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Abstract

The presence of a pore fluid is recognized to significantly increase the mobility of saturated over dry granular flows. However,
experimental studies in which both the bulk-scale (runout) and grain-scale behaviour of identical granular material in a dry and
saturated initial state are directly compared are rare. Further, the mechanisms through which pore fluid increases mobility may
not be captured in experimental flows of small volume typical of laboratory conditions. Here we present the results of dry and
initially fluid saturated or ‘wet’ experimental flows in a large laboratory flume for five source volumes of 0.2 to cubic metre. Our
results demonstrate that the striking differences in the nature of interactions at the particle scale between wet and dry flows can
be directly linked to macro-scale behaviour: in particular, a greatly increased mobility for wet granular flows compared to dry,
and a significant influence of scale as controlled by source volume. This dataset provides valuable test scenarios to explore the
fundamental mechanisms through which the presence of a pore fluid increases flow mobility by first constraining the frictional
properties of the material (dry experiments), permitting an independent evaluation of the implementation of interstitial fluid

effects in numerical runout models (wet experiments).
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Key Points:

« Dry granular flows of five volumes between 0.2 to 1.0 m? observed to yield a con-
stant travel angle in flume tests

« Saturated flows of the same granular material exhibited a nonlinear decrease in
travel angle with increasing volume

« Results provide unique test scenario for simulations by constraining friction prop-
erties prior to exploring pore fluid effects
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Abstract

The presence of a pore fluid is recognized to significantly increase the mobility of sat-
urated over dry granular flows. However, experimental studies in which both the bulk-
scale (runout) and grain-scale behaviour of identical granular material in a dry and sat-
urated initial state are directly compared are rare. Further, the mechanisms through which
pore fluid increases mobility may not be captured in experimental flows of small volume
typical of laboratory conditions. Here we present the results of dry and initially fluid sat-
urated or “wet” experimental flows in a large laboratory flume for five source volumes

of 0.2 to 1.0 m3. Our results demonstrate that the striking differences in the nature of

interactions at the particle scale between wet and dry flows can be directly linked to macro-

scale behaviour: in particular, a greatly increased mobility for wet granular flows com-

pared to dry, and a significant influence of scale as controlled by source volume. This dataset

provides valuable test scenarios to explore the fundamental mechanisms through which
the presence of a pore fluid increases flow mobility by first constraining the frictional prop-
erties of the material (dry experiments), permitting an independent evaluation of the im-
plementation of interstitial fluid effects in numerical runout models (wet experiments).

Plain Language Summary

An accurate prediction of how fast and how far a landslide, such as a debris flow, will
travel is essential to define the hazard posed to life and property by these geophysical
flows. While dry frictional flows often behave according to the simple physics of friction
resisting motion, water saturated granular flows tend to travel farther and faster than
the same scenario under dry conditions. In this paper we explore this phenomenon in
detail, using high-speed video analysis to look for and quantify differences in grain-scale
behaviour that might lead to increased mobility in saturated over dry flows, and high
definition laser scans to quantify how far the debris travelled. Large flume tests compar-
ing dry versus saturated flows for five source volumes of 0.2 to 1.0 cubic metres reveal
that, in contrast to dry flows, saturated flows travel significantly farther as the volume
of the landslide increases. This data is unique as it will enable researchers to test how
well numerical simulations are able to model the travel behaviour of the same material
in a dry and water saturated state.

1 Introduction

The quantification of the hazard posed by a potential landslide source volume requires
an accurate prediction of the travel path and distal reach of the debris. This is gener-
ally accomplished in practice by using runout observations from past landslide events

in the same location or similar geologic materials to delineate potential hazard areas for
future landslides. These observations are then used either within an empirical-statistical
approach to define runout exceedance probability (Legros, 2002) or by inferring debris
rheological models and parameters from numerical simulations to match runout and in-
undation depth trimlines of historical events (McDougall, 2017). Heim’s Ratio (H/L)
was an early empirical-statistical proposal of a parameter for risk assessment by geomet-
rical similarity (Figure 1). The total runout length L has the components of translation
of the centre of mass Lcoas and spreading of the material ahead of the centre-of-mass
Sy (Dade & Huppert, 1998; Staron & Lajeunesse, 2009), while the difference in eleva-
tion, H, is measured from the back of the head scarp to the front of the debris. The to-
tal runout length L is typically of greatest interest for hazard assessment whereas the
potential energy of the source volume is often equated to H. As a further development
to Heim’s Ratio, Parez & Aharonov (2015) then presented a functional model in which
the contribution of spreading of the material is related to channel geometry as well as
the surface angle of the final deposit.

