divide the entire granular mass into
series of fAsliceso al on glifyttheénterhab intgractions dnio riha | di
actions between every two slices. The Coulomb mixture model providetebyon and
Denlinger (2001 uses not localheology of the material to predict the motion, but the interaction
between solid grains and viscous pore fluid, in which the role of pore pressure is to reduce
Coulomb friction; depending on the magnitude and diffusion rate of pore pressure, this model
can describe a variety of geophysical mass movements from granular avalanches to debris flows

to viscous flood.

12
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Models using the deptaveraging approach contribugabstantiallyto debrisflow research and

hazard assessment; they are usually practical andriesetly, requiring few input parameters

that are convenient to measure. These models hold the advantage that they can easily include the
interaction between solid and ftuphases, though in a rudimentary manner, as only the fluid
effect on the basal boundary is necessary. However, these models arepmestignenological

and semempirical, highly relying on backnalysis and calibration data from real flow events,
which are not easy to collect. Also, the internal physics of debris flows (and other granular mass
movements), such as velocity and stress distribution attrestow depth, acceleration normal

to the bed, and complex sofildid interactions, are often oversimplified. One of the direct
consequences of not accurately reflecting the flow mechanism is that, as the interndlayebris
physics varies with scalgverson and Denlinger, 2001; Iverson, 2Qléstimations of depth
averaged models work best only at scales close to the field scale; this raises questions about

model scaling and limits the understanding of fundamental adiédwmismechanisms.
2.2.3. Theg(l) Rheology

The n(l) rheology systematicallydeveloped bylop et al. (2006is a nonlinear constitutive law
for dense steady idealised granular flows omahnedrough bed and is empirically determthe
from experimerdl results. The basic assumption is that the local friction everywhere at the flow
bed boundary is decided by the plane shear constitutive friction law. In a simple plane shear
configuration, as shown iRigure 2-4, where perfectly rigid spherical particles are confined and
steadily sheared by two parallel planes, the relationship between shear stress and shear rate is
solely controlled by the inertial numbéia Cruz et al., 2005; Lois et al., 200Fhe inertial
number, |, expresses the relative importance of inertia (i.e. the shear §trasd, confining
pressure (i.e. the norinstressyl), and is defined as:

0 M—T (2-1)
in which rs is the grain densitygis the characteristic shear ratkjs the characteristic grain
diameter. Physically, the inertial number can btempreted as the ratio of the timescale of
normal confinement, i.e. the time needed for grains to be squeezed from the upper layer to a

lower position, to the timescale of shearing deformati®inR MiDi, 2004)

13
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| .

Figure 2-4: Schematic illustration of plane shear configurati@mdreotti et al., 2013)

As the dynamic friction coefficientr§ under plane shear depends only on the inertial number (I),
which essentially includes the shear rate, the constitutive shear-stressrate relationship is
given by:

- “™Oh t ° Of, (2-2)

The relationship between the friction coefficiemand the inertial number | was then reported by
Jop et al. (2005)by combining the -tlepended depthveraged velocity profile proposed by
GDR MiDi (2004)and thebasalmexpression presented Byuliquen and Forterre (200a$ a
function of depthaveraged velocity and flow thickness; the original forhmwas fitted from
experiments done biouliqguen (1999where idealised flows of glass spheres were steadily

released on a wide rough plane. TH® constitutive relationship at the flelsed boundary is

given as:

(@) ‘G0 p (2-3)

in which b, m andn are all empirical constants obtained from experimental measurements. The
lo value depend®n solid material, slopenclination and volume fractim, but isof a minor
variation; and the values ai andm depend on solid material and grain sizep et al., 2005)

Then(l) profile with an evolvingnertal number | is shown ikigure2-5.

14
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Figure 2-5: Basal frictioncoefficient/zas afunction of the inertial number(Dop et al., 2005)

The nq(l) rheology has shown a good agreement with steady-dielyeloped idealised granular
flows and ha beenprovedvalid whenthe inertial numberis within a large intermediate range
(Barker et al., 2015)The biggest limitation of this local rheology may be thdoptionof a

simple shearatedepended friction law, which loses validity close to the flow threshold (i.e.
when the steady uniform flow regime is just achieved or, from another perspective, when the
flow is thinner than a critical flow thickness depended on the slope @ngléquen, 1999)and

the flow boundaries (i.e. the free surface and the bottom layer, where the experimentally
measured shear rates do not agree with the estim@iEDR MiDi, 2004). Holyoake and
McElwaine (2012)also reported that the(l) rheology fails to give accurate estimations for
highly inertial (I > 0.5) steady polydisperse dry granular flows on a steep glep30°-50°). In

summary, the locat(l) rheology derived from idealised conditions has quite a few limitations.
2.2.4. Kinetic Theory

Another framework of idealised granular flows is born from the physical analogy between the
random motion of solid particlaéa a highly collisional regime and the thermal motion of gas
molecules: higkspeed solid particles tend to move separately, independently and freely, rather
than moving together as amtirety(Campbell, 1990)Similar to gas molecules, which are¢ef
assumed small, rigid and elastic spheres i@ractvia collisions, solid grains can also be
regarded as frictionless, monodisperse spherical particles often colliding with each other,
although the collisional contact between a pair of solid spherasually short and inelastic

unlike theelastic collision ofdealga®s whichcreates ndossin average momentuiut in heat,
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the inelastitty of solid grains allows energy to dissipate the collisional conta¢hrough heat,

plastic deformation, attrition and breakag@ollin, 2017) The description of rapid and dilute
granular flow using the kinetic theory of gases starts fromwibik of Ogawa 1978) which
proposes an i mportant concept of Agranul ar
temperatureo. Granul ar t squarevalactoltheeandors veldayf i n €
(i.e. the difference from the mean velocity vector of thik lgranular body) and represents twice

the fluctuation kinetic energy of a unit mass of particles; this concept has soon become a key of
analysing collisional granular movements. Higher granular temperature indicates a more agitated
and saltating granulamovement, higher grain vibrational energy is converted from flow
translational energy, a more dilute flow material and hence higher potential to flow but also

higher energy dissipation from collisions.

The kinetic theory has been a useful tool to imprthes analyses of idealised granular flows,
especially those from numerical simulation. For example, a model for idealised granular flows
down a rough plane with spherical bumps was establishedbbye (2003) the constitutive
relation for granular flows of rough ilastic particles was theoretically deduced Kiymaran
(2006)based on the simulation resultsfbert et al. (2001andMitarai and Nakanishi (2005)
Chialvo and Sundaresan (201fapdified the model developed hyarzoand Dufty (1999}to

allow the rheological description of densglstcked frictional particleszollin et al. (2017a)
compared the estimations of steady, fully devetbgranular flows from extended kinetic theory
with that from discrete element method (DEM) simulationsweler, the kinetic theory is
appropriate for gasolid systems, not for geophysical flows with more complex material
compositions. The similaritiesebiveen solid particles and gases require neglectable-sfasisi
intergranular contacts and scfidid interactions; the pore fluid effect in the kinetieeory
modelling is usually represented as viscous drag on particles, stadiequate only when ks
collision controls the momentum exchanguch a case cannot be found in debris flows
saturated with viscous fluid. The particular emphasis on granular collisions and the absence of
pore fluid effect make the application of classical kinetic theomg#distic flow material seem

hopeless.
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2.3. Dimensional Analysis

Dimensional analysis of debris flows was first proposediv@yson (1997)as a method of
classifying debris flow and identifying flow behaviour styles. By pairwise comparisons, a few
dimensionless numbers can express the individual importance of five fundamental stresses (
2.1.3 in debris flows. These dimensionless numbers have been utilised to describe and
discriminate the flow regimes, and also to reproduce flow evdnés laboratory scale with
reasonably physical similaritiés/erson, 1997; lverson and Denlinger, 20@ue to the typical
scale effects highlighted byerson (2015)similar quantities of dimensionless numbers are the
key to ensuringhe physical relevance betwedaboratory model granular flowand realistic
geophysical debrilows. Although a steady shear flow of uniform spheres immersed in viscous
fluids is assurad in the original stress calculatioribe dimensional analysis still provides a
reliable reflection of the locadcale granulaflow dynamics Thus, even though replicating field
scale flow behaviours is not a necessity for this study, dimensional ianalyseededo show

the smallscale flow dynamics and to be compared with results from-rgke flows.
2.3.1. Savage Number

The original form of the Savage number was presentetbbyge (1984describing dry granular
flow regimes and was then modified byerson (1997)addng friction angle and hydrostatic
buoyancyinto the function. The modified Savage numbeg4dNis defined by the ratio of solid
inertial stress to quastatic solid stress as:

B

0 —— 2-4
" T €40 (Y% (2-4)

in which:rsandr ¢ are the solid and fluid density, respectivalys the characteristic shear rate;
d is the characteristic grain diameter;s the gravitational acceleration; h is the debris flow

thickness normal tthe bedgistheslopeanglédd i s t he effective solio

Considering the flowing grains in contact with the bed where the stresses are easier to measure,

the equation can be transformedlasrson et al., 2010)

0 [ (2-5)
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whereshasalis the total basal normal stressaspis the basal fluid pressure, her®@saii poasal
represents effective basal normal stress. Compared mitfR-1), the Savage number is
equivalent to the square ofetlinertial number, indicating that these two dimensionless numbers

are essentially the same but mechanically comprehended in different ways.

As suggested b§avage and Hutter (19§%ollisional stresses dominate over frictional stresses
borne by sliding and sustained contactsdf/\h Eq. (2-5) exceeds about 0.1; otherwise, friction
dominates the flow behaviour. The enhancement of a collisional tendency, i.e. a reduction in

total basal normal stres8utd), results in a decrease irdvalue(Zhou and Ng, 2010)
2.3.2. Bagnold Number

The Bagnold number is defined as the ratio of solid inertial stress to viscous fluid shear stress
(Bagnold, 1954; Iverson and Denlinger, 2Q01)

6 Nj (2-6)

where us is the volumetric solid fraction (concentration)s is the maximum (clos@acked)

volumetric solid fractionh is the Newtonian viscosity of the interstitial fluid.

For highly sheared, steady, uniform flows of spHere g u i d  mdag® Y50 indicates thdtod
collisions dominate the flow regime, in which normal and shear stresses are proportional to the
squarecshear rateef) ; wheigt e4 INOr e pr e sve rstcso uas Ofi maeaygriane wh e
shear stresses afi@ind proportional to shear ratg)((Bagnold, 1954; Savage and Sayed, 1984)
Iverson (1997provided another form of Bagnold numbegaf)l by replacing the term in square
brackets with the ratio of the solid fraction to the fluid fraction as:
£t

b

2-7
A 27

A collision-dominated flow regime is inferred whemdy> 200.
2.3.3. Friction Number

The friction number, which physically expresses the ratio of shear stress produced by enduring
contacts to viscous shear stress, is identified by simply forming a ratio of [Bagmnober to

Savage numbeéiverson and LaHusen, 1993)
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0 - 2-8
G (2-8)

Note that although the solid shear component is written as the effective normal stess (
Prasa) for the conveniencef calculation its original form as shown i&q(2-4) is a function of
the granular layer thickness, h.

Solid shear stresses exceed pore fluid viscous shear stressesswhemalyer than 2000 based

on the threshold values ofshy = 200 and Nav= 0.1 (lverson, 1997)this threshold was claimed

to be overestimated as the critical Bagnold number and Savage number were derived from
idealised experiment®arsons et al., 2001The experimental work done Byarsons et al. (2001)
gives a much lower threshold, which is approximately 100. A small valugi©fah result from

a low olid fraction or high viscosity, possibly indicating a continuous fléw.increase in N

has been reported to amplify bed normal stres&esu and Ng, 2010)

2.3.4. Darcy Number

Similar to the original Darcywumber in fluid dynamics which suggests the permeability of the
porous medium according to Darcyodés | aw, t he
ability of pore fluid pressure to buffer the solid inertia producing relative moverfieatson,

1997} thus the granular flow version of Darcy number is defined by the ratio offhatid

interaction stress to solid inertial stress as:

Y I 10 (2-9)

in which k is the hydraulic permeability of the granular medium with a unit’okns dependent

on the grain size and porosity of the solid phase; a higher permeability is usually found in coarse
grained solids such ascks. The value of the Darcy number in lasgale geophysical flows has

been reported byverson, 1997jo be at least a few hundred (in sayrdvel experimental flows)
andcanbe greater than 1@in mudflows), indicating that solichertial movements are highly
impeded by the pore fluid pressurenaturaldebris flows. One shortcoming of Darcy number of
debris flows is that a threshold value seems to not have been proposed, thus no criterion is
available for reference as to whethée tpore fluid can effectively resist the grain inertial

movement.
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2.3.5. Reynolds Number

The Reynolds number in classic fluid mechanics identifies laminar from turbulent flows. Using
the ratio of fluid inertial stress at a grain scale to viscous shear Stresson, 1997)the grain
Reynolds number can be calculated by:

” |-)4-|

0 — (2-10)

Specially, if the deptaveraging approach is applied, a qtRsynolds number provided by
lverson and Denlinger (200is given by:

2-11
— (219

Oee

where} is the total density of theflowand i s t he f | ow Rgrkyk roughests &Gener
turbulent flow dominated by fluid inertia while N @yL 1 represents a laminar flow
dominated by \iscous shear.lverson and Denlinger (200&lso reported that in laregeale

debris flows, the value of the qud®eynolds number is commonly greater than 1P,

suggestig that the fluid is highly turbulent when flowing at the delfiosv bulk velocity.
However, the physical d e f -establishedoand thud theftHoiceoofv | €
lengthscale L is relatively arbitrary, raising questions on the validitheoestimation of quasi
Reynolds numberthe grain Reynolds number, on the other hand, physically makes more sense
by using grain diameter as the lengthscale, although identical velocity between solid and fluid
phases seems to be assunfattlitionally, small-scale flows tend to exhibit lowégvel of pore
pressuredevelopment than larggcale flows dqlverson, 2015)thus solid contacts in general

are less likely to be overcome by fluid foraessmallscale experiments; this scale effect is
crucial whenmodelling geophysical flowbut is less relevant wheanalysingthe fundamental

effects of pore fluidon smaltscale granulafflow mechanisra as thedominant momentum

transport isaffected littleby the relative importance between fluid inertia and vischesr

2.4. Pore Fluid in Granular Flow s

The fluid phase inagranhl ui d mi xture is wusually termed i

voids within a porous medium such as soil or
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the spaces betwee parti cl es) . APore fluido is from s
originally a biological concept ; thus in thi
refers to liquid instead of gas.

