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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, the mechanisms through which pore fluid increases mobility may not bes
captured in experimental flows of small volume typical of laboratory conditions. Here we present the resur§§
of dry and initially fluid saturated or “wet” experimental flows of near-monodisperse coarse-grained ceramﬁ:
particles in a large laboratory flume for five source volumes of 0.2-1.8easurements include flow height, &
velocity profile, pore pressure, and evolving solid volume fraction, as well as the final deposit shape. The éry
experiments constrain the frictional properties of the common granular material and comparison with wet glow
permits an independent evaluation of the interstitial fluid effects. These results demonstrate that flow dilaﬂ:z)n
and strong variation in the velocity profile are directly linked to a greatly increased mobility for wet granula%
flows compared to dry, and a significant influence of scale as controlled by source volume on flow behavi@'.
Excess pore pressure need not be present for these effects to occur.

p 89S “[zz0

Plain Language Summary An accurate prediction of how fast and how far a landslide, such as a3
debris flow, will travel is essential to define the hazard posed to life and property by these geophysical ro@s.
While dry frictional flows often behave according to the simple physics of friction resisting motion, initially %
water saturated granular flows tend to travel farther and faster than the same scenario under dry conditiorss.
In this paper, we explore this phenomenon in detail, using comparatively large-sized monodisperse grain%ﬁ in
which we expect the pore fluid effects to be limited to buoyancy. We undertake high-speed video analysis%o
examine differences in grain-scale behavior that might lead to increased mobility in saturated over dry flo@s,
and scan the deposit shape to quantify how far the debris travels. Large flume tests comparing dry versuss
saturated flows for five source volumes of 0.2—1.0 cubic meters reveal that, in contrast to dry flows, satura[ged
flows travel significantly farther as the volume of the landslide increases. This occurs even while the pore g
fluid pressure acts only to provide buoyancy in the flow. This data is unique as it will enable researchers t@ tes
how well numerical simulations are able to model the travel behavior of the same material in a dry and wa%er
saturated state.

1. Introduction

0 (SUOHIPUOD-pUER-SW

The quantification of the hazard posed by a potential landslide source volume requires an accurate predi%ior
the travel path and distal reach of the final deposit. This is generally accomplished in practice by using r}lno
observations from past landslide events in the same location or similar geologic materials to delineate f)ote
tial hazard areas for future landslides. These observations are then used either within an empirical-stagisti
approach to define runout exceedance probability (Le@@39 or by inferring material rheological models 3
and parameters from numerical simulations to match runout and inundation depth trimlines of historical e§ven
(McDougall,2017. Heim's Ratiolf/L) was an early empirical-statistical proposal of a parameter for risk ass&:ss
ment by geometrical similarity (Figufg. The total runout length can be decomposed into contributions front
the translation of the center of mdsg,,, and spreading of the material ahead of the center-of-Ené3ade &
Huppert, 1998 Staron & Lajeuness@009, as well as the distance from the back of the head scarp to the so@rce
center of mass. The difference in elevatidnjs measured from the back of the head scarp to the front of @e
deposit. The total runout lengthis typically of greatest interest for hazard assessment whereas the potefitia
energy of the source volume is often equatdd.t®he travel angle is defined as the &
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angle of inclination between the center of mass of the runout deposit and the center of mass of the source ol
and has been associated with an apparent friction coefficient (e.g., Parez & AhagdipwConceptually, the
travel angle may be invariant with source volume (Fidimeor it may vary with the source volume (Figli@

where scale effects are significant.

ndnBey//:sdny wo.y Rapeojumoq ‘2T ‘2202 'TT0669T2

Debris flows are very rapid to extremely rapid flow events of material that is of low plasticity, unsorted and r@xet
(Hungr et al.2013. The flows often contain interstitial fluid (water, sometimes with suspended clay and Bilt
particles) and even coarse material can exhibit liquefied behavior. Aggregated observations of historical §ieb
flows, compiled by Corominad 996 and Rickenmann2011), illustrate the general trend of decreasing travev}
angle (signifying increased mobility and a decrease in effective flow resistance) as source volume incréas
While there is a lack of consensus in the literature, collisionality (e.g., Arm&60ib8, fragmentation (e.g., 5
Bowman et al.2012 Caballero et al.2014), pore pressure diffusion length-scales (e.g., Iverddh5 Kaitna
et al.,2016, and thermal effects (e.g., Alonso et 2016 Fischer et al.2018 Goren & Aharonov2007 Voight
& Faust,1982 amongst other hypotheses (e.g., effects at the laboratory scale such as side wall effects @’nd
drag; Bryant et al.2015 Kesseler et al2020 have been investigated as potential mechanisms through wh%h
larger volume landslides achieve higher mobility. Here, we wish to explore the behavior of the coarse pagtich
both in a dry state and with interstitial water, over a range of source volumes, to observe the effect ongran
velocity and runout length. :

02/620T°0T/10P,

¥
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Experimental flume flows using dry granular material have shown that when the rheology of the flow is %er)
simple, the runout behavior can be straightforwardly related to general physical parameters like slope zang
basal friction and grain size (e.g., Mangeney eR8llL) or predicted using depth-averaged models (e.g., Bryaijt
et al.,2015. Flows of fully saturated or initially saturated materials have shown changes in flow resistance%vitf
source volume (e.g., de Haas et20015, fines content or moisture content (e.g., Hurlimann e2@l5 Kaitna 8
et al.,2014 Zhou et al.2018.