The travel angle oy, = arctan (Hcoam/Lcoonm) is defined as the angle of inclination be-
tween the centre of mass of the runout deposit and the centre of mass of the source vol-
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Figure 1. Schematic illustration of flows in a simple planar flume, showing (a) definition

of geometry statistics, (b) the case where the travel angle a, is invariant with source volume,

and (c) potential variation of ay with changing source volume indicating a variation within the

rheology.
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ume and has been associated with an apparent friction coefficient (e.g. Parez & Aharonov,
2015). Conceptually, the travel angle may be invariant with source volume (Figure 1b),

or it may vary with the source volume (Figure 1c) where scale effects are significant. Ag-
gregated observations of historical debris flows, compiled by Corominas (1996) and Rick-
enmann (2011), illustrate the general trend of decreasing travel angle (signifying increased
mobility and a decrease in effective flow resistance) as source volume increases. While
there is a lack of consensus in the literature, collisionality (e.g. Armanini 2013), fragmen-
tation (e.g. Bowman et al. 2012; Caballero et al. 2014), pore pressure diffusion length-
scales (e.g. Iverson 2015; Kaitna et al. 2016), and thermal effects (e.g. Voight & Faust
1982; Goren & Aharonov 2007; Alonso et al. 2016; Fischer et al. 2018) amongst other
hypotheses (e.g. effects at the laboratory scale such as side wall effects and air drag; Bryant
et al. 2015; Kesseler et al. 2020) have been investigated as potential mechanisms through
which larger volume landslides achieve higher mobility.

Experimental flume flows using dry granular material have shown that when the rheol-
ogy of the flow is very simple, the runout behavior can be straightforwardly related to
general physical parameters like slope angle, basal friction and grain size (e.g. Mangeney
et al. 2010) or predicted using depth-averaged models (e.g. Bryant et al. 2015). Flows
on fully saturated or initially saturated materials have shown rheological changes with
source volume (e.g. de Haas et al. 2015), fines content or moisture content (e.g. Kaitna
et al. 2014; Hiirlimann et al. 2015; Zhou et al. 2018).

Numerical simulations of landslide runout offer the ability to release a source volume,
propagate its flow over a 2D or 3D geometrical representation of the terrain, and pro-
vide estimates of inundation depth, velocity, and definition of the maximum distal reach
of the debris for a given pairing of a resistance law and respective model parameter(s).
In the case the moving mass is modelled based on an equivalent fluid concept (Hungr,
1995), the resistance law is chosen based on the nature of the flow. That can range from
a granular flow to a fully liquefied flow for which the effect of pore fluid is of major im-
portance.

For granular flows, the main source of flow resistance stems from particle friction and
particle collisions. In dense granular flows, particle contacts are long-lasting and force
chains develop. For natural flows in a frictional regime, the recently developed p (I) rhe-
ology may be appropriate (Forterre & Pouliquen, 2008). A collisional regime can occur
when the concentration of solids, represented by the volume fraction v as the portion of
total volume occupied by solid particles, is too low to maintain these long-lasting con-
tacts (Bagnold, 1954; Jenkins & Savage, 1983). In a collisional regime the flow resistance
comes not from friction but instead a collisional viscosity dependent on v and the rate
of collisions (e.g. Lun & Savage, 1986). The transition between the idealized regimes is
not abrupt and the regimes are thought to exist simultaneously in the transition (An-
cey & Evesque, 2000; Armanini, 2013). The interstitial fluid would also affect this collisional-
frictional network of discrete particles.

With the addition of an interstitial fluid to a granular flow, particles are subject to both
buoyancy and drag forces (Armanini, 2013; Iverson, 1997). Particle buoyancy reduces

the interparticle stresses, which is represented on a macro scale by the concept of geotech-
nical effective stress 0/ = o — u, where o is total stress, u is pore pressure. In a fric-
tional continuum material, the shear resistance from friction is proportional to the ef-
fective stress (e.g. 7 = o’ tan¢’) - i.e. the Mohr-Coulomb criterion.

For a fully liquefied or low solids content flow, the effect of interstitial fluid may be more
conveniently modelled by a non-Newtonian phenomenological flow law (Ancey, 2007),
which is characterized by a distinct velocity profile. In both cases, pore pressure effects
are typically considered to be constant during the duration of the flow. The validity of
this assumption has been explored in Tayyebi et al. (2021), who suggest model choice
should be guided through a consideration of two competing characteristic times: i) con-
solidation time and ii) propagation time. For scenarios in which the time of pore pres-
sure dissipation is rapid in comparison to the travel time, the high permeability debris



is unlikely to retain excess positive pore pressure (e.g. Iverson 2015; Pudasaini et al. 2005;
Pastor et al. 2014; Kaitna et al. 2016), permitting simpler models of pore pressure ef-
fects to be used. On the other hand, it may be appropriate for fully undrained models

to simulate lower permeability flows, such as high water content slurries or liquefied de-
bris. Debris flows with intermediate permeability between these two end members have
the most computationally complex requirements for numerical simulation as the consol-
idation time and travel time can be of the same order.

Recent observations of large landslide events which include a transition from a granu-
lar flow to a liquefied flow (e.g. Walter et al., 2020; Shugar et al., 2021) and progress in
monitoring of debris flows, including basal stresses (e.g. McArdell et al., 2007) and ve-
locity profiles (Nagl et al., 2020) highlight the importance of the fluid in granular flows.

The addition of an interstitial fluid is therefore recognized to have a dominant impact

on the mobility of the flow. Impulse releases of an opaque material from behind a rapidly
opening gate have been performed by the USGS (e.g. Iverson et al. 2010) on a large scale
with a laterally unconfined runout area or at laboratory scale (e.g. Hiirlimann et al. 2015).
Flows may also be triggered by moving water (e.g. Tsubaki et al. 1983; Hotta 2012; Lan-
zoni et al. 2017). A recirculating flume was used by Armanini et al. (2005) to host a long-
duration debris flow from which grain-scale measurements of volume fraction and veloc-
ity could be taken.