Pore fluid can interact with solid grainsvarious forms: a granular medium is more stable when

a small amount of liquid is added in (e.g. moist sand&shbat becomes easier to move farther
when filled up with fluid (e.g. debris flows); grains can also be completely separated by and
suspendedh fluid, in which case they move along with the fluid (e.g. slurry floods). Although
debris flows are overall fully saturated with viscous fluid, the flow front is known to be
unsaturated or almost dry. Thus pore fluid effects on both unsaturated aradesgiranular

media are worth looking into.
2.4.1. Unsaturated Granular Media

In an unsaturated granular medium, moisaabereon the surface of discrete solid particles as

thin films due tosurfacetension and capillarity; when a pair of floovered graingre about to

get in contact, a liquid bridge is formed between the grains, bonding grains together. Liquid
bridges can be formed in different patterns among the solid grains according to the amount of
liquid and different configurations have been clasgifig Urso et al. (1999)as shown irrigure

2-6. A fipendul ar stateo, where each pair of C
obtained when the grains are only slightly v
where some of the pores are filled but separate binary ligiddds still exist; with an increased
amount of pore fluid, the ficapillary statebo
filled up andconcave meniscare developed on the outer surface of the cluster; finally, the
saturated cluster becens a i d r copvéx eénisciowthe shrface. For the pendular state
illustrated inFigure 2-6 (a), the force acting on the most basic liquid bed between two
monosized spheres has been analytically calculatedidher (1926); Rumpf (1962and has

been experimentally supported biaines (1925)the effects of pore fluid on slightly wetted
monodisperse granular media have been widely investigated using numerical simulations, e.g.
Scholtés et al. (2009); Than et al. (2017); Zhang et al. (2022)
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Figure 2-6: Four patterns ofiquid bridgeformation: @) pendular; (b) funicular; (c) capillary; (d) droplezhang

et al., 2022)
Microscopically, he developed liquid bridges provide additional static stakjititynbaker et al.,
1997) shear strengtfrediund et al., 197&nd tensile strengttiierrat and Caram, 19910 the
unsaturated granular medium since the air pressure applied neetiscitends to prevent the
l iquid bridges from rupture by relative mo
cohesiono in the granular medi um. This cohe
force) due to liquid bridges between solid gsais connected, from the macroscopic perspective,
with the fAmatric suctionodo, which is convent.i
and pore water pressui T pw, in the elastoplastic modelling of unsaturated gdibnso et al.,
1990; Wheeler and Sivakumar, 199asficohesio®m and HAsuctionod in the
essentiallythe same, they both depend on the pore fluid distribution in the interstitial spaces and
thereby on the amount of mofluid or saturation degree. The nonlinear relationship between the
saturation degree and the matric suction in unsaturated soil is usually presented bywhatesoil
characteristic curve (SWCC) as shownHmure 2-7 (a). Vanapalli et al. (1996divided the
SWCC for the entire desaturation process into three zongésh(i® i ni t i al Abound:
where pores are mostly occupied by fluid and small air bubbles are only discretely distributed
within the fluid, causing an increase in suctiorthwiery little change in saturation degree; (ii)
the Atransition zoneo where the air starts
amount of pore fluid, and to produceeniscii n t he pores; (i i) t he
remaining pore fld has become discontinuous in the pores, thus the increased suction no longer

significantly reduces the saturation degree.
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Figure 2-7: (a) Typical soitwater characteristic curve (SWCC) and (b) the cqomwling relationship between
shear strength of and matric suction in the unsaturatedsoilapalli et & (1996)
Moreover, a prediction approach to the shear strength of unsaturated soil using SWCC
parameters has also been proposedVbyapalli et al. (1996)The original shear strength
calculation of unsaturated soil was provided2yhop (1959jand was modified from the Mohr

Coulomb failure criterion; the shear strength is given by:
T A, N 21 n O Adise (2-12)

where c¢c6 is the effeclbdi vies ctohhee siimotne rontasla hfer i d
parameter dependent on the saturation degree. latetiund et al. (1978gxtended this
equation to allow the parameteto be linked with the increment of the internal friction angle

due to matric suction; this leads to thlenapalli et al. (1996yersion calculating the shear

strength of unsaturated soil by:

(Y

T A w0 O Adee n n O waﬂ—T['Y (2-13

in which Sis the saturation degree of the soil andsShe residual saturation degree equivalent

to the minimum saturation degree in the SWCC. The resultant shear strength plot against the
saturation degree is demonstratedrigure 2-7 (b). Suction due to desaturation generates a
nonlinear increase in the shear strength of the granular metiaretrengthening rate gradually

decreases with the suction, eventually reaching a plateau when the residadibsatiegree is

met.
2.4.2. Saturated Granular Media

Starting from the simplest situation where one spherical grain moves with a constant velocity in

a still fluid, the solidfluid interaction only contains drag force from fluid and the dynamics of
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the particleis governed by the grain Reynolds number as shovianin2-10). The fluid drag in

a low Reynolds number regime mostly results from viscous diffusion, while in a high Reynolds
number flow it results frontonvective transportAndreotti et al., 2013)a detailed drag force
calculation can be found iGuyon et al. (2015)in unsteady fluid flows, however, the dynamics

of a moving grain becomes complicated: analytical solutions for hydrodgrfaroes in laminar

flows are only valid within a limited range of Reynolds number and dimensional analysis seems
the only reliable method beyond that range; forces applied to the grain in-imghigl flows

are even more complex, as they can be cahbgdabth grain perturbance and fluid turbulence,

and are poorly understood at presentdreotti et al., 2013)

At the mesoscopic level, the effects of fluid on a sheared saturated granular medium can be
cursorily explained using the plane shear configuration previously mention8écir?.2.3
Referring back to the shear cell fimgure 2-4, the inertial number govemg the granular flow
rheology physically represents the comparison between the timescales for grain falling and
shearing. When the rigid spheres are fully immersed in a viscous fluid and are confined by
permeable plates at both boundaries(re 2-8), fluid can be regarded as sheared together with
the solids, thus pore fluid mainly affects the timescale for the vertical movement of grains, i.e.
grain rearrangement, whether by exertingcous drag or turbulent drag; in the viscous case, this
fluid drag corresponds with the solildid interaction stress mentioned inerson (1993)and

Iverson (1997)The inertial number increases with the grain rearrangement timescale, hence the

shearing timescale is relatively shorter and the shear deformation of grains is facilitated.

Figure 2-8: Plane shear configuration of saturated granular med{@mdreott et al., 2013)

Sustained high pore fluid pressure generated in saturated egaviy granular flows is a
feature of interest for engineers as it has been commonly observed infldebfisldwork (e.g.

McArdell et al. (2007); McCoy et al. (200)0and laboratory experiments (e.fuerson et al.
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(2010); Kaitna et al. (201))these high pore pressures are normally greater tharydnestatic
values and are therefore considered to be fde
in geophysical flows when solid material is consolidated during deposition and/or is contracted
during the unsteady nesmiform motion(lverson, 1997put its mechanism is not fully revealed

yet. Many theories have been proposed to explain the excess pore pressure development, e.g.
centripetal acceleration resulting from a concave flow chafnelChow, 1959)the weight

transfer from solid particles to pore fluitHampton, 1979)the temporary blockage of pore

necks (i.e. narrow gaps between grains interlinking larger pore spaces) in response to large
normal stresses over graiff3ierson, 1981and Reynolds stresses duetudbulence(Hotta and

Ohta, 2000) Goren et al. (2010found that pore fluid can be pressurised by rapid fluid flow
through a highly permeable granular mediumpwrthe contraction of pore space volume with

poor drainage, in which case the fluid compressibility and the amount of overall compaction may
be the controlling parametefsaitna et al. (2016peports thathe excess pore pressure seems not
necessarily relevant to centripetal acceleration, grain collision, the change in bulk volume and
Reynolds stressnd attributes the pore volume variation to the material overriding in the-debris

flow front.

It is seen tht porefluid pressure does not develop very much before reaching the peak height of
the debrisflow surge, showing asynchronous variation with normal st(ésgahashi, 1991;
Iverson, 1997)This is because the pore fluid cannot instantly respond to the pressure gradient
resulting from the change in pore spééceitna et al., 2016 the reaction delayrtie may depend

on the fluid viscosity and the permeability of the granular mediumYse.3.4). However, the
increased nonequilibrium pore fluid pressure can persist for a considerably long time, even
longer than the debrisow duration(Pierson, 1981)The timescale for pore pressuresgigtion

can be defined byverson, 1997)

-0

_— (2-14)
Q0
where E is the stiffness of the flow material; &$ the pore pressure diffusivity; the flow
thickness h represemthe length of the drainage path. High pore pressure is applied to the debris

flow throughout the moving procedgthis timescale equals or exceeds the flow duration.

Pore fluid pressure is crucial to the granular flow analysis as it affects the satessaf the
solid grains. For a granular medium saturated with, immersed in or suspended in fluid, effective

nor mal stresses over the grain (d&zedhieatddack,cal c
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1948)are reduced by pore fluid pressure; the effective normal stress can be expressgeql as in
(2-5) given an isotropic stress state on grains, i.e. timalostresses at a point are identical in
every direction. The Coulomb friction between grains is mitigated by the decreased effective
normal stress and the shear resistance of the granular medium is therefore wediepede T
pressure dynamically flucating during the rapid shearing deformation of the flow material can
even support all the stresses over grains within a short time, leaving solid grains in no contact
stress temporarilylverson and_aHusen, 1989)if this zerastress condition persists, the grains
are fAliquefiedo or Afl ui diceneedtatedadsbrifovotairfseen | v f
Sec.2.1.3. Observation byierson (1981s8hows that the existence of excess pore pressure can
significantly reduce the shear strength of the ddlois material by over 90% compared with

that in unsaturatedoaditions. This leads to the association between the development of excess
pore pressure and the enhanced bulk mobility of saturated granular flows.

2.4.3. Impact of Pore Fluid on Flow Mobility

Large bulk mobility is one of the most typical debitew~ characteristicand is thought by many

to be associated firmly with high and sustained pore fluid pressure>(etgon (181); Iverson
(1997); McArdell et al. (2007) The increase in bulk mobility can be deemed equivalent to a

| ower Aappar ent -bed boundary dhrooghoattthe enkire flow pathywwhether
quantified by the cefficient of friction H/L (in which H is the drop ielevation of the centre of
mass and L is the horizontal moving distance of the centre of rfass)ib, 1996pr travel
angleUr (i.e. the angle of the enerdjpe going from the centre of mass of the source volume to
that of the deposit). Microscopicallgyeard et al. (2020gonfirmed that the raised pore pressure
reduces the local basal friction of granular flows by mitigating the effective basal normal stress
instead of affecting the interface friction coefficietitis agrees with the fundamental role of

pore fluid in porous media as mentioned earlier.

Figure 2-9: Sketch of the debrfow sliding model showing the energy line corrected frbamm (1932)after
Straub (1996))
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Since the high pore pressure can persist untiflthve stoppage, the basshear resistance to the
flowing granular medium may bessned to be reduced throughout the entire flow event, where
the mobility is sustained. Howevekerson (1997)also pointed out that excess pore pressure
does not have to occur in a deHimv surge and a long debsiw runout is not necessarily
causedoy a sustained nonequilibrium pore fluid pressueehigh level of granular temperature

can achieve the targeted lamgebility as well; furthermore, the influence of pore fluid pressure
decreases with the reduction of flow scéiesrson, 2015) hence themobility of smallscale
granular flows may be influenced little by excess pore pressure. Although excess pore pressure is
common in natural debris flows and is indeed helpful to maintain the flow motion, it may not be

the only contribution of pore fluid tine bulk mobility of saturated granular flows.

Leaving the pore pressure aside, the increase in water content of the granular medium does
enhance the bulk mobility of saturated granular flowsfortunately, éw studies focus on the
variation of granulaflow behaviours induced by evolving water contéfitlimann et al. (2015)
reported an exponential growth of runout distance with wedetent using real debsfiow

material and a laboratogcale inclined shallow flumeZhou et al. (2016jound that, in a low

range of water contenf0 1 30%), minimum mobility is achieved during the nonlinear
development with water content when the granular flow is partly moist rather than fully dry; this
mi ni mum mobility and the relevant Acritica
shearstrength due to matric suction (s€ec.2.4.7). Yin et al. (2019) on the other hand,
obtained anonotonically increasingelationship between water content and bulk mobility from
centrifuge experiments with submarine debris flows, in which high water content ranges from
0.93 to 149. Nevertheless, the fundamental role of pore fluid in granular fiswet fully-

understood and is worth further investigation.

2.5. The Effects of Polydispersity

The term fApolydispersitydo describes the fea
involved in the system; in this study, the polydisperse system contains a large variety of grain
sizes that can form a wedkaded (also referred to as poeslyrted) size distribution. The degree

of polydispersity, i.e. the gradation, of a granular medazan be determined by the grain size

distribution curve which gives the relative amount by weight of particles in different(siz&s
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and Kovacs, 1981)Gradation can be quantified by two parameters: the uniformity coefficient,
Cu, and thecurvature coefficient, £ the definitions of these two coefficients are given by:
o . (@]

° o " ° oTo

(2-19)

where Do, D3o and Oy denote the grain size at which 10%, 30% and 60% of the grains by
weight are finer in the medium..bi s al so known as the feffect
hydraulic conductivity estimation of uniform san(@sazen, 1892)but other grain sizes have

been claimed to control the permeability of porous media, such as the mean graiggestesi

by Slichter (1902)and referential grain size corresponding with the KozZ8rayr mands e q u
(Kozeny,1927; Carman, 1937; Carman, 193#ich allows the permeability of a polydisperse
medium to be determined by more complex calculation process; this referential grain size was
reported byUr umo v i | eto bealose to 4i.e. thé size where 40% particles in the
sample are smaller) in narohesive granular media. Although it is questionableiifdan be the
AReffective grain sizeod cgoaded matdridl, imggtill tshdeher e r me
in the calculationsf C, and G, as these two parameters are independent of hydraulic properties

and only reflects the distribution pattern of grain size.