S [czoz/eT,

Numerical simulations of landslide runout offer the ability to release a source volume, propagate its flow%?ove
a 2D or 3D geometrical representation of the terrain, and provide estimates of inundation depth, velocitg, a
definition of the maximum distal reach of the deposit for a given pairing of a resistance law and respective fhoc
parameter(s). In the case, the moving mass is modeled based on an equivalent fluid concet9@Hurtipe
resistance law is chosen based on the nature of the flow. That can range from a granular flow to a fully liq
flow for which the effect of pore fluid is of major importance.

efi
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For granular flows, the main source of flow resistance stems from particle friction and particle collisions. Ir
dense granular flows, particle contacts are long-lasting and force chains develop. For natural flows in a fricior
regime, the recently developed rheology may be appropriate (Forterre & Pouliquzi08. A collisional

regime can occur when the concentration of solids, represented by the volume frastitire portion of total
volume occupied by solid particles, is too low to maintain these long-lasting contacts (Ba§Bdldenkins &
Savage1983. In a collisional regime the flow resistance is dependentamd the rate of collisions (e.g., Lun 3

& Savage,1986. The transition between these idealized regimes is not abrupt and the regimes are thouéht
exist simultaneously in the transition (Ancey & Eves@@8Q Armanini,2013. The interstitial fluid would also
affect this collisional-frictional network of discrete particles.

ugy/.
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With the addition of an interstitial fluid to a granular flow, particles are subject to both buoyancy and drag f@rce
(Armanini, 2013 Iverson,1997). Particle buoyancy reduces the interparticle stresses, which is represented%)n |
macro scale by the concept of geotechnical effective stress  u, where is total stressy is pore pressure. 3
In a frictional continuum material, the shear resistance from friction is proportional to the effective stress ge.¢

= tan ) -thatis, the Mohr-Coulomb criterion.

N 10} ATesess] aul|

For a fully liquefied or low solids content flow, the effect of interstitial fluid may be more conveniently mode&ed
by a non-Newtonian phenomenological flow law (Anc2907), which is characterized by a distinct velocity g

profile. In both cases, pore pressure effects are typically considered to be non-transient during the durafion
the flow. The validity of this assumption has been explored in Tayyebi @02l)( who suggest model choice %

should be guided through a consideration of two competing characteristic times: (a) consolidation time a@d (
propagation time. For scenarios in which the time of pore pressure dissipation is rapid in comparison to thétra
time, the high permeability material is unlikely to retain excess positive pore pressure (e.g., MHISdfaitna 3
et al.,2016 Pastor et al.2014 Pudasaini et al2009, permitting simpler models of pore pressure effects to
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(a) definitions of landslide geometry statistics

L
— R — Source volume
- Centre of mass of source volume Resultant
deposit
a,
HCOM g_; S L Sf | H
NG
L Centre of mass
coM of deposit

(b) travel angle invariant with source volume

(c) travel angle variant with source volume

e &

Figure 1. Schematic illustration of flows in a simple planar flume, showing (a) definition of geometry statistics, (b) the
case where the travel anglgis invariant with source volume, and (c) potential variation,afith changing source volume
indicating a variation of flow resistance.
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used. On the other hand, it may be appropriate for fully undrained models to simulate lower permeability féow:
such as high water content slurries or liquefied debris. Debris flows with intermediate permeability betweenzhe
two end members have the most computationally complex requirements for numerical simulation as the CéﬂS(
dation time and travel time can be of the same order, and pore pressure can vary with space and time.

HPUO:

o]}

Recent observations of large landslide events which include a transition from a granular flow to a quuefie(fZ’fIO\
(e.g., Shugar et a021; Walter et al. 2020 and progress in monitoring of debris flows, including basal stressgs
(e.g., McArdell et al.2007 and velocity profiles (Nagl et al2020 highlight the importance of the fluid in
granular flows.