However, experimental studies in which both the bulk-scale (runout) and grain-scale be-
haviour of identical granular material in a dry and saturated initial state are directly com-
pared are rare. The comparison would provide a unique opportunity to test numerical
simulation outcomes by first constraining the frictional properties of the material (i.e.
matching the runout behaviour of the dry experiments of different source volumes) be-
fore independently evaluating the implementation of rheological models to account for
buoyancy, fluid drag, and pore pressure affecting the frictional material. The relative con-
tributions of each mechanism may be revealed by matching the volume scaling effects.

We performed a series of experiments on the end member cases of high permeability de-
bris which is initially dry or initially saturated with the objective of defining the influ-
ence of interstitial fluid and landslide volume on the runout distance and the relative con-
tributions of translation and spreading in a material in which excess pore pressure is not
expected to occur. A monodisperse material was used to ensure no segregation of par-
ticle size would take place during flow which could alter the rheologic behaviour, other
than that caused by variation in solid and fluid concentration. Granular material was
selected of a large enough grain size to isolate the effects of buoyancy and drag on the
flows and allow for particle-level observation of contact behaviour and flow regimes. Each
flow was initiated from a well-defined state and observed comprehensively during the travel
and arrest phases. Dry flows of the identical source volumes were also tested as a direct
point of reference for comparison.

In the remainder of the manuscript, we first describe the research flume, instrumenta-
tion, and high-speed video analysis methods used for the experiments. The flow regimes
of both dry and initially saturated 0.8 m3 flows are then described and illustrated us-
ing representative frames and depth profiles. Next, velocity and volume fraction results
are presented for volumes ranging between 0.2 to 1.0 m? to illustrate the variation in regimes.
Finally, laser scanning results of the deposit morphology of each trial are used to explore
the nature of the relationship between travel angle and source volume for both dry and
wet flows.

2 Experimental Setup & Methodology

The experiments consisted of a series of granular flows in a large indoor testing facility
(Figure 2). The 2.09 m wide flume features a 8.23 m long section inclined 30° from hor-
izontal and a 33 m long horizontal runout section. For the entirety of the inclined por-
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tion and for the first 3.68 m of the horizontal runout section, the base of the flume is con-
structed from bare aluminum and the side walls of the flume are glass to permit obser-
vation of the flows. Further down the flume, the base is constructed from smooth con-
crete. At the top, a release box with a hinged door can accommodate over 1.0 m? of sat-
urated material. The door was rapidly opened using pneumatic cylinders to initiate the
experiment, with the door moving clear of the material within 0.4 s. At the completion
of the test, the final deposit shape was surveyed using a Faro Focus S 150 Light Detec-
tion and Ranging (LiDAR) scanner from two or more scanning positions.

2.1 Video Capture & Instrumentation

During the test, a Phantom v2512 high-speed video camera was located near the end of
the inclined portion of the flume (indicated as ‘CAM1’ on Figure 2) to capture mature
flow behaviour in the travel stage. The camera was oriented in a side-on configuration

to observe through the transparent glass side walls, rotated such that the width of the
image was parallel to the base of the flume. The camera was set to capture a 1280 x 800
pixel greyscale image at a frame rate of 7,500 - 10,000 fps (frames per second). A Tok-
ina 100 mm f/2.8 Macro lens was used at its widest aperture to limit the depth of field
and distinguish only the particles next to the glass side walls. The field of view was ap-
proximately 220 mm by 136 mm. A typical particle of 3.85 mm diameter was represented
by a 23 pixel width in the resulting image.

As only one high-speed video camera was available, two initially saturated flows (0.4 and
0.8 m?® source volumes) were repeated with the same camera and lens situated within
the horizontal portion of the flume (‘CAM2’ on Figure 2). At this location, the camera
was situated further back from the sidewall. The field of view was approximately 285

by 178 mm, with a typical particle represented by 17 pixels.

Nine fluid pressure transducer sensors were installed into the base of the flume to quan-

tify the basal fluid pressure (Figure 2). The sensors (TE Connectivity model U5244-000002-
14BG, 0 to 140 mbar range, manufacturer’s stated accuracy 7 mm, total error band 18
mm) were threaded directly into the flume. The fluid could enter each sensor through

seven holes of 2 mm diameter.

Two ultrasonic distance sensors (model SISUUAQ, Banner Engineering Corp., 2.5 ms
response time) were mounted above the inclined section of the flume, along the flume
centreline (Figure 2). These sensors recorded the flow height away from the influence of
the glass sidewalls by measuring the distance between the sensor and the top of the flow,
normal to the flume base.

The sensor signals were sampled and recorded at 2000 Hz. During the experiments, the

pressure sensors were subject to noise considered to be resonance of the flume. The nat-
ural frequency of the flume structure was measured at approximately 140 Hz. To coun-

teract this noise, the pressure sensor output signals were filtered using a 80 Hz low-pass
Butterworth filter.