Cu closeto 1 means a relatively uniform grain size distribution whereas largénditates a

more weltgraded mediumC; presents the smoothness of the grain size distribution curve: 1 <

Cc < 3 means that grains of all different sizes are contained in the medium and are of relatively
close weight; Coutside this range suggests that grains of certain sizes are exdessiffieient

or missing in the medium, -gir adwidb-grédddogammiarl t h e
medium requires adetween 1 and 3, and a Qreater than 4 for gravels or 6 for sand; should

any of these criteria provided by the Unified Soia&Hification System be not met, the medium

is to be cl assi fHblleahdlaosacsil@&lpr |y gr adedo

Natural granular flows are commonly polydisperse, containing a wide range of grajrtheezes
property allows granular flows to exhibit bulk laefours different from those of monodisperse
flows (Phillips et al., 2006; Goujon et al., 2007; Moro et al., 20However, most experimental
and numegal investigations of the internal mechanics of granular flows adopt uniform systems
(e.g.Jop et al. (2006); ManZal and Labiouse (2013); Gollin (20)7while in wellcontrolled
experiments of realistic debris flows (elgerson et al. (2010); Hilimann et al. (2015); Zheu

al. (2018), the consideration of polysjersity is usually limited to the effect of fines content,

which has been noticed as early as the workiafor (1996) Macroscopically, the impact of
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granular flow material changing from monodisperse to polydisperse on the bulk flow behaviours
is straightforward, yet the internal physics controlling the differences between uaiokrmelt
graded flows remains not clear and quantitative descriptions of those differences are not

currently available.
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Figure 2-10: Grain size distribution curves of uniform, welladed and gajgraded materialSanvitale, 2010)
2.5.1. Size Segregation

Grain size sgregation $ec.2.1.3 happensvhen a polydisperse granular flow is sheared in the
gravitational field(Savage and Lun, 1988@rains can segregate according to other properties
such as shape, density anekilience but particle size is believed the key to driving the
segregation phenomenagwilliams, 1976) The mechanism for grain sizegsegation has been

widely studied, mainlysingbidisperse particles (e.glill et al. (1997); Alexander et al. (2004);
Conway et al. (2006); Goujon et al. (20D Although segregation can be affected by more than

ten different mechanism@vicCarthy, 2009) the combination of kinetic sievingi.e. granular

flows in the gravityd r i ven motion is similar to a fArand
statistically more probable than coarse grains to fall into the voids within the lower granular
layer) (Middleton, 1970)and squeeze expulsig¢ne. individual grains can be squeezupwards

and out from the original layer by the imbalanced interaction fof€es)age and Lun, 1988%
recognised as the dominant mechanism for the size segregation of sheared derexefigrasiul

thi s combi ned e f-firigen segrégatimmead | fogwsa vitoirmoye towaads t | ¢ |
the bottom and coarse sediments towards finee surfaceof the granular flow. Another

segregation pattern, which transports boulders towards thednahfines towards the rear, is
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induced by the strong shear of the granular ni@ssy, 2018) since the free surface velocity of
granular flows is higher than the velocity of the lower portion, larger grains lifted to the surface
are preérentially carried towards the flow front, and after being overrun by the following flow
body they may rise to the surface again and then move to the front again; hence, coarse grains
are continuously transported to and are concentrated at the flow érartually forming a

typical debrisflow surge asshown inFigure 2-3. More details aboutmechanismdor grain size
segregation can be found@ray et al (2015)andGray (2018)

Grain size segregation in polydisperse granular flows is noteworthy to-flelaristudies for resulting in
uniquedynamicsthat cannot be found in uniform flows. For instance: the spatial distribution of hydraulic
diffusivity of the flow material, and thereby that of pore pressamehighly affected by size segregation
(Ilverson et al., 2010he dry granular surge front with larger grains and high permeability experiences

hi gher | ocal resi stance and may serve as a fAmov
upstreanslurry part, facilitating the excess pore pressure developiRerson, 1986)fine grains spread

at the bottom layer of polydisperse flows can adjust basal atitema with both channel bed and the
overlying coarser particlgssoujon et al., 2007 However, the effects of size segregation on\gehded

granular flows are rarely focused on. Segregation in polydisperse granular flows needs further
investigation to accurately analyse and estimate the dynamics of realistic granular flows.

2.5.2. Pore Pressure

The development and dissipation of pore fluidgsure are influenced by the presence of various
grain sizes in the granular flow. First of aline solids pose vital impacts on debfisw
behaviours. Fines content controls the hydraulic permeability of a porous mgdtaemn, 1892;
Hazen, 1917%)permeability is remarkably reduced by just adding a few fines to larger particles
(PiresSturm and DeJong, 202ZThe lower permeability of granular media, which can be caused
by the decreased particle size and/or void rétioang et al., 2019)allows the pore pressure
more easilyto increase and sustaifiresSturm and DeJong, 2022Kaitna et al. (2016)
considered another mechanism for high pore pressure sustainability: the pore fluid viscosity is
increased Y mixing with fine particles and provides higher resistance to the settlement of larger
sedimentsthus solids separated by excess pore pressure find it to be more difficult to reestablish
enduring contactsThis mechanisms indirectly supported by the wo of Yang et al. (2020)

which found thaplaty coarser clastcan be suspended longer in pore fluids as they have larger
specific surface areas, and hence the flow material is easier to liquefy; however, platy clasts
reduce the volume of pore spaces at the same time, resulting in lowewglaek of pore

pressure Neverthelessthe increaseof fines content has been widely agreed to significantly
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enhance the peak value and sustainability of high pore preS§sareon, 1981; Major, 1996;
Iverson et al., 2010; Kaitna et al., 2014)

Well-graded granular media possess other important factors to pore pressure generation. A good
gradation primarily improves the packing efficiency (tlee proportion of total space occupied

by particles) of the granular medium; as a result, the dilation tendency is enhanced when the
medium is sheared while shear deformation is weakened, i.e. the effective shear stiffness of the
granular medium is incread (PiresSturm and DeJong, 202Zowever, welgraded material

can meanwlhe increase the magnitude of the developed pore pressure when fully saturated
(Belkhatir et al., 2014; Kaitna et al., 201and thus is more likely to liquefy and lose the
enduring solid inteactions; vith grain size segregation, the internal of wgthded flow material

tends tokeepthe developed excess pore pressure and pushes the flow margin, where unsaturated
or dry coarser grains experience higher frictiSanvitale, 2010)The pore pressure magnitude

also increases with the enhanced material compressibilitgson, 2015and the decrease in®

(i.e. effective grain size) @nDso (i.e. the grain size where half the sample is coarser, also known

as mean grain sizépelkhatir et al., 2014)
2.5.3. Bulk Flow Mobility

Whether dry or saturatedranular flows with a wide range of grain sizes can exhibit great bulk
mobility, which can be attributed to interactions among fine and coarse grains. In the dry case,
bulk mobility, quantified by the moving distance of the centre of mass from the start of flow to
arrest, increases with smaller grain sigeagnoli and Romano, 20%2his can be explained by

the decreased specific energy loss per unit flow rffasgnoli and Romano, 2010a; Cagnoli and
Romano, 2010b)The highest bulk mobility occurs when fines content in dry granular flows
reaches a certain critical value before which the mobility increases with the concentration of fine
particles(Phillips et al., 2006; Moro et al., 2010An explanation for this phenomenon offered

by Yang et & (2015)is that a small number of fines spread beneath coarser graifisnction

as fAwheel so, produci ng -béddoundary dndl effectyvelyf lubricatibgi o n
the basal interactions; this wheel structure, however, faihyvhen fnes content rises beyond

the critical value as the additional fine grains gathering together can be jammed and forced to

slide.

For polydisperse granular flows saturated with fluids, i.e. debris flows, bulk mobility is also
enhanced by the increased firmestent(lverson, 1997; Hirlimann et al., 2015A critical value
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of fines content corresponding with the maximum mobility seems not to have been discovered;
this is not surprising since the pemtage of silt and clay is generally very small. According to
lverson (1997)the longer runout and extensive spreading of debris flows are mainly due to the
decreased frictional resistance by fine grains; additionally, erpats done byanvitale (2010)
showed that the highly inhomogeneous distribution of excess pore pressure in sdgiegast

flows allows the minor part of flow margin to be pushed forward and sideward by the major part
of the internal flow body, resulting in larger travel distances; for less segregated flows, in
contrast, the pore pressure distribution is more unifamoh thus the boost of mobility driven by
persistent excess pore pressure is weakenvitale (2010)@also systematally analysedthe
impact of grain size distribution on debfisw runout behaviours: with the same mean grain
size, longer runout and higher segregation level are given by morgradéd material; if the
gradation is identical, travel distance is threduced with the increase in mean grain size, and

this tendency can be strengthened by the larger uniformity coefficigrdf the source material.
2.6. Critiques

This chapter reviews some of thmedecessorg'esearch for granular flows to propose the

following arguments:

(i) Granular flows are complex phenomena that usually need the idealisation of flow material
(i.,e. assuming the material to be dry and monodisperse) to determine the constitutive
relations and t@redict the bulk flow behaviours.

(i) Physical frameworks of debris flow, where realistic material composition (i.e. saturated and
well-graded) must be considered, often simplify the internal mechanics to estimate the final
deposition.

(i) Dimensional analysis isurrently the most reliable tool to reflect the lesahle physics of
realistic debris flows and can be utilised when analysing débwvisdynamics. The Savage
number (and its alternative form used in granular physics, the Inertial number) and Bagnold
number have been weallefined and widely acceptedhile the Darcy number and Reynolds
number have some issues tliait their applicabilityand are less relevant to teeallscale
granularflow behaviours focused on in this study

(iv) Realistic debris flowshow different bulk behaviours from idealised granular flows (e.g.
higher bulk mobility, heterogeneous nonuniform surge, presence of pore fluid pressure); this

is the result of the source material containing pore fluid and polydisperse solid grains.
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(v) The irfluence of pore fluid on granular flow behaviours has been widely studied, but the
mechanism for pore fluid enhancing the bulk mobility of granular flows, which is one of the
primary engineering concerns, is not fully determined.

(vi) Research about polydispi#ysis not very rich, as analyses of internal granular flow
dynamics mainly employ idealised material whereas those usinegraeled flows often
focus on the change in fines content; direct dynamical contrasts between uniform and well
graded flows are rar

(vi)A gap regarding the roles of pore fluid and polydispersity in the mechanism for the

evolution of bulk flow behaviours remains in the granular flow research.

Therefore, to understand the change in the physical process of granulaexfmmenced during

the evolution of material composition from idealised to realistic, the roles of pore fluid and
polydispersity in granular flow dynamics are needed to investigate and are the issues of interest
in this study.
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3. Methodology

Preface

Smallscale laboratory experimentation is the method used in this study to investigate the
influence of pore fluid and polydispersity on granular flows. The experimental setup is a small
scale inclined flume systent¢c.3.1.1). Two types of granular media, monodisperse ceramic
beads and polydisperse real s@k(.0), are utilised to perform dry uniform, wet uniform and

wet noruniform granular flows$ec.3.13). A set of sensors, including two loadc€ls), two
porepressure transducers (PPT) and an ultrasonic sensor, are installed on the downstream part of
the tilting flume to collect data on basal normal stresses, basal pore fluid pressure and flow
thickness, respectivelysgc.3.1.1and AppendixA). A high-speed camera fixed near the flume

end and pointing at the sensostalled zone captures a series of Fsgleed images to record the

flow motion, which later can be translated intelocity information via Particle Image
Velocimetry (PIV) analysisgec.3.2). Final deposits of tested flows are measured and analysed
to derive their bulk flow mbility (Sec.3.3). After combining the mechanical and kinematic data,
dimensional analysisSgc.3.5) is carried out for each tested flow to determine the dominant

stresstransfer mechanism and flow regime.

It should be stated that, as this study is part of the Rosetta Stone Network, the experimental
apparatus and materiatigotedin this study are in coordination with other investigations in the
project. This project partly aims to provide higjuality experimental data with wellefined
boundary conditions to improve the calibration and validation of the existing -dielvis
numerical models; hence, although some experimental conditions such as scale, bed roughness,
material size and density are not similar to the realistic débvischaracteristics, those factors

can easily be utilised and changed as the input of numeradls(Bowman et al.2021) Both

the uniform beads and wajraded soils are shared among all the members of the Rosetta Stone

Network to achieve direct comparisons of flowing granular media produced by different
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configurations. The smasicale inclined flume used in thisudy parallels the larggcale flume

i n Queends University,

Canada; wi t h

t he
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contrasts between granular flows from these two flume systems should reflect the scale effect.

3.1. Small-scaleExperiments

3.1.1. Experimental Setup
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Figure 3-1: Experimental setup. (a) Side view; (b) zooriredensor detection zone; (c) top view

The experimental apparatus consists of a metal hopper, a tilting flume,remz@ntal runout

channel, as shown irigure 3-1 and Figure 3-2 (a). Similar flume systems, where the

experimental configurations are not completely identical, have been used in previous studies

such agsollin (2017)and Sanvitale (2010)The flumemadeof clear acrylic and inclined at 30

is 1450 mm long and 100 mm ad. About 80% of the flume is confined by 196 mm high
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sidewalls, and the remaining 20% at the upstream end has higher sidewalls to receive the
released material; high sidewalls and narrow flume width help to produce thicker flow depths,
allowing observatins of sideview flow profiles. The flume bottom is covered with a layer of
machineroughened aluminiunwhich is relatively smooth and allows the variation in slip
velocity of granular flows to be produced and observed more eBsitgacquisition sensorare

installed near the downstream end of the flumgure 3-1 (b) and Figure 3-2 (b) demonstrate

the mounting position of all the sensors, including two loadcells (LC) and tweppessure
transducers (PPT) on the flume bed, plus one ultrasonic sensor above the flgngivd @tal

stress signals normal to the bed; PPTs give basal pore fluid pressure responses, which are only
available in wet tests; the ultrasonic sensor detects the distance to the flow surface and outputs
flow height values. PPTs require saturation ®asure the fluid pressure; to prevent solid grains
from pressurising the PP3aturating water and interfering with the measurement, metal meshes
with 0.5 mm aperture size are plugged into transducer holes as filters to block the grains out.
More details ofsensors and their calibration processes can be fougpendix A. A high

speed camera is placed near the flume outlet where the granular flow is fully developed and is
about to run into the horizontal channel, recording the flow motion D gnar gle view.

The hopper at the top of the flume system is over 40 litres in volume, with a roughly 120 x 140
mm rectangular opening in the bottom, serving as a container for storing and releasing the
experimental material. Aneumaticallyoperatedrapdoor isattached to the hopper, as shown in
Figure3-2 (c). Before releasing the material, the trapdoor is closed and is pushed upwards by a
pneumatic actuatodriven by air pressure, thereby the hopper opening is fully sealed without
leakage. Once releasing the applied air pressure, the actuator drives outward to release the
trapdoor, which is dragged away by a spring so that the trapdoor opens rapidhgptieeor
activation also triggers the microswitch linking to the higleed camera and data acquisition

box, synchronising the material release and data recording.

The confined acrylic runout channel is located at the exit of the flume to collect the sudfiolw

allow deposition development. The confined runout chafffigure 3-1 and Figure 3-2 (a)) is

1400 mm long, 100 mm wide and 210 mm high, with a bevelled sidewall at 60 degrees towards
the flume outlet. The same width as the flume, matching sidewall angles, and the height
adjugable base frame, on which the runout channel is placed, guarantee a tight joint between the
runout channel and the inclined flume. When necessary, another identical runout channel can be
placed at the distal end of the one jointed with the inclined flleohjeving a maximum

horizontal channel length of 2800 mm as showrfigure 3-1. The assembly approximately
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forms a 2D domain, as the breadth throughout the systeroisiderably narrow and flow
behaviours do not significantly vary in the lateral direction. TH2 flow path prevents the
deposit from spreading to the flanks and forming an alluvial fan that typically occreslistic

geophysical mass movements; hoaewvit also allows bulk mobility to be straightforwardly

represented by travel distance along the horizontal direction.

o0l 1\ |

High-speed camera [l

|

Pneumatic |
actuator

Trapdoor |..

Figure 3-2: Real photos of the experimental setup. (a) ss@le flume system; (b) sensostalled zone; (c)
hopperoperating system.
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The smalscaleflume systemhas many clear practical advantages of low cost, easy manufacture
and convenient assembly and modification; from the experimental perspective, most importantly,
this laboratoryscale setup allows fast preparation and conduction of experiments, pret¢isé con

of test variables, repetitive calibration of sensors (especially PPTs), and careful data
measurements. However, the small scale also brings limitations. The tested granular flows
undergo strong sidewall frictions which limit the development of the f#lelocity profile and

may reduce theepresentativityof PIV measurements as flow motion visible on the sidewall
differs from that measured internallganvitale and Bowman, 2017he small size of the tested

flows leads to decreased development of positive pore pressure but increased shear resistance
caused by poréuid viscous and cohesive stredserson, 2015)this typical scale effect does

not interfere with the study on the fundamental gariel effects but reduces the relevance of
experiments to fiekbcale flow behaviours. Similarly, the narrow runout channel sandoth

basal boundary are not necessarilpgistent with the realistic geophysical flow conditions but

also result in favourable aspects: the confined runout matches the 2D flow path assumption in the
analysis of bulk flow mobility, and the smooth bed facilitates the observation of small variation
in slip velocities in the shallow tested flows.

3.1.2. Source Material

Two types of granular media are required to show the evolution of flow material from idealised

to realistic in the flume experiments: one needs to be rigid, uniformly graded arsphesdcal

and the other should be wgjtaded and irregularly shapesaintGobain Norpré s Denst on ¢
2000 Support Media, a product of psetgterical ceramic beads about 3 mm in nominal size,

was selected as the idealised granular medium due to its hardnesssue relatively consistent

particle characteristics throughout multiple test runs), roughness (to obtain notable frictional
grain contacts), sphericity and uniformity. The physical properties of Denstone 2000 are given in

Table3-1 and a photograph of the ceramic beads is presentediine3-3 (a).

Thewellgr aded solid materi al referred to as AM
with different ranges of grain size. The constituent soil products, as shdviguire 3-3 (b) and

(c), are designed to be mixed according to the recipe providédirme3-2 to reach a grain size
distribution as depicted iRigure3-4; the intended grainsizéi st ri buti on corres
distribution used irbanvitale (201Q)which is adequately wefiraded (G =21 and G = 1.1)

and has been proved to produce consistent bulk flow mobility, evident grain size segregation and

is comparable to some finer flow mixtures from the lligraben site in Switzeflandrdell, pers.
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comm.) The mixed sample givesi= 0.164 mm, [s = 1.909 mm, and & = 5.561 mm. As

plotted inFigure 3-4, the Dy value in this study seems lower than that of previous works; this
may result from the breakage of coarser angular particles during sieving or transpoitagon.
coarsest part of grains being smaller in size may lead to slightly reduced impact force (which is
not measured in this study) and degree of size segregatioa gefosit Sanvitale, 2010)but

the effects should be subtle overall as more than 70% of the size distribution follows the recipe
including the size range controlling the permeability and hence the pore pressure development.
Owing to the weHlgraded material, Maple Mud is considerably denser than Denstone 2000
ceramic beads, possessing a bulk density of 1850%kayfich a void ratioof 0.39; note that the

bulk density of Maple Mud was measured when the sample was most closely packed, where the
bulk volume does not vary observably. In addition, Maple Mud, composed cgraekd soll,

was considered to be more likely to generate-emilibrium (i.e. excess) pore fluid pressure (as

in real debris flows or in other laboratory polydisperse flows such &siima et al. (2014);
Okada (20149) than the uniform and relatively large Denstone 2000 ceramic beads were (similar

to the pore pressure measurediisita and Sciences (2012); Stancanelli et al. (2015)

Figure 3-3: Photayraphs of experimental solid materials. (a) Denstone 2000 ceramic beads; (b) and (c) Maple Mud
constituent soilswhere material labels are consistent with thos@&aile 3-2.
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Property Denstone 2000 Beads Data Source
Grain Density (kg/m?) 2.241x103 a
Nominal Size (mm) 3 c
Diameter (mm) 281 4.3 c
Average Diameter (mm) 3.85 a
Average Void Ratio 0.575
Average Bulk3 Density 1.417x103 d
(kg/m?)
Sphericity (%) 92.2 a
Restitution Coefficient 0.611 a
Internal Friction Angle (j 33.7
Friction Angle on the 21 d

Aluminium Bed (j

Table3-1: Physical parameters of DenstoB800 ceramic bead®ataare from (a) Coombs (2018)Yb) Raymond
(2002) (c) Denstone 2000 datasht(d) measurement and calculation.

Product Label Main Size Range (mm)  Mix Proportion
Target Products Ltd. Filter Silica Sands . o
and Gravels (1/8" to 1/4" size) 336195 35.5%
Target Products Ltd. Filter Silica Sands . o
and Gravels (4 to 10 mesh size) Lris. 12.5%
Target Products Ltd. Filter Silica Sands . o
and Gravels (10 to 20 mesh size) 067 1.7 10.0%
Target Products Ltd. Filter Silica Sands . o
and Gravels (16 to 30 mesh size) 03i 118 10.0%
Target Products Ltd. Filter Silica Sands . o
and Gravels (30 to 50 mesh size) 02127106 10.0%
Target Products Ltd. Industrial 70 Sand 0.0757 0.42 12.0%
Lane Mountain Silica Sand (125) 0.06371 0.212 10.0%

Table3-2: Recipe for Maple Mud.
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Figure 3-4: Particle size distribution curves of Maple Mud, where blue denotes the distribution following the recipe,
red the one utilised i®anvitale (201Q)and yellow the one measured in this study.

3.1.3. Test Conditions

Experiments in this study are categorised into a few different test groups based on source volume
and water content as shownTiable3-3. For conveniace, each test group is labelled according

to its material amstdndsoa mpgilcer@aon d¢i tbieams:0, i GMO
for fAdryo, ASo for fAsaturatedo, AWO for HAwet
AUoO for fAdniGorfyoradwel | The controlled varia
tests is the bulk dry volume of solids, whi
group Ai2<Dppenentary o A CWUO , but is separated as
experiments were undertaken before the flume was fully fixed and fastened, leading to apparatus
conditions wunidentical to ACWUO tests. Mor e

measured weight, void ratio and bulk density can be checkbd resilt chapters

Different test groups are designed to show the effects of pore fluid and polydispersity on
granular flow behaviours through comparison and contrast from the most simple, idealised flows
to the most compl ex. i C Dolsét upt acbsnthmarkuascevalidatethe ¢ e r
experimental configuration since sufficient data of dry chute flows can be found to compare with
in the Iliterature. ACSUO tests add water to
ensure most beads cha transported to the horizontal runout channel even for the sample in the

lowest volume), showing the effect of saturating porefhyid ont r ast i ng wi t h @CcC
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ACWUO and A2CWUO tests gradually change t he

produce granular flows from slightly wetted to saturated, and hence exhibit the difference in

granul ar flow behaviours | ed by exwgmadedMaplg wat
Mud in the same bul k vol umes asofihepreBGe@GcB8 Of0 t e
polydispersity in saturated granular fl ows.

flow behaviours evolving with different water content, but also show the response-giackd
material to changing water content by costtai ng wi t h ACWUO f Il ows.

Test Group Bulk dr(;l/_)volume w(;;z\rli:;ittrei;(r:]t
CDU 0.757 4.00 0.00
Csu 0.757 4.00 0.45
cwu 2.00 0.017 0.40
2CWU 2.00 0.35¢ 0.45
MSG 0.75¢ 3.00 0.22
MWG 2.00 0.20¢ 0.30

Table3-3: Experiment groups and the respective controlling variables.
3.1.4. Test Procedure

A test starts from sample preparation and the preparing processes for ceramic beads and Maple
Mud are slightly different. Ceramic beads in a designrddme are measured and weighed in a
measuring jar and then poured into the cl os
also measured and weighed to obtain the intended water content. A portion of water is firstly
added to the dry grains in thepper to the point where the water level is just observable on the
top surface, given a sufficient water volume; whereafter the remaining water is weighed to
calculate the consumed mass of water, and is then poured into the hopper. This procedure
enableghe saturating water content and void ratio (as mention&adrD) of the sample at rest

to be calculated, yielding the average saturatintgemeontent for uniform ceramic beads being
0.256 while that for welgraded Maple Mud being 0.21. For Maple Mud, on the other hand, the
weighed solids must be put into the hopper after water, as the process of pouring water takes
sufficient time for the wll-graded solids to consolidate into a deagglomeratthat is very

difficult to stir and to fluidise.

For tests that involve water, two more steps are necessary. (i) PPTs must be properly saturated;

specifically, the transducer hole needs to be filléth vde-aired water without air bubbles
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entrained inside; this is done by injecting-aleed water from a needled syringe into the
transducer hotethis process should be done before the sample is mixed in the hopper. (ii) The
mixture in the hopper must bmanually stirred continuously until opening the hopper gate,
especially when using Maple Mud whidan be fluidised by the agitation and contains fine
sands and silt that can be suspended in the fluid phase; ceramic beads are too large to suspenc

and tendo settle down very quickly even when the sample is highly agitated.

The source material is dropped into the flume system when the keggderg trapdoor is
opened;simultaneously the stationary higkspeed camera and the data acquisition system are
both activated by the microswitch. The flow is formed and developed during the downslope
motion along the inclined flume, passing by the sensounted and camefdmed area, and

then flushing into the horizontal runout channel. The outflow deceleratesvantually stops in

the channel. At the end of the test, the deposit is measured and filmed to capture-tlevside

shape before cleaning the apparatus.

3.2. Particlelmage Velocimetry (PIV)

Particle Image Velocimetry (PIV) is a walbktablished optical mebdd of kinematic
measurement. This nantrusive measurement technique has been broadly utilised in laboratory
experiments to obtain the velocity distribution of flowing substances, whether composed of solid,
liquid or gas.For the uniform spherical solichaterial,anotheroptical measurement technique
known as Particle Tracking Velocimetry (PTV) is also suitable to give satisfactory velocity
measurement and even works better on tracking the variation in volume fraction; hd?iéver,
which measures displament by tracing the movement of individual particles does not work
with polydisperse flow material at presefte decisive advantage of PIV application for this
study is that PIV gives a velocity field over a planar flow domain, hence permitting theatetec

of particles of various sizemnd practicallyallowing the analysis omvell-graded granular flows

this enables a consistency tife measurement approaalsed on different flow materials
Comprehensive reviews of the PIV technique have been prowndée iiterature, e.ghdrian et

al. (2011) This section oly introduces the basic information of PIV analysis based on the PIV
software adopted in this study, GeoPI1V, which is establishétttibie et al. (2003and has ben
previously utilised by many, e.Ganvitale and Bowan (2012); Gollin et al. (2017b); Coombs
(2018)
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3.2.1. Fundamental Procedure

PIV derivesvelocity information from a series of images capturedheycontinuous shooting of

a highspeed camera recording the flow motion. For each-$igied image, a domain of interest

isdi vided into a grid of smaller @ubdaoamavi msg,o
or fApatcheso; in GeoPlV each rectangul ar pai
and one centroid. The entire domain of interest containing multiple rows and columns of patches
is then referred t o asposdion bfrmeshhlocations of fleving a s
particles within all the patches evolve with the image sequence, in which images are separated
by a certain time intervatd. After all the subimages within patches are determined for the first
chosen image, the dest matches for those subimages are sekarchedn the image at the next

time step. To save processing time, each patch is searched individually in the next image and
only within a useidefined range of the neighbouring zone. The most probable disgatefma

patch withingi can be extracted by comparing the patch location in the corresponding image
pair; for a digital system, this comparison is processed by maximizing thecomsktion

function of the image intensity field between the image par Wourier transform. A
displacement field of the interested domain during the time interval between two frames can then
be obtained by repeatedly applying the crosselation to the whole mesh. Furthermore,
Eulerian velocity vectors of all patches cam gpenerated by dividing the displacement by the

time interval. The analysis is applied to all the imagessecutivly to produce the velocity
distribution of the entire flow body. A depiction of the analysis principle is shown below in
Figure3-5.
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Figure 3-5: Schematic illustration of PIV analysis princigléollin, 2017)

PIV analysis requires visible particles to show their moving track in the flow field. For flows
consisting of nofiransparent materials, such as sgidinsinvolved in this study, the opaque
particles can produdenagetexturewith light and shade consts to identify the flow motion; a
consequent drawback of this, however, is that measurements and observations are only allowed
at the external boundaries of the flow. In the case of transparent flowing substance, which is not
used in this study, seeding wacers andluorescencéasedvisualisationmay be involved in
high-speed photography; an example of applying PIV analysis to flows of transparent glass

particles can be found fanvitale and Bowman (2017)
3.2.2. Parameter Setting

High-speed images were captured in 1280 x 800 pixels resolution at different framerates for
different test materla: 1200 frames per second (fps) for ceramic bead flows and 3000 fps for
Maple Mud flows; the lower framerate ensured the capture of the entire uniform flow event as
the highspeed camera has an upper limit for frame numbers per run, while the higheafeame
gave better PIV estimation on wegfaded flows as less difference between each image pair
facilitates the crossorrelation. The camera view was just enough to cover both the upslope and
downslope sensor§igure3-1), yielding an image scale of 0.2266 mm per pixel; hereafter, when

giving a pixel length, the corresponding approximate real length is also provided.
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A version of GeoklsW, Gdcwhh &/Banisetsad EBicoendn, 2012)

The stationary mesh in the PIV analysis created at the downslope sensor position, as shown in
Figure3-6 (a), was made up of four columns of 24 x 24gts @ 5.44mm) replicating every 12
pixels @ 2.72 mm) along the-®irection and 2 pixels&(0.45 mm) along the-direction the

small zspacing enabled precise vertical velocity distributions. For Maple Mud, patch size equals
about 2.85 I, hence themage density is 8.12d9per patch, complying with the recommended

5171 10 particles per patch bydrian et al. (2011)For ceramic beads, each patch contaifdl2
grains on average (patch siael 4l); the patch size is relatively small but is still larger than
twice the maximum local displacement (a requirenodéraccurate crossorrelation proposed by
Raffel et al. (2019)of about 11 pixelsd 2.49 mm), and can avoid an owareraging of local
velocities of multiple grains. To accurately identify boundary velocities, the mesh was ranged
from more than one patch below the bed to at least half a patch above -hesegeed peak

flow thickness, esuring both basal boundary and flow surface could be found in the centre of a

patch.
3.2.3. PostprocessingVelocity Profiles

Velocity profiles derived from PIV analysis need postprocessing to delete undesiredgata.

3-6 (b) shows an example of a velocity curve before and after postprocessing. Thiefiistto
remove velocity values above the flow surface, which is identified by the maximum velocity
these data may be generated by patches not filled with grains, indicating that thiewiflew

surface is below the centre of the patch. Similar circumstances occur at the basal boundary. The
Abasal pat ch diguet-6 (&)@orrésposds with the vertical position of the blue
patch inFigure 3-6 (a), below which a portion of the image inside a patch is the stationary
textured flume bed. The inclusion of this bed would lower the calculated velohiige Tower

data close to the flume bed need to be replaced by estimations frommiseid velocity
gradients (i.e. making the velocity gradient near the bed identical to that between the two points
above the basal patch centre), but not until the velocity curves are fitted by power functions and
smoother profiles are produced. This iggt@rantee a convex shape of fitied velocity curve:

as shown inFigure 3-6 (b), a portion of the velocity curve above the basal patch centre is
concave even when the flow is thin, in which case the whole velocity profile may be fitted into a
concave curve if velogitvalues near the bed have been amended closer to those in the concave
portion. By checking the frames corresponding to the velocity profiteginre 3-6 (b), the hand
calculated slip velocity is 1.35 m/s, consistent with the estimated slip velocity; this shows that

the amendment of velocity values below the basal patch centre can give satisfactory outcomes.
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Figure 3-6: (a) Schematic diagram of PIV analysis, where a typical patch denoted with a blue square and the
stationary PIV mesh in yellow are highlighted. (b) Example of velocity profile showing the original dafal¥fom
analysis and processed data fitted by a power function.