2.2 Materials and Preparation

Pseudo-spherical ceramic beads, manufactured by Saint-Gobain Norpro and marketed

as Denstone 2000 Support Media, were used as the granular material for the experiments.
These beads were chosen for their pseudospherical shape, relatively uniform diameter,

and ability to be reused for multiple trials with minimal breakdown. The physical prop-
erties of a representative sample of 30 beads were measured and tabulated by Coombs

et al. (2019). The beads were found to have an average diameter of 3.85 mm, grain spheric-
ity of approximately 95%, and grain density of 2241 kgm~2. The bulk density was mea-
sured by Coombs (2018) as 1400 kgm~3, corresponding to a volume fraction of v = 0.63.
According to the manufacturer, the hardness of the beads exceeds 6.5 on the Mohs scale.
Triaxial tests conducted by Raymond (2002) gave effective friction angles of 33.7° at 20 kPa
confining pressure.
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The source volumes tested were comprised of 0.2, 0.4, 0.6, 0.8, and 1.0 m?®. In each of
the dry and initially saturated states, the material was made level in the release box us-
ing a rake. In the initially saturated state, the pore spaces were inundated with water
but ponding water on top of the beads was minimized.

3 High-speed video analysis and calculated quantities

High-speed video was used to observe the flow structure and to provide images for fur-
ther analysis. In this section, we discuss the image analysis methods used to identify the
velocity and volume fraction for each test.

3.1 Particle displacement and velocity

The Particle Tracking Velocimetry (PTV) method involves first identifying the particle
locations in selected frames and then using a PTV algorithm to link individual particles
in successive frames (Brevis et al., 2010; Gollin et al., 2017; Taylor-Noonan et al., 2021).
In our experiments, the camera is oriented to match the inclination of the flume base to
optimise the field of view, e.g. so the particle movement vectors (Figure 3a) are gener-
ally horizontal in the illustrations. The direction of gravity is noted on the figure.

The images were analyzed in sets of fifty (50) images. Each set was initiated at an in-
terval of t = 0.05 s during the passage of the flow. Within each set, the frames were
selected from the 7,500 - 10,000 fps video such that the analysed frames were At = .0004 s
apart (equivalent to 2,500 fps). For a particle moving at 5 metres per second, the move-
ment was 11.5 pixels and the resulting ratio of particle movement per frame to particle
diameter was 0.52. For a particle moving at 1 metre per second, the corresponding move-
ment was 2.3 pixels. The results were grouped into bins (shown by red lines on Figure 3)
to prepare depth profiles of the quantities, each drawn parallel to the flume base with
height equal to one average particle diameter. Each vector was decomposed into com-
ponents parallel (streamwise) and perpendicular to the flume base.

Velocity profiles (Figure 3b) were calculated by averaging the components of each vec-
tor located within the bin, for all pairs of frames that comprise the set. From the pro-
file of streamwise velocity u, the shear strain rate with respect to depth is defined here
by 4 = du/dz. This quantity indicates relative displacement within the flow. The ve-
locity of the lowest bin, adjacent to the flume base, was considered to be the basal slip
velocity. As an example, Figure 4 presents the free surface and basal slip velocities for
representative 0.8 m3 dry and wet flows.

3.2 Volume Fraction

The volume fraction v forms the basis for classification in Kinetic Theory and Extended
Kinetic Theory (e.g. Lun, 1991; Jenkins, 2007; Chialvo et al., 2012). Randomly close packed
spheres correspond to v,cp &~ 0.64 (Allen & Thomas, 1999). Various contributors to EKT
propose the frictional regime begins between 0.583 < v < 0.613 when long-lasting par-

ticle contacts develop. Jenkins (2007) further divided the collisional regime at v = 0.49

into a ‘dense collisional’ and ‘dilute collisional’ regime based on a change in the likeli-

hood of a particle collision. This proposed classification has been shown in the background
of volume fraction plots in the following sections.

Here, v was estimated using the method proposed by Capart et al. (2002), which con-
siders the size and shape of Voronoi polygons drawn around the identified particle lo-
cations as the basis of estimation. The image plane is divided into regions, each contain-
ing one identified particle centroid location (Figure 3c). The regions are drawn such that
all points in the region are closer to that identified particle than any other.

This method uses a roundness parameter & = 47 A/P? where A and P are the area and
perimeter of the Voronoi polygon around the particle, respectively. The roundness pa-
rameter ¢ is calculated for all the particles in a bin over all the frames in each set. Voronoi
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polygons which share an edge with the analysis area of interest were disregarded, as the
shape of these polygons may have been ‘clipped’ by the analysis area of interest. Before
inclusion into the average, each Voronoi polygon was assessed for size and shape; Voronoil
polygons with areas exceeding 2.5 times the area of an average particle or with a round-
ness parameter £ below 0.70 were then discarded. Any polygon bordering a polygon which
was discarded due to size or shape was not included in the average.

The volume fraction profile (Figure 3d) is estimated by:

v < §—&o >ﬁ

Vrep grcp - 50
where indices “rcp” and “0” designate the state of random close packing and the dilute
state, respectively. For random close packing of spheres, vy, = 0.64 (Allen & Thomas,
1999). Capart et al. (2002) performed a calibration study for volume fractions in the range
0.20 < v < 0.55 and found calibration constants &,., = 0.84, o = 0.72, and 5 = 3.5.
Volume fractions v < 0.20 are approximated by the point density method, also by Ca-
part et al. This method was developed for the case where particles are observed against
a rigid transparent wall, but calibrated with the average volume fraction in the cell. Thus,

the method is expected to estimate the volume fraction away from the influence of the
rigid wall.