331l dentification of fAMain Surgeo

In this study, the granular flow surge, excluding precursory grains and flow tail, is referred to as
Amain surgeo,; t he 1 denti fi owthe pants cortaininghless i me
valuable information fromhie analysis. As depicted iRigure 2-3, debris flow can be divided

into a series of sections including preauysgrains, flow head, flow body and flow tail. The

flow tail of a wet granular flow in a smadlcale flume is generally very thin and moves very
slowly, lengthening the flow duration over which PIV is difficult to apply; analysing the flow tail
seems unreessary since this part of the flow only contains a small portion of solid grains and
contributes little to the final runout. Similarly, a few saltating and dispersed precursory grains
hardly affects runout behaviours and cannot produce regular velauitiestresses, hence data

from this part may be less reliable and comparable.

The fimain surgeo part of a granular flow is
a main surge is defined by the moment when the flow height begins to costinvise. The

end point of a main surge, however, is determined when either flow height or basal normal stress
achieves a minimum within a useefined range in which the boundary between flow body and
flow tail can be observed; finding the minima of twargmeters reduces the risk of not involving

all the flow head and flow body, as the Pdvalysed zone (giving the flow height estimation)

and sensemounted zone (giving the basal normal stress response) may not perfectly in line and
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thus the data plottingf either one of the factors may look incomplete; the final selection of the

end point is one of these two minimum points with a larger time irfeigure3-7 takes GU 2.0

test (i.e. the saturated flow with 2L source volume and 0.45 water content) as an example to
highlight the difference between the main surge, which is denoted using asterisks, from other
parts, which use dashed linés,a test. As is shown inthéd o t the Aflow tail
dashed lines, which is too shallow (basically a-green layer) to expect accurate PIV results

and takes too long as grains just slowly slide down on the flume bed, seems less important than
the main surge; quotationar ks i ndi cate that the Afl ow tail
to its physical definition but is more of an expression showing its distinction from the main surge.
Also, note thatprecursorygrains are more notable in dry granular flows than in wet flows as

referenced irFigure3-7.
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Figure 3-7: |l dentification of fAmain surgeodo of a granul ar
represent the Amain surgeodo part whereas dash

3.4. Bulk Flow Mobility

Two parameters were selected tomuai fy bul k f I ow md and travel y : t
distance (L). Travel angle, as describedrigure 2-9 represents the apparent friction calculated

from the inital and final positions o€Centre of Gravity COG) and is the main parameter for
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characterising bulk mobility since the moving distance of COG is affected by both external and
internal energy loss. The travel angle is a measure of the efficiency of idlova fundamental
physical perspective. Travel distance from the inclined flume outlet to the distal end of the
deposit considers the spreading of grains, allowing quick comparisons among flows with similar
runout mechanisms. Travel distance is also vihaypically considered by civil infrastructure
engineers carrying out risk analysis on the potential for debris flow hazard, as this determines the
extent to which infrastructure may be spatially affected by a debris flow. The reliability of these
two paameters is ensured by theD2flow path where flow material cannot move to the flanks

and higher flow mobility can certainly push the deposit forward.

The travel angle and travel distance of a tested granular flow are derived from the final deposit in
the horizontal runout channel. As explaineddrec.3.1.4 the sideview geometry of the deposit

was videerecorded by a smartphone after every test. Later the deposit outline was drawn in the
drafting software AutoCAD based on a series of pictgesed from the video, as depicted in
Figure 3-8 (a); 2x2 mm grids were put on these pictures, which were scaled to actual sizes, to
draw the deposit dline as regular polylines. Only the domain in the centre of the camera view
was kept for each picture to minimise the distortion in deposit geometry due to the fisheye effect.

Travel distance is hantheasured after the completion of deposition; the lenfjthe sketched
deposit outline must meet the measured value. Travel distance of a wet flow deposit is easy to
identify, as a heap containing a large number of grains is oriented towards the distal end,
producing a clear and wedlounded deposit margingif dry flows, however, the heap tends to

rest towards the slope and the distal margin of the deposit is blurred by a few scattered grains.
Figure 3-8 (a) presents an exampled dry flow deposit of ceramic beads as well as the
determination of theanteriorboundary of a dry deposit, which is defined by a transversal line
where half the channel width can be occupied by approximately 15 grains.
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Figure 3-8: Schematic illustrations of (a) determining the range of dry flow deposits, where the red line divides the
deposit body from scattered individual grains and (b) drawing deposit outtim@svideo frames.
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Travel angle is generally determined after drawing the deposit geometry with the calculation of
COG positions within the initial source material and the final deposit. The hopper lifts the source
material to a position above the flume pgi/ing a minor increase in the gravitational initial
potential energy. bwever, unlike liquid flow discharged from an hourglass where the flow rate
depends on the pressure applied to the aperture and hence on the height of fluid, solid grains in a
vertical container can achieve a bottom pressure independent of their piling height, as the weight
of grains can be transferred to the sidewall of the containgrdnular arching and can then be
supported by sidewall frictiofdanssen, 1895Hencethe COG within a frictional granular mass
placed in a hopper has no bearing on the outflow behaviour or flowrate and the additional height
contributes very little to the available energy for flow. To understand better the influence of the
release height on the consequent travel angle, trials of 2L dry uniform flows were initiated from
both the hopper and a liftingate system; results show that, in ttast with the flow initially

resting on the flume bed, the hoppeleasd flow gives higher bulk mobility (longer travel
distance and farther COG) but also generates a larger travel &nglee(3-9 (a)) due to
consideration of the additional drop height. Therefore, travel angle estimation needs to be
amended.

Considering the analogy between a hopper and a silo, one idea for cortketilmgvel angle
estimation is to fix the initial position of COG at the centre of the hopper base (the green cross
and green dash line iRigure 3-9 (b)) , assuming that granul ar f |
from the hopper gate. Experiments donefoyiirre et al. (2010demonstrate that the mass flow

rate of solid grains through an orifice is es&#ly determined not by pressure but by the driving
mechanism and the orifice geometry and can be quantified as a function of local grain velocity at
the outlet in a gravitglriven system. In this scenario, the bulk flow mobility should be mainly
dependenon the falling height, i.e. the drop in elevation from the hopper base to the flume bed
below, since the local velocity of grains through the hopper gate may not vary significantly with
either source volume or water content. However, granular flowsosgnd portion of velocity

when hitting the flume bed as shownFHmgure 3-9 (b). According toDunatunga and Kamrin

(2015) freefalling grains in a cluster undergo no interactive stress as they are discrete and
disconnected, but they densify and solidify as soon as touching a fixed plane to enable
intergranularstress transfer. When this phenomenon takes place in asardalharrow flume,

the downslope flow motion may not occur before a short solidification of dropping material,
indicating that granular fl ows practically i

wherever the grains initially come from. With ghinterpretation, the higher mobility of a
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hopperreleased flow Kigure 3-9 (a)) may be because only a small portion of grains falling
simultaneously ot from the hopper need to accelerate from a nonstatic state immediately after
solidifying on the flume bed, hence the flow is not mobilised from a highly frictional state where
particles are firmly in enduring contact; while in the liftiggte case, thentire mass that sits
statically on the flume bed at the beginning has to be gradually mobilised and to overcome
hi gher friction. Therefore, the assumpti on
reasonable and it allows the estimated travelesnigp be compared with results derived from the
widely-used liftinggate configuration. A hypothetical initial state of the source material as well
as the corresponding energy line are depicted in blue coldugime 3-9 (b), where the cross
section (i.e. topview) geometry of the blue block imitates that of the flow dropping out from the
hopper; this initial condition is an approximation of the stdtgranular media before flowing
downslope, but it gives a more satisfactory energy line (and hence a more appropriate travel
angle estimation) in comparison with the red and green lines starting within and at the base of

the hopper, respectively.

(a) The effect of initial
height on travel angle

Initial Sample Position

Red: dry flow released from the hopper
Centre of the — SN Energy Line Blue: dry flow initiated at the flume bed
Hopper Base e Fixed at

- / One End

(b) Schematic diagram of travel angle calculation

Approximated

Initial Position Original Energy Line

Corrected Energy Line Final Deposit

ar

Figure 3-9: (a) The effect of initial height on travel angle, where deposits are produced by 2L dry ceramic beads; (b)
schematic diagram of travel angle calculation, in which the original energydiaéed to real sample position is in
red colour, the attempted line to a fixed starting point at the hopper base in green, and the corrected line to an
approximated initial position at flume bed in blu
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3.5. Dimensional Analysis

To identify the flow regimerad the dominant streseansfer mechanism, dimensional analysis in

this study utilises dimensionless numbers introducedein 2.3, including theSavage number,
Bagnold number, and friction number; Darcy number and Reynolds number are excluded due to
their shortcomings explained in previous sections. As velocity profiles can be provided by PIV,
local values of dimensionless numbers distributed adius flow depth are also calculated. The
local Savage number at a height z below the flow thickness h is defined by the following
equation and is rewritten froig.(2-5) to make use of measured basal effective stress data rather
than theoretically estimated values:

(31

in whichg(z) is the local shear ratehe denominatorlasai - Prasa) A { zIh) gives the local
effective stress that is assumed to grow linearly with the flow depth from afstesdate at the
flow surface (i.e. a triangular stress distributadangthe flow deph). Grain sizel= 3.85 mm is
clear for uniform ceramic beads; whereas for wgedided Maple Mud, the appropriate choice of
U is more ambiguousSanvitale and Bowman (201Hhas providedlume experiment data of
polydisperse granular flows showing that the dependence of momentum exchange on grain size
exists even when the grain sizes are ingdgt uniform and only cover one order of magnitude;
grains in a larger size @ i.e. the size where 90% of grains in the sanapéefiner) tend to be
dominated by collisions and those in a smaller sizg)(By friction. Considering grain size
segregabn, U for Maple Mud is represented by the looaangrain size 3o that varies with the
longitudinal position in the flow body. The relationship of the localvalue with the position in
the flow body is assumed to be equivalent to that in the final deposibéseé.2and6.3for the

detailed calculation based on Maple Mud deposits).

The local Bagnold number at the height z amended Eqi2-7) is given by:

ifFUT

I U
0 o1 —

(3-2)

in which assumptions are made that the solid fraatioris constant in the flow body, aritle
dynamic viscosity of the pore fluid linearly varies with the water content from the value of air,
dair, to that ofwater,dw; the value of can be approximateuly:
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) v ’ (33

where watis the saturating water content of the granular medium; for uniform ceramic\wegads
= 0.256, while for welgraded Maple Mud w:= 0.21.

The local friction number at the height z, by its definition, can be calculated by the ratio of
Nsa(z) to Nsag(2):

. . a
) o0 U . n P 7T

- 34
0 a R 0 pit T (34

Additionally, threshold values of §4(z), Nsag(z) and Mic(z) demarcang different flow regimes
comply with the values given in the literature (seec.2.3) and are 0.1, 200 and 100,

respectively.
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4. Dry Uniform Flows: Results

Preface

The CDU (Ceramic beads, Dry, Uniform) test grompolves the idealised granular flows
composed of dry uniform pseudpheres. Details about the experimental setup, source material
and test procedure of CDU smattale flume tests can be found Grhapter 3 This chapter
presents CDU test results and is struatuas follows:Sec.4.1 gives measured data from CDU
tests;Sec.4.2 records the macroscopic morphology of flow deposits and the analysis of bulk
flow mobility; Sec.4.3 demonstrates the longitudinal flow profiles ahé tomparison of flow
heights; Sec. 4.4 contrasts loaaell responses of all CDU flows$ec. 4.5 gives velocity
information of dry granular flows, including velocity profiles and time history of dapdraged
velocities; finally, Sec.4.6 shows the estimation of the Savage number, Bagnold number and
friction number, including their local values and mean values across the flow height, to analyse

the evolution of momentum exchange within dry granélbws.

4.1. TestInformation

Source volume (more accurately the bulk volume of dry grains) is set as the experimental
variable for all the CDU tests and the value utilised in each test is included in the test label; e.g.
the | abel i CDU tlee.bulksdey vadume of thé darapte istOmalitres. Measured
data for CDU tests, collected from the sample before releasing from the hopper, the final deposit
in the horizontal runout channel and the AutoCAD morphological analysisS(see3.y, are

given n Table4-1, i n which: (i) Abul k dry volumeod i s

measuring jar; (ii) void ratio and porosity are assumedticknto those from CSU (Ceramic
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beads, Saturated, Uniform) tests (§gepterd Prefacefor values andsec.3.1.4for measuring
process); (iii)eridvaecloumesponttbhetboap sl ightly
grains cal cul at ebdlkd ernosm tpyoor oissi td/er i(vievd) ffir om t
and the calculated sample volume in the hopp
from the start of and along the horizontal channel &ae 3.3or identifying the front edge of
deposi t); (vi) Ainclined |l engtho is the | er
towards the wupsl ope di the onlyipaameter thav is not diréctlyr a v e
measured but is determined by the energy line drawn from the source material to the final
deposit (se&ec. 3.3.

Test Cbu0.75 CDU1.0 CDU1l5 CDU2.0 CDU4.0
Bulk dry 0.75 1 15 2 4
volume (L)
Solid mass (g) 1120.5 1488.45 2223.15 2920.39 5806.35
Source Void ratio 0598 0579 0585 0566  0.582
measurements Porosity 0.374 0.367 0.369 0.361 0.368
Volumeinthe ;49,1049 1573 2040 4098
hopper (cm?)
Bulk density
(g/lcm?) 1.402 1.419 1.414 1.431 1.417
. Runout (mm) 600 690 800 940 970
Deposit :
measurements  Inclined length 30 30 96 115 280
(mm)
Morphological 156 angle () 276 27.2 28.1 27.9 30.1

analysis

Table4-1: Test information of CDU tests.

4.2. DepositAnalysis

The typical deposition process of CDU flows giveri-igure4-1 is taken from the CDU 2.0 test

(i.e. the dry uniform flow with 2L source volumahd shows that a dry granular deposit tends to
lean against the slope, forming a backward heap, i.e. the majority of grains do not flow to the
distal edge of the deposit but rest near the inclined flume outigite4-1 also exhibits how the
majority of grains are left behind close to the slope: as dry grains flowing into the runout channel
decelerate and come to rest from the flow front to the rféauie 4-1 (a)), a granular jump
(similar to a hydraulic jump) occurs and the stationary granular heap consequently thickens
(Figure4-1 (b)); the settledyrainsat the front keep jamming the following flow body until nearly

the upstream end of the hedpg(ure4-1 (c)). The flow movement is blocked by the deposited
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leading edge because flowing grains cannot overcome the intergranular frictional resistance to

the shear or inertial movement aftanning into the horizontal channel.

Figure 4-1: Deposition process of dry granular flows. (a) Dry flow enters the runout channel, (b) flow front stops
and the body settlesccordingly, and (c) deposition continuously develops backwards

The deposit morphologies @il the CDU flows are summarised igure 4-2, in which the
horizont al scale is five times compared wit
Gravity (COG) is highlighted by a solid circle sharing the same colour as the deposit outline. All
the dry deposits show similar shapes as-imure 4-1 (c), indicating a consistent deposition
mechanism shared across CDU flowdéth an increased source volume, a larger portion of the
material is ¢ft on the slope to build a thicker heap and the COG of the deposit locates slightly
more towards the upstream positidgngUre 4-2). The sideview morphologies, as well as the
COG distribution of CDU deposits ifigure4-2, are similar to those of other dry granular flows
or landslides, e.gSmith et al. (2006); Bryant et al. (2014); Coombs (2018); Cheng et ab)(201
Li et al. (2021)

0.15
— CDU0.75 CDU1.0
g 0.1 | CDU1.5 CDU2.0
2 005l CDU 4.0
D
)
T O
_0 05 | | | | | |
05 0 05 1 15 2 25

Deposit length (m)

Figure 4-2: Deposit sideview outlines of CDU flows. The horizontal scale is 5 times the vertical scale. Filled dots
represent the locations of the centre of gravity.
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The profiles of travel distance and travel angle against source vaiu@ieU flows (Figure4-3)

are translated from deposits presentedrimure 4-2. Travel distanceHjgure 4-3 (a)) roughly
steadilygrowswith source volume between 0.75L4L, but shows little difference when source
volume varies from 2L to 4L; this means that the spreading potential of dry granular flows
increases with source volume until the volume becomes relatively large (4L). Although the
boundary between scatteredhigs and the main deposit body is not absoltte (3.3) andthe

spread range afry grains, which is the main factor of travel distance, cannot be identical from
test to test, the overall evolving tendency of travel distance with source volume illustrated in
Figure4-3 (a) is still clear: a larger volume (and hence a larger number) of geaimspread
farther when the source volume is relatively small, whereas it is more difficult for grains in a
large source volume (4L for the smatlale flume) to flow into the runout channel, tending to
rest on the slope, limiting the number of grains available for the spreddiadigh impedance

to the grains occurring in the 4L dry flow may be due to the blockage of the channel due to the
rising deposit: once stopped, the thicker and denser flow can more easily block a larger number
of grains in the following flow body. Travel anglEigure4-3 (b)), on the other hand, shows a
gentlyrisingtrend with source volume, indicating a slightly decreasing bulk flow mobility; this
agrees with the COG positions observed-igure 4-2. Despite the overall risingdnd, dry
granular flows with evolving source volume seem to result in similar travel angles (about only 3
difference at most); hendbe source volumeor dry granular flowsseems to have little impact

on bulk flow mobility.

- 31 .
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Figure 4-3: Evolution of (a) travel distance L and (b) travel angleof CDU flows with source volumep.
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4.3. Flow Profile

Figure 4-4 shows flow profiles of CDU tests recorded by the highbeed camera at the
downslope position; each row represents a tested flow with a different source volume, while the
three columns give, respectively, the leading edge, the main flow body and the flow tail from the
right-hand side to the lefthand side (as the flow is moving from left to right in the camera view).
For each tested dry flow, the image of leading edge is determined when a loose collection of
grains (i.e. not individual scattered particles) reaches the edbe obmera view; the image of

main body is defined by the frame where the-elgserved maximum flow height is at the right

hand edge; the image of flow tail is represented by the frame in which the last grain starts to
leave the lefhand edge of the cangewriew, hence phogvaplts shown in subplot (j) and (m)
involve a static pile of grains on the slope formed before the trailing end of flow enters the
camera viewWith an increased source volume: (i) the leading edge tends to be less dispersed
and moregathered (ii) the main body becomes thicker and denser, producing a smoother top
surface and fewer saltating grains, and (iii) the flow tail part remains similar except that the
granular heap resting on the slope occupies a larger space in the cameraaviang (som the

CDU 1.5 test in which the heap is only visible at the riggntd side edge of the image).

CDU Flows

Flow tail Main body

Leading edge

0.75L

1.0L

1.5L

e 2.0L

4.0L

Figure 4-4: Recorded profiles of CDU dry flows whele tameraviewis tilted at 30 to make itdottom side
parallel with the inclined flume bed. Three columns are the flow tail, main body and leading edge of each tested
flow, while five rows are five tested flows with evolving source volumes that are exhibited in the test labels at the
right-hand sile margin.
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Saltating grains can interfere with ultrasonic sensor detection, resulting in ineffective flow height
measurement (seéppendix A-4). Contrasts between flow height measurements by the
ultrasonic sensor and by PIV analysis for each CDU flow are providedime 4-5, where data

from the ultrasonic sensor (in blue asterisks) are calibrated raw data but those from PIV (in red
curves) are processed data. Ultrasonic sensor responses highly disagree with PIV detection, not
only in terms of flow height values but also at the beginningtla@end of the flow. Taking the

most inconsistent CDU 0.75 flow as an example, the flow height measured by the ultrasonic
sensor reduces to zero about 0.5s before the end of PIV analysis, which corresponds with the
image where the granular flow leaves ttemera view. The difference between these two
measurements seems to reduce for larger source volume, however ultrasonic sensor responses fol
dry granular flows are still questionable. Therefore, the flow height estimation for CDU flows
relies on PIV resw$, but some potential errors should be considered: (i) flow height may be
slightly overestimated as grains at the top surface of the flow can be observed in the image
captured at the sidewall; this issue can potentially pose more influence if graites sadtathe
surface; (ii) the PIWetected zone (the meshhigure 3-6 (a)) is probably not perfectly in line

with the mounted position of the ultraso sensor, as suggested by the CDU 4.0 subplot of
Figure 4-5; the highest plateau where sensor data and PIV data overlap means that the two
measuremes can both give the correct height response to a static granular pile, hence the rising
part after about t = 2s shows that PIV very likely detects the grain accumulation slightly later

than the ultrasonic sensor.

CDU 0.75 Chu1.0 CDU 1.5

30 30 z

* Sensor

. * Sensor
PIV
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« |—PIV

h (mm)
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h (mim)

* Sensor
® PIV
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H
S

* Sensor
e PN/

0 1 2 3

Figure 4-5: Contrasts between flow height measured by the ultrasonic sensor and PIV analysis
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Flow heights based on PIV analysis are comparedidure 4-6. Figure 4-6 (a) and (b)
demonstrate the evolution of absolute and normalised flow height with time (t), in which the
Amairmgeou part o fSece3apdishyiveh Usimgva splisl Bne whereas others are in
dashed line. Overall, the flow grows thicker and enters thedetécted zone earlier wita

larger source volume, but the dry flows of 0.75L and 1L bulk volume gmadasiflow height
profiles. This is because CDU 0.75 and CDU 1.0 flows are highly dilute and saltating, barely
sliding along the downslope direction, thus flow heights of these flows appear larger due to the
involvement of more interparticle voids; in coadt, the flow height increase becomes more
apparent with an increasing source volume over 1.5L, where the produced flow is denser and

mostly translational.

(a) - (b)
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Figure 4-6: Time histories of (aabsolute CDU flow height and (b) normalised CDU flow height by averaged grain
si ze, in which the fAmain surgeodo of the flow is highl
flow tail) are in dash lins.

4.4. Basal Normal Stress

Basal normhstress(linasa) data were directly measured by load cells in all the CDU taxls
were then adjusted to match the flow height measurenmémoretically, basal normal stress
should equal the stress responding to the weight of a granular flow with an ldewsity and

flow height on he load cellwhich can be expressed as:

) " QU € - (4-1)

where |} is the bul k ,disthesgravitationalfaccdlehagon, h Is thevflouna t e

heighand d i s t.Netel opatabhdgkecal cul ationgof t
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uses the flow height measured along the-hb@anal direction as universally done in practice
despite that the loacell signals actually result from the badrmal pressure acted by a vertical
column of flow material on the load cell. The schematic illustration givefngore 4-7 shows

that the normal stress measured by load cells should be gueg, feut that calculated from flow
height (h) should equal g ¢o&l. Since normal stress due to the {medmal flow height is more
relevant to botmealistic measurement and numerical simulation, in this sitdyis determined

by the measured basal normal stress multiplied bgf. dosaddition, thels: calculation presumes

a uniform distribution of density (and thus volume fraction), which isuentand ignorable bed
normal pressure contribution caused by internal solid interactions, which is a usual consideration
as the velocity difference between flow units is often assumed only occurring along the flow

direction (i.e. begparallel direction).

Figure 4-7: Schematic diagram of tHeednormalpressuredetected by load cell g) and that theoretically
calculated from flow height (g do$).

Figure 4-8 corntrasts normal stress values from lazl measurements with those from
theoretical calculations for each CDU flow to assess the reliability ofdekdignals. In test
CDU 4.0, the clos match between sensor data and estimated results near the final plateau part
shows that loadell signals can provide accurate normal stress output, with acceptable
differences that are probably due to the imperfect estimation of bulk density throughfat,
for the fAmain surgeo part wher e greativetsthear e i
case of the static granular pile and theoretical values seem to be overestimated as flow height can
be overestimated. Overall, flow heights and adewly, the theoretical solutions of basal normal
stress, produce larger errors with lower source volume (simil&ictore 4-5), as theinertial
motion of grains greatly dilutes the flow and reduces the volume fraction. Notaftdathe
surges pass in tests CDU 2.0 and CDU 4.0,-tmbsignal curves present a Haedfall which
should be related to the phenomenon of grains piling upe flume but does not appear in the
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flow height curve; this might reflect the shock whkwing grains hit against the granular heap
that is just piling up in the inclined flume and covering the downslope load cell, whereas PIV
analysis cannot captutieis shock.

CDU 0.75 CDU 1.0 CDU 1.5
400 400 ) : 400
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Figure 4-8: Contrasts between basal normal stresses measured frontédlagsponses and those estimated from
flow height for all CDU flows at the downslope position.

A comparison of normal stress histories of CDU flows is giveRignire4-9, in which subplots

(a) and(b) respectively illustrate thénasameasured by the upslope and downslope load cell. The
stresses from dry flows with source volumes from 1.%1L do not drop to zero after the surges
pass the downslope load cell due to the heap formationre 4-4); the CDU 4.0 data beyond
400 Pa (at which the-gxis breaks) at the downslope position, which corresponds with the heap
formation on the slope, are not showrigure4-9 (b), since normal stresses of granular flows

in motion are more of interest. At both positions, the dry flows with larger source volume
produce largetinasaiand entethe sensor detection zones earlier. It is notableliaat values at
the upslope position also appear to be slightly larger than those at the downslope position,
potentially implying a dilating tendency throughout the downward motion of these drylagranu

flows.

62



Yuting Zhao Dry Uniform Flows: Results

(b)

300

Figure 4-9: Basal normal stresses of CDU flows against tahé) upslope position and (b) downslope position.

4.5. Flow Velocity

Velocity profiles of CDU flows are provided iRigure 4-10, where actual velocity values and
powerfitted values (seé&sec.3.2.3 are given separately. For each flow, the plotted velocity
curves are spaced at a regular time interva
starting from the flow front; # colour transition scheme shows the spatial distribution of
velocity curves, where yellow denotes the flow front and blue the flow rear (not necessarily the
flow tail, as the flow motion of CDU 4.0 terminates earlier than flow tail enters the camera view)
the red dashed line in every subplot represents the position of the basal patch centre as shown in
Figure 3-6, below which the PIV measurements may not be fully accurate. Generally, the fitted
velocity curves manage to keep the shapes of the original ones, thus analyses of flow behaviours
can be derived from fitted velocities for the convenience of observatmrca@rtrast;a small

error remains that a few velocity profiles are fitted to concave curves (e.g. as shown in CDU 1.0
subplot inFigure 4-10 (b)); sud curves, which are in the minority, can be ignored when
analysing the velocity profiles and grain moving patterns and can be kept when producing the
depthaveraged velocity. Part of the precursory surge may be included at the beginning of the
defi nead sfumagied, e. g. t wo s hor-axisinéhe driginal profiles v e s
of CDU 1.5 figure4-10 (a)); those curvesre lessnoticeableafter powedfitting (Figure 4-10

(b)) as they no longer look like velocities of dispersed grains.

Velocity profiles of all CDU flow inFigure 4-10 exhibit clear consistency. The velocity

magnitude gradually decreases from the flow front (yellow curves) to the flow rear (blue curves)
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but does not show a significant difference amonghaét s ubpl ot s. The vel o
look similar within the same flow and among different volumssggesting a relatively
consistent moving pattern of dry grains. Hence the flow velocity seems not to noticeably vary
with source volume. Additionallyall the velocity curves present low curvature and shape,
resulting in nearly straight lines, giving a similar velocity gradient across the flow depth. To
show more detail in contrasting the velocity shapes, the velocity curve near thgotimevhere
theflow height reaches the maximum value is chosen from each CDU flow and ploktedia

4-11, in which subplot@a) shows a coordinate system of flowight (h) and flow velocity (u),

while subplot(b) shows a coordinate system of normalised height (z/h) and the normalised
velocity by depthaveraged velocity (uik); here the velocity information taken at the position

of the peak flow height is used tepresent that of the flow front where the flow velocity is
usually measured in fieldwork (e.grattano et al. (2000); Marchi et al. (2002); Hirlimann et al.
(2003); McArdell et al. (2007); Arattano and Marchi (2008nother Figure 4-12, using
velocity profiles averaged over 0.01 secamdhich is approximately 1% of the main surge
duration) both before and after the peak height (i.e. 0.02s in totafe identical coordinge
systems as irFigure 4-11, is given to reduce the random error of individuadtantaneous
velocity curves; theaveragednormalisedvelocity profiles in Figure 4-12 (b) give similar
distribution compared with the instantaneous profilesinure4-11 (b), although less difference

is created between the averaged velocities;dinmslarity shows that the evolution tendency of
velocity profiles illustrated ifrigure4-11is correctly captured.

In Figure4-11 (a), velocity profiles at the peak flow heights of different CDU flows are seen to
be similar in shape; aside from the 0.75L flow, the velocity at peak flow height tends to reduce
across thelepth as source volume increases, indicating that the peak flow height appears further
from the leading edge-igure4-11 (b) shows a lower normaliseslip velocity (at z/h = 0), a
higher normalised surface velocity (at z/h = 1) and a more curved velocity shape with increasing
source volume. With an increased source volume, althougbetbeaty curvesat the peak flow

height are very similar in shapegibg close to straight lines, the local velocity gradient produces

a slightly larger difference from the flow surface to the flume bed; this means that dry granular

flows with larger source volume are subjected to relatively stronger shear.
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(a) Actual velocity values
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Figure 4-10: Velocity profiles of CDU flow distributed in subplots with (a) actual velocity data and (b) pfthest

velocity data. Velocity curves are spdrogece.d Yeevlelroyw 5cu
closer to the flow front and blue to the flow rear; red dash lines denote the position of the basal patch centre.