As the flow inevitably contained some saltating particles above the flow, a threshold is
required to define what is considered to be the body of the flow. For the purposes of fur-
ther analysis and discussion in this paper, the flow height of the trials was set by the thresh-
old v = 0.20 over height and time (Figure 4). Some manual adjustments were made

to exclude particles which were not immediately beside the sidewall glass. This was judged
by the shallow depth of field of the camera lens and the incident light. The top of fluid

was manually marked on images at 0.05 second intervals for the wet flows.

4 Flow characteristics

We begin the comparison of dry and saturated flows through visual observations of flow
structure, velocity, volume fraction, and pore pressure measured at the observation point
near the end of the inclined section of the flume (the ‘CAMI’ location). The times ex-
amined are shown on Figure 4. The 0.8 m? volume is chosen for this comparison of typ-
ical anatomy of the flows as this source volume exhibits the system of flow regimes dis-
cussed throughout this paper but is not at the extreme of source volumes tested. Later
sections of the manuscript explore the variability observed in larger and smaller volumes
and full analysis of the resulting deposit morphology.

4.1 Dry flow

The flow regimes within a 0.8 m? dry flow are revealed by the velocity and volume frac-
tion profiles as it passes the ‘CAM1’ location (Figure 5) at selected times ¢ since door
opening. The initial front of the debris flow is heralded by saltating particles (Figure 5a)
with v &~ 0.2 and (basal) slip velocity in excess of 2.5 ms~!. A high level of collisional
activity is seen when reviewing the video. As the core approaches (Figure 5b), the vol-
ume fraction increases to approximately v = 0.32. The bottom of the flow slows and

4 quickly increases. The slip velocity at t = 1.74 s is 1.8 ms™!, while the surface ve-
locity is 4.0 ms~! with a flow height of 36 mm.

The peak flow height comprises a dense (v > 0.49) core above a collisional base with

a higher magnitude of 4. The peak flow height of approximately 52 mm is visible at ¢ =
2.59 s (Figure 5¢). The surface velocity is approximately 3.4 ms~!, slower than at t =
1.74 s even though the flow height is higher. The slip velocity has reduced further to ap-
proximately 0.9 ms™?!.

—10—
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The volume fraction reduces gradually and the pressure at the base reduces after the body
of the flow passes (Figure 5d). At ¢ = 3.54 s, v ranges up to a maximum of 0.51. At

t =4.74 s (Figure 5e), the flow height has reduced to approximately 21 mm and v has
reduced to approximately 0.28. The slip velocity remains at 0.8 ms~! and the surface
velocity has reduced to 2.2 ms~!. At ¢ = 4.85 s, the determination of the velocity for

the 0.8 m? flow is not possible as particles at rest begin to back up into the camera’s field
of view. The runout morphology for this experiment is discussed in Section 6.

4.2 Saturated flow

The typical behaviour of a fluid saturated flow is presented in Figure 6 for the 0.8 m3
volume. The front of the flow arrives before the fluid, similar to the unsaturated gran-
ular front observed in laboratory experiments by Leonardi et al. (2015) and Turnbull et
al. (2015). In the early arrival stages of the core of the flow (Figure 6a), the top of fluid
is seen at an approximate height of 30 mm while the flow height is approximately 43 mm.
The free surface velocity exceeds 4.8 ms™!, faster than the dry flow. The velocity pro-
file shows a very high 4 ~ 200 s~' near the flume base and minimal 4 above the top

of fluid. In rigid bed experiments, Armanini et al. (2005) also measured the highest ¥
near the base. Here, the flow is dilute, with identified volume fractions typically rang-
ing between 0.3 and 0.4.

By t = 2.05 s, the flow height and the top of fluid are at their peak (Figure 6¢), while
the surface velocity has decreased to 4.5 ms~'. The concentration of shear near the base
of the flow continues. The density is less than the dry flow and is further reduced near
the top of flow. Below the top of fluid, the maximum volume fraction, v = 0.52. In the
portion of the flow above this, v = 0.21.

The top of fluid is coincident with the surface at ¢ = 2.75 s (Figure 6e) as the tail of
the flow passes ‘CAM1’. The flow is relatively dilute with v = 0.32. The slip velocity
reduces from 1.6 ms~! at t = 2.75 s to 0.4 ms~! at t = 4.00 s, at which time the flow

is only two particles high. This is in stark contrast to the tail end of the dry flows, where
the slip velocity is seen to be relatively constant (Figure 4).

Overall, the partitioning into a head section, frictional core, collisional base, and tail sec-
tion is more pronounced for a wet flow then dry flow of the same volume.

A similar, repeat, test was carried out for the 0.8 m? initially saturated flow, with the
high-speed video camera set at the ‘CAM2’ location (Figure 2) on the horizontal runout
portion of the flume. The results show that the flow arrives in a dense (v > 0.49) state

at the residual water content with a free surface speed of approximately 2.6 ms~! (Fig-
ure 7a), which is approximately half that at the time of peak flow at the upstream ‘CAM1’
position. The peak flow height is over 100 mm, approximately two-thirds greater than

at ‘CAM1’. This shows that the material has laterally compressed following the change

in slope. 7 is highest near the base.

The top of fluid rises quickly to 102 mm above the flume base at ¢t = 2.40 s (Figure 7b).
A reduction in the volume fraction occurs simultaneously, especially near the top of the
flow. As the core passes and the tail comes into view at ¢ = 3.00 s (Figure 7c), the ve-
locity decreases throughout the depth profile. The density increases in the lower portion
of the flow. Later, the flow arrests completely while the tail is in the view of the cam-
era.