Depthaveraged velocities of CDU flows-igure 4-13) also show similar evolution with time.

All the depthaver aged velocities within the f@Amain
curve that starts with the maximum value at the leading edge, then gradualywdtioggime

until plateauingwhen approaching the flow tail (the inconsistent trailing end of test CDU 4.0 is
due to the grains piling up on the slope). The highly superposedaepihged velocity profiles
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againsttime imply that the increase of sourcelume fails to effectively improve the flow
velocity; this agrees with the similarigmongvelocity profilesof all CDU testsobserved in
Figure4-10.

5 (a) i (b)
—e—CDU 0.75 —e—CDU 0.75
25| —e—CDU 1.0 —e—CDU 1.0
—e—CDU 1.5 0.8 |—e—CDU 1.5
—e—CDU 2.0 —e—CDU 2.0
20 r|—e—CDU 4.0 —e—CDU 4.0
) 06
= 15 =
Nt N
= 0.4}
10
gl 0.2
0 AT oD . { § 0 D 0 | 5
0 0.5 1 1.5 2 25 0 0.5 1 15

u (m/s)

U/uave

Figure 4-11: Velocity profiles at the peak flow height for all CDU flows. (a) Velocity against flow height, and (b)
Normalised velocity (by deptveraged velocity) against normalised flow height.
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Figure 4-12: Velocity profilesaveraged over 0.02s around theak flow height for all CDU flosv (a) Velocity
against flow height, and (b) Normalised velocity (by deptbraged velocity) against normalisBow height.
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Figure 4-13: Time histories of eépth-averaged velocities of CDU flows.

4.6. Dimensional Analysis

The determination of dimensionless numbers to describe flow regimes is discuSsed h5

Local results of dimensional analyses showing the dominant momentum transfer mechanism
based on the fitted velocitirelds are given inFigure 4-14, where the structures of Savage
number (Nay), Bagnold number () and friction number (M) along the normalised flow
height are depicted in subpldts), (b) and(c), respectively. Br each CDU flow, the data curve

at the peak flow height is chosenrépresent the dynamics of the flow froAs described irsec.

2.3, the threshold value yields 0.1sy 200 for Nsog and 100 for Mic; local valies of Nag and

N#ic are much beyond their thresholds, hence threshold values for all three numbers are not
presented irrigure4-14. Air, as the fluid in dry flow conditiongannot produce strong viscous
shear on the big and heavy ceramic beads utilised in CDU tests, hegeadN:ic areboth of
enormous magnitudeseflecting that the effects of both solid inertia and solid friction highly
surpass that of viscous fluid she&wocal values of Nav are also larger than the threshold,
suggesting that solid inertial stress dominates the momentum exchange in all thdo@BU f
over the solid frictional stress. Additionally, the dry flow with the smallest volume (i.e. CDU
0.75) has a lower §dv and Nsy than expected; this may be due to the imperfect choice of

position as the flow is so dilute that a fullgcurate match gdeak flow height is difficult to find.
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Among the three numbers, the distribution ofaNalong the flow height shows the most
dramatic variation with source volume. When the source volume increases froni @GZ5Nsay

Is greatly reduced, except in a shyabrtion close to the bed, reshaping the profile from being
larger in the upper portion and nearly consistent in the lower portion to larger at upper and lower
boundaries and significantly smaller in the middle; this means that dry granular flows of small
volumes experience stronger grain collisions near the flow surface and weaker near the bed, but
with a larger volume the flow tends to be more frictional, especially the internal flow body (i.e.
excluding the boundary layers fadth flow surface and fluméed). Nsag presents tilted curves
smaller above the basal layer and larger at the basal layer; as source volume increases, the curves
become more tilted and have larger differences between the value at the surface and that at the
bed, indicating that a tger source volumstimulates the inertial movement of grains near the

bed while the grains at the flow surface experience more viscous shearshbws that
resistance to CDU flows is mostly provided by Coulomb solid friction rather than viscous fluid
shear, which applies mainly to the flow surface and lowers thedfl the affected grains, and

the solid friction becomes even stronger with an increased source volume.

(b)

—e—CDU 0.75
—e—CDU 1.0
0.8 cbu 1.5 0.8
—e—CDU 2.0
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*M.S‘a v A"\‘yBa g A"\"’frz' r.d

Figure 4-14: Local values of (apavage number, (b) Bagnold number and (c) friction number across the normalised
height at the peak flow height for all CDU flows.

Straightforward correlations between the flow height normalised by grain sideafid the

mean values of three dimensionleesnber profiles .(say . Bg @nd. fic) are given inFigure

4-15, where hollow circles mark the data before the peak flow height and asterisksatbéetat

For each dimensionless number, data points of the mean value over the depth against the

normalised flow height are regularly distributed within a limited and fixed range, demonstrating

a direct dependency of momentum exchange in dry granular avike flow thickness. Note

that some individual outliers come from the

e.g.green stars nearf 6 in Figure4-15 (a) and(c) correspond with the transitional part where
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grains are about to pile up as a heap in CDU 4.0, and stars wiiiin2h/ 4 in Figure4-15 (b)

are related to the dilute flow tail where dispersed grains bear higher air resistance. When the dry
flow becomes thicker (due to the increase of source volume in the case of CDU. tests),
decreases almost linearlygs remains roughly unchanged, andic takes a clos¢o-linear

growth; this means that solid friction is notably enhaneadt hi n t he fimai n sur
dry granular flow, while the relative relationship betweendsoiertia and viscous shear stays

approximately the same.

102

Figure 4-15. Mean values across the depth of (a) Savage number, (b) Bagnold number and (c) friction number
against the normalised flow height by averaged grain size for all CDU flows, in which hollow circles denote the
flow part before the maximum flow height wiakterisls the part after.

69



Yuting Zhao Fluid-mixed Uniform Flows: Results

5. Fluid-mixed Uniform Flows: Results

Preface

Fluid-mixed uniform flows include two types of test groups: the CSU (Ceramic beads, Saturated,
Uniform) group with varying source volume and the CWU (Ceramic beads, Wet, Uniform)
group with evolving water content; both groups use granular mixtures that are composed of
uniform pseudespheres as the solid phase and water as the fluid phase. Details about the
experimental setup, source material and test procedure of CSU and CWideatedlume tests

can be found iChapter 3

This chapter presents the results of CSU and CWU tests and is structured as fodlowst
introduces the test conditisrand measurements of different test groujes;. 5.2 records the
macroscopic morphology of flow deposits and the analysis of bulk flow mob#ity; 5.3
demonstrates the longitudinal flow profiles and the compariggnBow heights; Sec. 5.4
provides basal normal stress and basal pore pressure data (which is the highlight of these fluid
mixed tests) collected from all the tesBec.5.5 gives velocity information of fluigmixed
granular flows, including velocity profiles and time history of degtleraged velocities; finally,
Sec.5.6 showsthe Savage number, Bagnold number and friction number estimatednding

their local values and mean values across the flow height, to analysethgon of momentum

exchange within both unsaturated and saturated granular flows.
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5.1. TestInformation

The test variable for the CSU group is source volume (or bulk volume of solid grains, excluding
the fluid phase) whereas for the CWU group, it is gratiimavater content; correspondingly,

the water content in CSU flows (0.45) and source volume in CWU tests (2 litres) are constant.
Values of the variable are shown in the tesH
saturated flow with 2L souec vol ume and ACWU 0. 100 represe:]
content ; noting that #AWeto in the CWU | abel
saturated. The designed water content of 0.45 for the CSU group can assuredly drive most flow
materal to the horizontal runout channel, even for the flow with the smallest source volume; this
aims to meet the expectation that saturated granular flows should give relatively high bulk flow
mobility. Additionally, anot ardedasspglementproro up n
a special member of the CWU groyCWU tests usgaryingwater content as CWU flows do,

but were carried out with a slightly more vibrated flume (i.e. the frame of grooved bars are not
tightly fixed to the ground and nor to tlclined channel, hence the flume can vibrate when
impacted by the dropped solids), which is a condition closer to that in CSU tests than in CWU
tests (i.e. the entire setup was firmly fixed in CWU testsd CWU group is the focus here when
analysing tle role of water content as it covers a wider range of moisture than the 2CWU group
does, while 2CWU group is mainly utilised as a control group to support CWU results and to

show the effect of the flume vibration.

Table 4-1, Table 5-2 and Table 5-3 provide test information for the CSU, CWU and 2CWU
groups respectivelygata sources are listedalh three tables. As the CWU group involves water
content (w) ranging from 0.01 to 0.45 Wehithe solid material is saturated at only about w =
0.256 (seé&ec. 31.4), the unsaturated CWU tests with w = 0i00.25 are allocated tbable5-2

(a) while the saturated tests with w = 0i30.45are allocated tG able5-2 (b). Most parameters

in these tables are also presenteddnle4-1 (i.e. the test iformation of dry uniform flow tests)

and their details can be found #ec. 4.1 parameters exclusively for fluichixed flows are
explained as follows: (i) water content is measured by weight; (i) bulk density here is the
density of the granulanediumfull of pore fluid inside, i.e. for oversaturated samples with water
superfluous to fill out the pores, the water layer over the top surface of grains is not included in
the bulk density calcul ati on; (Tabieb-2 (a) mdams fAi n

that grains on the slope can extend from the flume outlet to the upstream end.
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Test CSU0.75 CSU1.0 CSU1l5 CSU20 CSU4.0
Bulk dry 0.75 1 15 2 4
volume (L)
Solid mass (g)  1120.51  1564.92 22421 2904.82 5781.83
Fluid mass (g) 504.31 704.44  1009.01 1307.43 2601.98
Source Water content 0.45
measurements Void ratio 0.598 0.579 0.585 0.566 0.582
Porosity 0.374 0.367 0.369 0.361 0.368
Volumeinthe 7494 1088 158111 203337 408728
hopper (cm?)
Bulk density 1.775 1799  1.784 1.79 1.782
(g/cm’®)
. Runout (mm) 530 690 1105 1360 2309
Deposit Inclined length
measurements M€ '”(fnm‘)eng 110 80 160 125 100
Morphological 16 angle ()  26.9 24.9 22 209 182
analysis
Table5-1: Test information of CSU tests with varying source volumes.
(a)
Test Cwu0.01 CwU0.10 CwuUO0.15 CWwWUDO0.25
Bulk dry 2
volume (L)
Solid mass (g) 2909.54 2875.7 2854.97 2920.69
Fluid mass (g) 29.6 287.62 428.62 730.18
Water content 0.01 0.1 0.15 0.25
Source
measurements Void ratio 0.564 0.571 0.5 0.5
Porosity 0.361 0.363 0.365 0.36
Volume in the 20307 20156 2006.% 2035.67
hopper (cm?)
Bulk density 1.447 1.569 1.637 1.793
(9/cm”)
. Runout (mm) 610 390 410 500
Deposit ined | h
measurements "¢ '”(fnm‘)eng 95 1460 1460 1080
Morphological 1561 angle () 284 313 31.4 29.9
analysis
(b)
Test CWU0.30 CWwWUO0.35 CWUO0.40 CWUO0.45
Bulk dry >
volume (L)
Solid mass (g) 2910.52 2910.94 2914.22 2920.17
Fluid mass (g) 873.35 1019.05 1165.88 1314.81
Water content 0.3 0.35 0.4 0.45
Source
measurements Void ratio 0.54 0.576 0.563 0.5
Porosity 0.36L 0.3 0.36 0.363
Volumeinthe 5437 44 2047.43 2032.8 2046.3B
hopper (cm?)
Bulk density 1.792 1.786 1.78 1.789
(g/cm?)
Deposit Runout (mm) 505 880 1265 1804
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measurements Inclined length
(mm)

Travel angle () 29 24.1 20.7 17.6

610 196 140 110

Morphological
analysis

Table5-2: Test information of (a) unsaturated and (b) saturated CWU tetsvaryingwatercontent.

2CWU 2CWU 2CWU 2CWU 2CWU
0.35 0.37 0.39 0.41 0.43
Bulk dry

volume (L) 2
Solid mass (9) 2906.48 2889.57 2905.91 2901.45 2897.24

Fluid mass (g) 1017.34 1069.33 1133.34 1189.55 1246.1

Test

Source Water content 0.35 0.37 0.39 0.41 0.43
measurements Void ratio 0.577 0.576 0.577 0.569 0.5/
Porosity 0.36 0.365 0.3 0.363 0.365
Volume in the
hopper (cm?) 2045.44 20316 2044.3 2031.57 2036.04
Bulk density
(g/cm?) 1.7&% 1.787 1.786 1.79 1.787
D . Runout (mm) 665 810 945 1060 1145
eposit :
measurements '”""”(refm'fngth 260 210 200 130 135
Morphological = raueiangle ()  26.3 248 23.6 227 22

analysis

Table5-3: Test information of 2CWU testéth varyingwatercontent.

5.2. DepositAnalysis

Depending on the water content, three different deposition forms were observed in the fluid
mixed flow tests as shown Figure5-1. In the case where w = 0.01 and ggaare only slightly
wetted Figure5-1 (a)), the deposit exhibits a shape similar to that of dry granular flows (as in
Figure4-1), with a few grains left on the flume bed; when moisture increases (to w = 0.1 for
instance, as ifrigure 5-1 (b)) but the sample is still unsaturated, a large portion of grains are
stuck on the flume bed and are unable to run into the horizontal channel, leaving a deposit
covering a very short distancetime runout channel but stretching far away towards the upslope
direction; wherthe moisture gradually saturates the flow material, most grains start to be able to
flow out from the inclined flume, forming a granular heap in the runout charigelr€5-1 (c));

if the water content is sufficiently high (e.g. w = 0.35 aBigure5-1 (d)), a forward heap where

the majority of grains tend to accumulate near the distal end of the deposit can be formed and

can be pushed away from the flume.
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The deposition process of the whiw in Figure5-1 (d) is exhibitedin Figure5-2. The flow

head decelerates when running into the horizontal runout chahget€5-2 (a)) and then stop

while the following flow body is still moving at a relatively high speédy(re5-2 (b)); these
following grains do not stop but climb up the depediten hitting the static granular front, as

they cannot push the settled grains to the flanks in the confined runout channel. After the
climbing grains consolidate on the granular heap, water initially entrained within the grains in
the flow body flows outfrom the pores and flows back from the depoBigyre 5-2 (c)),

levelling out behind the stationary granular h€&mure 5-2 (d)) before slowly permeating
forward through the heap eventualljhis indicates thaat a relatively high water content (e.g.

w = 0.35), pore fluid can imthe maindlew bady softhatx t r a
those solid particles can overcome the intergranular frictidimn the static granular hea®n

the other hand, the deposit shape&imure5-1 (b)and(c)suggest that this i
not occur in flows with lower water content, meaning that the reduction of frictional resistance
requires a certain amount of water and caneadhieved in highly unsaturated conditions. Thus,

the morphologyand deposition mechanisof wet granular flowsre directly dependent on water

content or saturation degree.

Figure 5-1: Deposits of wet granular flows with different water content where (a) w = 0.01, (b) w=0.1, (c) w=0.3
and (d) w =0.35.
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Figure 5-2: Deposition process of the w = 0.35 wet flow. (a) The flow head enters the runout channel; (b) the flow
head stops while the following flow body climbs up the static front; (c) grains in the flow body come to rest on the
heapand water flows back from the heap; (d) water levels out behind the heap.
Deposit morphologies of CSU, CWU and 2CWU flows are summarisedjine5-3, Figure5-4,
and Figure 5-5, respectively; the horizontal scale in each figure is five times compared with the
vertical scal e. Each depositdéds Centre of Gr :
same colour as thatoftike posi t outl ine, which is drawn i
in Figure5-4(a)and 0 2 CWUFigdre5455deposit sideview shapes of these two specific
flows are depicted using dotted lines to show that they are borrowed from other test groups:
ACWU 0.000 i s a 2L adsr yc agnr abneu | daerd ufcleodw btye sitt s
identical to ACSU 2.00 but | abelled differen

All the tests within their own group present highly credible evolution in both runout distance and
the position of COG. With an increased source voluRigufe 5-3), the forward granular heap
accumulates thicker and moves farther in the runout channel. For unsaturated CWU tests with
low water contenti-igure5-4 (a) provides a detailed description of the morphological evolution.

At first, ACWU O0.010 cont ai ni n gsitshape gs weldas mo i
COG position that are remar kabl, gthoagh the demosit t o

of ACWU 0.010 | ooks smaller due to the | oss
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bed; the COG of @ CWuUrlyfighbrdtide sldpe,pndicting thalt fora awdtee s  f
content somewhere between 1% and 10%, the pore fluid with starts to stick the majority of
grains on the slope rather than drive them into the runout channel; then when the water content
increases from 0.10 0.25, the deposit length does not vary much but the COG position
consistently shifts closer to the flume end, implying that more material tends to reach the runout
channel instead of remaining on the slope. On the other hand, wet granular flowsaitutheed
condition (i.e. CWU tests iRigure5-4 (b) and 2CWU tests ifrigure5-5) give a clear trend that

the deposit length and COG distance both grow with water content.

015
- CSU 0.75 CSuU1.0
e 01 CSuU 2.0
— CcCSu 4.0
£ 005 | o
D —
') e N T e T~
Tr 0 r
0.05 | | J | x |
705 0 0.5 1 15 2 2.5

Deposit length (m)

Figure 5-3: Deposit sideview outlines of CSU flows. Therizontal scale is 5 times the vertical scale. Filled dots
represent the locations of the centre of gravity (COG).

(a) (b)
0.25 0.25
CWU 0.00
0.2 o andoyes 0.2 CWU 0.30
- . - CWU 0.35
€ o015 CWU 0.10 £ 015 CWU 0.40
oy CWU 0.15 iy CWU 0.45
L 01 L 01
S CWU 0.25 S
() [}
T 0.05 T 0.05 B
S R
0 = 0 2
0.05 | | J -0.05 | | | | |
-0.5 0 0.5 1 .05 0 0.5 1 1.5 2
Deposit length (m) Deposit length (m)

Figure 5-4: Deposit sideview outlines of (a) unsaturated and (b) saturated CWU flowshdtizontal scale is 5
times the vertical scale. Filled dots represent the locations of COG.
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Figure 5-5: Deposit sideview outlines of 2CWU flows. The horizontal scale is 5 times the vertical scale.deitked
represent the locations of COG.
Analyses of travel distance (L) and travel andle) @ive evident bulk flow mobility results of
different tests. Travel distance consistently increases and travel angle decreases with the source
volume of CSU flows Eigure 5-6), suggesting that saturated granular flows in larger volumes
possess higher bulk flow mobility, although the rate of bulk mobility increase seems to slightly
reduce with source volume. Echoing the observatioRignre 5-4 and Figure 5-5, the CWU
flows produce bulk flow mobility lower than that ofydilows (w = 0) in a low range of moisture
but higher when the water content is relatively high: the travel distance of wet granular flows
exceeds that of a dry flow between w = 0i35.40 (approximately 0.37 as shown kigure5-7
(a)) while travel angle is lower than that of a dry flow until the water content increases to about
0.32 Figure5-7 (b)) . For conveni ence, boundarpwea tae rp acreasmeetnet rc
defined as the water content at which the wet flow gives the same bulk mobility as the dry flow
in an identical sourceolume As the runout behaviour includes both the transport of flow
material as a whol@wvhich is represented mainly by travel angle) and the spreading of particles
(which is reflected by travel distance), this boundary water content describing the mjicrosc
depositional resultgan be different when the bulk flow mobility is quantified by different
factors, hence thboundarywater content for travel distance is denotedapyt and for travel
angle is bywp, & With an increasing water conteneélow the wy value, both L andlr drop
initially until meeting their respective minimum, and then gradually grow at a relatively low rate
before water content reaches another threshold value (for the 2L CWU flows this value is
roughly w = 0.3) after which those twactors increase almost linearly at a higher rate with the
water content; this clos®-linear growth continues even after w exceedgor both factorswh,
L is larger tharwy, g, but the values for both of them are greater than the satyvedier coment

for ceramic beads which is w = 0.256. Travel distance and travel angle profiles of 2CWU tests
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against water content iRigure 5-7 show similar approximate linearities to CWU test data;
however, due to the stronger flume vibration, 2CWU flows demonstrate slightly lower bulk
mobility (i.e. smaller L and largey) than CWJ flows do within the same range of water

content.

The influence of water content on bulk flow mobility is also found to be affected by source
volume. Travel distance results of wet granular flows with various source volumes and water
content are summaridan Figure5-8, in whichtheyaxi s 1 s a new par amet
r at i.)aeéfined by the ratio of the travel distance (L) of a wet flowhtd bf a dry flow in the
identical volume (i.e. the block dashed lineFigure5-8 at . = 1 means that the wet flow and

dry flow can propagate thersa distance in the runout channdlpte that this travel distance

ratio describes observational results on bulk flow mobility which is a combination of many
effects, hence its relationship with water content and source volume does not necessarily point to
a specific physical procesBata plotted inFigure 5-8 are collectedrom the 2CWU test group

and preliminary tests, where the flume condition is close to that in 2CWU tests and where the
travel angles are unavailables the water content usea those experiments are relatively high,

the travel distances due to the same source volume are assumed to form-te-lcleae
relationship with water content (as observe#imure5-7 (a)) and are approximated by a straight
line; thus, r produced by wet flows in four different source volumes (1, 1.5, 2 and 4 litres) are
presented as four straight lines kigure 5-8. These four lines possess very similar gradients
while their intercepts and similarly thdaoundarywater contentvy, L (which inFigure5-8 is the

w value where the inclined data limgersectswvith the horizontal dashed line) increase with the
source volume. Within the range of high water conteméne the linear approximation is valid,

the travel distance ratio of wet granular flows can be regarded as growing linearly with the water
content, and the increasing rate does not notably vary with source volume, lbatutidary

water content significatyt decreases with source volume. This means that, with a larger source
volume, the bulk flow mobility of wet flows can exceed that of dry flows at a lower water
content, i.e. wet flows in larger volumes produce higher bulk flow mobility; another infegence
that, since théoundarywater content cannot be negative, the bulk flow mobility of wet granular
flows may no longer become lower than that of dry flows when the source volume is sufficiently
large, i.e. the reduction effect of low water content ork lflohv mobility is weakened and can

eventually be eliminated by an increased source volume.
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Figure 5-6: Evolution of (a) travel distance (L) and (b) travel andlk) (of CSU flows with source volumen(M.
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Figure 5-7: Evolution of (a) travel distance (L) and (b) travel andlg) (of CWU and 2CWU flows with water
content (w).
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Figure 5-8: Evolution of travel distance ratio (y with water content (w) for wet granular flows in different volumes.
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5.3. Flow Profile

Camerarecorded flowprofilesof CSU, CWU and 2CWU tests at the downslope seimstballed

zone are showin Figure5-9, Figure5-10 andFigure5-11, respectively; each row represents a
tested flow with a different test variable (i.e. source volume for CSU tests and water content for
CWU and 2CWU tests) while the three columns give the leading edge, the main flow body and
the flow tail from the righthand side to the leftand side (as the flow is moving from left to

right in the camera view)[he selecion of photographs for the leadireggeandmain bodyof

the fluidcmixed flowsfollows the same criteria as describedSac.4.3 but that for the flow tail

is different.As the flowtail part in fluidmixed flowscommonlybecomes increasingly thin and

slow when approaching the very end of the flow, thsitpm of the flow tail chosen for the
comparison should be considered to ensure meaningful differences can be observed; the part
immediately after the main surge (seec. 3.} is selected for the images in the first column of

the figures below when the flomaterial can move out from the camera view, whereas when
grains eventually pile up in the image, the final static heap is captured to contrast the grain
accumulation results. Note that the CWU group comprises eight tests as list@nla®-2 but

only shows six flows irFigure5-10; this is becausthe highs peed I mages for AC
ACWU 0.450 tests w-eabvideoxecordingled due t o non

For saturated granular flows with increased source volumes as showguime 5-9: (i) the

leading edge tends to be less dispersed and agonénate (i) the main body becomes thicker

and denser, producing a smoother top surface and fewer saltating grains, and (owv ttee! f

part remains similai-or wet flows with evolving water content, on the other hand, CWU tests in
Figure5-10illustrate that: (i) the leadingdge becomes less saltating but the variation extent is
barely noticeable; (ii) only thdlows with 0.01 and 0.1 water content exhibit notably thinner
main flow bodies with saltating grains above the top surfaces, while other flows stay relatively
similar; (iii) flow material does not pile up in the camera view when the flow is slightly wetted
(w = 0.01) and when w is expected greater tharbthendarywater contentv,, (w = 0.35 and

0.4), whereas when the water content ranges from 0.1 to 0.3, the granular heap in the flow tail
part becomes steeper as more grains are pushed towards the flume outlet. Finally, 2CWU flows
in Figure5-11 are all relatively close; this mde because all the water content values adopted in
this test group are above therrespondingwvp, v@lue which can be estimated frdfigure 5-7

(b). Overall, the sideriew flow profiles demonstrate that the leading edge and the main body

parts of the flow are mainly affected by source volume while the flow tail is unaffected; the
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influence of water content on the flow profile is very evident wherfltve is unsaturated but

seems much less so when saturated.

CSU Flows

Flow tail i Leading edge

Figure 5-9: Recorded profiles of CSU flowghere he camera view is tilted at 3@ make its bottom side parallel

with the inclined flume bedtree columns are the flow tail, main body and leading edge of each tested flow, while
five rows are five tested flows with evolving source volumes that are exhibited in the test labels ati@adight
side margin.

CWU Flows

Flow tail Main body Leadin

w=0.01

B w =025

o w=0.35

Figure 5-10: Recorded profiles of CWU flowghere he camera view is tilted at 3@ make its bottom side parallel

with the inclined flume bed hree columns are the flow tail, main body and leading edge of each tested flow, while
five rows areif’e tested flows with an evolving water content that are exhibited in the test labels at #@anght
side margin.
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2CWU Flows

Flow tail Main body

Leading edge

w=0.35

w=0.37

w=0.39

w=0.41

w=0.43

Figure 5-11: Recorded profiles of 2CWU flowghere he camera view is tilted at 3@ make its bottom side
parallel with the inclined flume bed’hree columns are the flow tail, main body and leading edge of each tested

flow, while five rows are five tested flows with an evolving water content that are exhibited in the test labels at th
right-hand side margin.

Considering that the transparent fluid cannot be observed in thespégld images, two trials
using dyed water with red food colouring and 2L ceramic beads were carried out to visualise the
behaviours of the fluid phase in wetgular flows. Photos of the main flow bodies of coloured
wet flows with 0.35 and 0.45 water content are giverrigure 5-12 (a) and (b); both water
content values are larger than the saturation water content of a static sample (0.256). For the w =
0.35 wet flow, dyed water is barely visible at the sidewall boyndad can only be dimly
observed at the gaps between patrticles; while for the w = 0.45 flow, the dyed water can clearly
be seen from the flume sidewall and the solids are immersed in liquid. This indicates that pore
fluid is held within the granular bodyf the w = 0.35 wet flow, but can spill from the pores when

the water content increases to 0.45.

Flow height measurements using the ultrasonic sensor and PIV analysis show good agreement
for fluid-mixed granular flows. Theootrast between these two flowiglet measurements for

CSU and CWU test groups is givenkigure 5-13 (a) and (b), where data from the ultrasonic
sensor are denoted by blue astereskd from the PIV by red curves. As shown in the plots, the
accuracy of flow height measurement can decr

the ultrasonic sensds affected by the collisional movement of grains around t = 2s and cannot
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Figure 5-12: The main flow bodies of wet granular flows with (a) 0.35 water content and (b) 0.45 water content.
Flow materials are composed of 2L ceramic beads and dyed water.

detect the flowhickness which can be seen in higeed photos; this is similar to the case of
dry flows (seeSec. 4.3andFigure 4-5) but with smallediscrepancies between sensor response
and PIV estimation; conversely, the PIV detection of flow surface may produce errors when
grains start to pile up, as red curves tend to drop down at the end for CWU flows with 0.1, 0.25
and 0.3 water content; fortuiedy, those parts where grains accumulate on the slope are not
important in the flow analyses. Nevertheless)ploying PI\(detected flow height is reliable

with both evolving source volume and water content

PIV-based flow heights of CSU, CWU and 2CWU floware respectively presentedrigure

5-14, Figure 5-15 and Figure 5-16, where the fAmain su$eg8&8pispart
highlighted by solid lines and other parts are denoted by dashed lines; all the s@)motse
following three figures demonstrate the absolute flow heights (h) whereas subplptssent

the flow heights normalised by the averaged grain &iZg. (All the saturated flows in CSU tests

and wet flows with high water content (w > 0.3) in CWU and 2CWU tests generate two separate
peaks or waves in the fAmain surgeo part:; t h
flows (w < 0.3) and of dryflows (seeFigure 5-16). The flow height of saturated flows
significantly increasewith source volumeKigure5-14). With an increasing water content from
unsaturated to saturatééigure5-15), the flow height of wet flows slightly increases, but more
noticeably, the flow height profile changes from being more uniformly distributed along the time
axis to gathering as a higher sangithin a shorter time close to the start of the flow duration,
suggesting that a higher water content allows the flow material to concentrate towards the
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leading edge. For wet flows with higher water contetyre 5-16), this tendency of

concentration is less apparent but still observable.
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Figure 5-13: Contrasts between flow height of (a) CSU flowd &) CWU flows measured by the ultrasonic sensor

(in blue asterisks) and PIV analysis (in red lines)
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Figure 5-14: Time histories of (a) absolute CSU flow height and (b) normalisgdi f@w height byaveraged grain
size, in which the fimain surgeo of the f |l ellinesi s hi ghl
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Figure 5-15: Time histories of (a) absolute CWU flow height andn@malised @V flow height by averaged
grain size, where the fAmain surgeo edlfnest he fl ow i
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