4.3 Basal fluid pressures

During the initially saturated 0.8 m? flow, the centreline and side basal fluid pressure
sensors at z = —0.50 m show similar peak pressure measurements. This leads to the
conclusion that the flow is sufficiently mature at ‘CAM1’ to have recovered from the ini-
tial impulse of the granular collapse from the source box. Further down the flume at x =
+1.42 m, the pressure traces are also generally similar from the centreline location to
the side location.
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initially saturated trials, with equivalent fluid height remaining below flow height over range of
source volumes tested. The pore pressure ratio r,, is defined here as the ratio of fluid pressure to

the total vertical pressure.

The visually-identified top of fluid at the side of the flow can be compared to the mea-
sured basal fluid pressure P at the centre of the flow, expressed as an equivalent bed-
normal fluid height H = P/p,gcosf, where the density of water p,, = 1000 kg - m?,
the slope angle # = 30° and ¢ = 9.81 m - s~ 2. Here, the height H is similar between
the visually-identified flow height (at the side wall) to the ultrasonic flow height sensor
(at the centreline). The equivalent height of the basal fluid pressure is equal to the the
height of the fluid, indicating that the matrix fluid pressures did not exceed the equiv-
alent hydrostatic regime.

The basal fluid pressures consistently increase across the four sensors installed on the
horizontal runout portion. The highest pressures observed are at the furthest distance
from the release box. This is attributed to the increasing flow height as the front of the
flow slows and the rear of the flow cascades over. Good agreement is seen between the
equivalent fluid height from the sensor at x = 42.68 m and the top of fluid. The wet
flow is subject to contraction during the arrest phase but the basal fluid pressures do not
increase above hydrostatic.

5 Effect of varying source volume

In this section, we expand on the comparison of dry and initially saturated flows using
observations of flow thickness, velocity, volume fraction, and pore pressure measured at
the observation point near the end of the inclined section of the flume (the ‘CAM1’ lo-
cation) for source volumes ranging between 0.2 to 1.0 m3. This comparison is conducted
to look at grain-scale mechanisms controlling the flow structure that may give rise to scale
effects with flow volume.

5.1 Flow thicknesses and fluid pressures

As source volume increased through the tested range of 0.2 to 1.0 m?3, the observed max-
imum flow thickness at z = —0.50 m (‘CAM1’) increased from 38 to 51 mm for the dry
flows and from 30 to 79 mm for the initially saturated flows.
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As shown in Figure 8 at x = —0.50 m, the maximum equivalent bed-normal fluid height
(as calculated in Section 4.3) is equal to the peak flow height for the range of initially
saturated source volumes tested. This suggests the matrix fluid pressures did not exceed
the equivalent hydrostatic regime. The pore pressure ratio r,, defined here as the ratio
of fluid pressure to the total vertical pressure, ranges between [0.36 : 0.44].

5.2 Behaviour at peak flow height

In Figure 9, the time of peak flow height passing ‘CAM1’ is selected as a basis for com-
parison between the flows. This is the time when the flow is at its thickest and most dense
state, and therefore the transport rate of mass is highest. A review of the profiles, dis-
cussed in detail below, provides information on the state of flow at the end of the incline
as well as the partitioning of particles between highly shearing, lightly shearing, and col-
lisional regimes.

At the time of peak flow height passing ‘CAM1’, the velocity profile of each of the ini-
tially saturated flows (“wet”) is faster than that of the dry flows. The overall velocity of
the wet flows increases as source volume increases, with the top of the core of the 1.0 m3
flow attaining a speed exceeding 5.0 ms~t. Wet flows of all volumes are each seen to have
a very high 4 near the base of the flow. The opposite is noted for the dry flows, which
are seen to be slower for each height in the flow as source volume increases.

Two forms of velocity profile were fit to each flow as best possible. Firstly, in the form
of Bagnold (1954):

u(y) =a h3/2—(h—y)3/2} +b

where h is the flow height and a, b are best-fit constants. Secondly, a logarithmic veloc-
ity profile u(y) = clny + d, where ¢, d are best-fit constants, representing a fully tur-
bulent hydraulic flow. The velocity profiles of the dry flows are well represented by the
Bagnold profiles, as expected for dense granular flows following the u (I) rheology (Forterre
& Pouliquen, 2008). For the wet flows, the fit quality of the Bagnold profile decreases

as flow volume increases. The logarithmic profile has a higher quality of fit than the Bag-
nold profile above 0.4 m®, and matches well through 0.4 to 0.8 m® range. The fit qual-
ity decreases for the 1.0 m® wet flow, suggesting a variation of flow regime with depth.
The shape of the velocity profiles, with nonzero basal slip velocity and a decreasing ~
with increasing height above the base, is similar to the solid bed flows of Armanini et

al. (2005) (Figure S1, supporting information). Velocity profiles of natural debris flows
on a non-erodible bed measured by Nagl et al. (2020) indicate a nonzero basal slip ve-
locity and a mostly concave-up velocity profile during a flow event, with complex depo-
sition and re-mobilization of material during a sequence of surges.

At ‘CAM2’ after the change in slope, the 0.8 m? wet flow maintains this highly shear-
ing flow which transports material (at residual water content) to the front of the flow.
By comparison, the 0.4 m® wet flow displays minimal shearing at the same location.

Across the range of source volumes, the volume fraction profiles at the time of peak height
passing ‘CAM1’ (Figure 9) for the dry flows display a similar shape as the 0.8 m® flow
discussed above. The maximum volume fraction of the core increases with source vol-
ume. Each volume of wet flows displays a similar shape as the 0.8 m? flow, with a re-
duction in volume fraction above the top of fluid. The 0.2 through 0.6 m? dry flows each
are entirely in a collisional regime when assessed by volume fraction. The 0.8 and 1.0 m3
dry flows each have portions exceeding v = 0.583, indicating a frictional regime. While
the maximum volume fractions of the wet flows increase slightly with source volume, the
wet flows each have a lower maximum volume fraction than the dry flows of the same
source volume and all remain in a collisional regime. For the dry flows, the volume frac-
tion near the base is relatively consistent over the range of 0.2 to 0.8 m3. For the 1.0 m?
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flow, the dense region is seen to extend down to near the flume base, suggesting that the
increased confining pressure of the thicker frictional core has suppressed the collisional
base. The wet flows displayed a reduction in volume fraction near the base over the range
of source volumes, coincident with a high 4.

The basal and free surface velocities and depth-averaged volume fractions are detailed

for each trial in Table S1, in the supporting information. Using these parameters, all flows
were classified as collisional flows by the Inertial Number I (e.g. Turnbull et al., 2015;
Forterre & Pouliquen, 2008). The strong variation of 4 with depth seen in the wet flows
suggests that the Inertial Number varies with depth in the flows, and classification from

a depth-averaged Inertial Number does not reliably describe the grain-scale behaviour
seen in the wet flows.

5.3 Longitudinal distribution of regimes

We note that the core region of the initially saturated flows appears to enter an efficient
mode of transport that increases in velocity with flow thickness, to a greater extent than
would be expected according to Bagnoldian theory. Hence, the size of this core region
relative to the total flow size is examined here. The partitioning into regimes along the
length of the flow from head to tail can be assessed through plots of the measured quan-
tities for each analysis interval and depth bin. Figure 10 shows the volume fraction re-
sults and Figure 11 shows the velocity results in a contour plot format where the con-
tour lines represent isovelocity lines. 4 can be inferred from the vertical distance between
the isovelocity contour lines: isovelocity lines closer together represent a higher shear rate.
Where the lines are parallel to the x-axis, that portion of the velocity profile is constant
with time.

The volume fraction of the dry flows (Figure 10) shows partitioning of the flow into a
dilute, saltating head preceding the front, a dense core where volume fraction increases
with source volume, and a gradual of reduction of volume fraction towards the tail. Dur-
ing this transition period, the velocity results show only gradual changes with time (Fig-
ure 11). Geometric similarity of the flow height over time is evident across the range of
source volumes and the change in flow height between core and tail is gradual. In con-
trast, for the wet flows the regime of the tail is distinct from the core for both volume
fraction and velocity (Figure 10 and Figure 11, respectively).

The initially saturated flows each display a period with near-constant velocity in the base
of the flow (Figure 11), with the duration of this increasing with source volume. Only

a short period of near-constant velocity in the base is observed within the 0.2 m? flow,
increasing to 0.9 s for the 1.0 m® flow. The maximum % near the base does not vary sig-
nificantly with source volume, suggesting that the wet flows find a preferred, efficient state
of flow. The velocity profiles remain near-constant as the flow height reduces until seem-
ingly falling below a critical threshold where the velocity abruptly reduces and the tail
begins. This phenomenon is also visible on a plot of the slip velocity over time from the
flow front (Figure 12) as a distinct plateau for the wet flows but not for the dry flows.

The decrease in velocity from core to tail was greater for the wet flows than the dry flows.
An effect for the deceleration of the wet flows is thought to be due to surface tension be-
tween the liquid phase with the flume base and sidewalls. At this stage, the tail portions
of the initially saturated flows are slow moving and of low volume fraction and minimal
thickness. Some ceramic beads remained on the flume surface at the end of the exper-
iments until the remnant water evaporated. The material partitioned to this slow-moving
tail would reduce the volume available to be transported at high speed in the core sec-
tion of the flow. This is in accordance with the description of ‘starving’ avalanches by
Bartelt et al. (2007).
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6 Variation of morphology of resultant deposit with source volume

In the previous section, observations at the grain-scale revealed localized shearing at the
base and evolution of volume fraction zones with flow height. In this section, we explore
the changes in bulk behaviour, as reflected in the deposit morphology, for the varied source
volumes.

The deposit morphology for each of the five dry and five saturated flow volumes, cap-
tured using LIDAR scanning, is presented in Figure 13. The profile of deposit morphol-
ogy illustrates geometrical similarity (centre-of-mass travel distance, shape and slope an-
gle of the deposit) over the range of source volumes for dry flows. In contrast, the ini-
tially saturated flows display markedly increased runout distances as source volume in-
creases. Runout statistics, illustrated schematically in Figure la, can be used to sum-
marize the resultant deposit morphologies (Figure 14). The frontal extents of the flow

are considered in Heim’s Ratio H/L (Figure 14a). Heim’s Ratio remains relatively con-
stant for dry flows but decreases significantly for initially saturated flows, indicating in-
creased mobility with volume. Parez & Aharonov (2015) decompose the runout into trans-
lation of the centre-of-mass, related to an apparent friction coefficient, and forward spread
Sy ahead of the centre-of-mass (Figure 14b). A slight increase in the forward spreading
distance is seen for dry flows, commensurate with geometric similitude. For the initially
saturated flows, a much larger increase of the forward spreading distance with volume
occurs, the majority of which is from translation of the centre-of-mass.

The travel angle statistics summarize the translation of the centre-of-mass (Figure 14c),
with a lower travel angle indicating a general increase in mobility. For the dry tests, a
relatively consistent travel angle of 27.1° to 28.1° was calcuated over the range of source
volumes tested. For the wet tests, the travel angle reduced significantly from 25.7° for
a source volume of 0.2 m? to 20.1° for a source volume of 1.0 m®. This marked decrease
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indicates that one or more physical processes within the rheology of the wet flows are
affected by experiment size.

7 Conclusions

A series of monodisperse granular flows was released within a large laboratory flume to
define the effect of landslide volume on the runout distance and the relative contribu-
tions of translation and spreading in the end member case of high permeability debris.
Both dry and initially saturated states were tested and the source volume was system-
atically varied from 0.2 to 1.0 m? in 0.2 m? increments. The use of high permeability
debris retained the possible influences of particle buoyancy and fluid drag but was con-
firmed to not result in basal fluid pressures that exceed hydrostatic conditions. The tests
exhibited marked differences in runout distance and flow regimes as observed by high-
speed video between dry and initially water saturated conditions. The initially saturated
flows displayed an increase in flow velocity and runout distance as flow source volume
increased. This increase in total mobility was seen to come more from translation of the
centre-of-mass than spreading at the front.

For particles considered as a frictional continuum, the effect of interstitial fluid is through
reduction in the contact stresses between particles. In this case where the interstitial fluid
pressures did not exceed hydrostatic conditions, the effect would be limited to particle
buoyancy and not subject to scaling with flow thickness. Fluid drag can also occur if the
interstitial fluid is travelling at a different speed than the particles.

The results show that the lower portions of the wet flows have decreased in volume frac-
tion significantly and have entered a collisional regime. + is highest in the collisional zone
near the base. The variation in flow speed and translation distance may be caused by
partitioning of the source volume into generally 1) a highly shearing base, 2) a core sec-
tion above and 3) a slow tail section. Energy is only expended by the flow when 4 is nonzero.
Energy expenditure is concentrated in the base of the flow and the tail section starves
the flow of fluid and particles as the flume surface is wet and the particles remain by cap-
illary forces. The remainder of the source volume is transported in the core very quickly
with little energy expenditure, and is the prime contributor to the long runout distances
observed. This system of flow regimes is considered to be a preferred, efficient state of
flow.

The scaling effects are postulated to arise when varying source volumes are not split into
these regimes proportionally. The experiments showed the highly shearing base to be of
similar height across the series of wet flows and the tail sections appeared similar as well.

The data show that the flow resistance of fluid-saturated flows may be defined by par-
ticle collisions and interactions with interstitial fluid on a local scale and preclude depth-
averaged or continuum approaches. Physical experiments linking particulate behaviour
to bulk response are required to fully validate and calibrate conceptual and numerical
models of collisional and multiphase behaviour.

The results suggest some potential applications to granular mass flows in the field, e.g.
debris flows. The shape of the velocity profiles (Figure 9) for the identical sediment mix-
ture are useful to constrain an appropriate rheology to describe several aspects of the
flow behavior of both dry and wet granular flows. The shape of the velocity profile is es-
pecially useful for choosing an appropriate rheology (or friction relation) used in depth-
averaged runout models of debris flows. Such models (e.g. Barnhart et al. 2021) are used
for hazard mapping, interpretation of recent events and also for impact calculations for
designing mitigation measures. The shape of the velocity profile is necessary to increase
the accuracy of the depth-averaged momentum predicted by such models. Experiments
to evaluate the influence of basal roughness on the velocity profile, which is beyond the
scope of this study, would provide an additional data set to better understand the role
of basal friction and basal slip on the shape of the velocity profiles. The observation that
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the velocity profile changes with water content is also of interest for accurately deter-
mining the volume of a debris flow from depth recordings in cases where independent
observations of the volume are unavailable. Solutions to this problem are rare, and un-
til now the rheology (or more simply the friction relation) of a debris flow is assumed
to be constant over the duration of an event (e.g. Schlunegger et al. 2009), or the vari-
ation of velocity with depth and time within a flow is not considered, resulting in sys-
tematic errors in estimating the instantaneous discharge and volume of a debris flow.

Flume experiments will remain useful for debris flow research for the foreseeable future.
This data provides additional support to the conclusion that flow thickness matters, par-
ticularly for fluid saturated flows. This study begins to address the paucity of such ex-
periments through the publication of a unique dataset that combines the detailed grain-
scale visual observations of flow structure, velocity, and volume fraction, with the ob-

served consequences in terms of effective friction and debris spreading. This unique dataset

is publicly available on the Scholarsportal Dataverse repository to serve as a well-defined
test scenario to assess the role of interstitial fluid in numerical runout models of debris
flows.
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