A

The addition of an interstitial fluid is therefore recognized to have a dominant impact on the mobility of the ow
Impulse releases of an opaque material from behind a rapidly opening gate have been performed by theﬂi}US
(e.g., Iverson et al2010 on a large scale with a laterally unconfined runout area or at laboratory scale (€.g.
Baselt et al.2022 Hurlimann et al.2015. Flows may also be triggered by moving water (e.g., Ha@a2 g
Lanzoni et al.2017 Lyu et al.,2017 Tsubaki et al.1983 Zheng et al.2021). A recirculating flume was used
by Armanini et al. 2005 to host a long-duration debris flow from which grain-scale measurements of volugne
fraction and velocity could be taken.

o
EX
E
®
c
g
ﬁ

e yO ‘es

ob ae s

However, experimental studies in which both the bulk-scale (runout) and grain-scale behavior of identical%ra\
ular material in a dry and saturated initial state are directly compared are rare. The comparison would pgovi

TAYLOR-NOONAN ET AL.
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a unique opportunity to test numerical simulation outcomes by first constraining the frictional properties d th
material (i.e., matching the runout behavior of the dry experiments of different source volumes) before dnd
pendently evaluating the implementation of rheological models to account for buoyancy, fluid drag, and%por
pressure affecting the frictional material. The relative contributions of each mechanism may be revealeci; aff
systematically matching the experimental results at each source volume.

iluo sgnd

We performed a series of experiments on the end member cases of high permeability granular materialgwh
is initially dry or initially saturated with the objective of defining the influence of interstitial fluid and Iandsliée

volume on the runout distance and the relative contributions of translation and spreading in a material in jwhh
excess pore pressure is not expected to occur. A monodisperse material was used to ensure no segreéatk
particle size would take place during flow which could alter the rheologic behavior, other than that caus‘g\‘d I
variation in solid and fluid concentration. Granular material was selected of a large enough grain size sugh tt
excess pore pressures did not occur and that the effects of the interstitial fluid would theoretically be Iimigﬁed |
buoyancy and drag. A large grain size is also suitable for identifying particles on high-speed video, from \Ejhic
observations of contact behavior and flow regimes can be made. Each flow was initiated from a well-d@%ine
state and observed comprehensively during the travel and arrest phases. Dry flows of the identical source \&Iur
were also tested as a direct point of reference for comparison.

In the remainder of the manuscript, we first describe the research flume, instrumentation, and high-speee vic
analysis methods used for the experiments. The flow regimes of both dry and initially saturatéticng are
then described and illustrated using representative frames and depth profiles. Next, velocity and volume fr@cti
results are presented for volumes ranging between 0.2 and foQllustrate the variation in flow behavior with %

source volume. Finally, laser scanning results of the deposit morphology of each trial are used to expk%e t

nature of the relationship between travel angle and source volume for both dry and wet flows.

auuo Qtw\ 4591 A

2. Experimental Setup and Methodology

The experiments consisted of a series of granular flows in a large indoor testing facility rigure 2.09 m
wide flume features a 8.23 m long section inclined 30° from horizontal and a 33 m long horizontal runout segtiol
For the entirety of the inclined portion and for the first 3.68 m of the horizontal runout section, the base dza‘ th
flume is constructed from bare aluminum and the side walls of the flume are glass to permit observationg")f t
flows. Further down the flume, the base is constructed from smooth concrete. At the top, a release box@vitf
hinged door can accommodate over 10afnsaturated material. The door was rapidly opened using pneuméic

cylinders to initiate the experiment, with the door moving clear of the material within 0.4 s. At the completiq%l o]
the test, the final deposit shape was surveyed using a Faro Focus S 150 Light Detection and Ranging (L3DA
scanner from two or more scanning positions.

pue swial ay) 89S ‘[¢z0z/eT/

2.1. Video Capture and Instrumentation

PUOD-pUE-SWIBY/WO00 A3

During the test, a Phantom v2512 high-speed video camera was located near the end of the inclined portiog of
flume (indicated as “CAM1” on Figurg) to capture mature flow behavior in the travel stage. The camera vV:las

oriented in a side-on configuration to observe through the transparent glass side walls, rotated such that the w
of the image was parallel to the base of the flume. The camera was set to capture a 1,280 x 800 pixel gréyS(
image at a frame rate of 7,500-10,000 fps (frames per second). A Tokina 100 mm /2.8 Macro lens was 5Sec
its widest aperture to limit the depth of field and distinguish only the particles next to the glass side wallsg Tk
field of view was approximately 220 mm by 136 mm. A typical particle of 3.85 mm diameter was representeid b
a 23 pixel width in the resulting image.

As only one high-speed video camera was available, two initially saturated flows (0.4 arfi¢6L8ga volumes)
were repeated with the same camera and lens situated within the horizontal portion of the flume (“CAMZ“ 0
Figure2). At this location, the camera was situated further back from the sidewall. The field of view was ap@rox
imately 285 by 178 mm, with a typical particle represented by 17 pixels.

O oSN jo sa|ni

0D are

Nine fluid pressure transducer sensors were installed into the base of the flume to quantify the basatfluig pr
sure (Figure?). The sensors (TE Connectivity model U5244-000002-14BG, 0-140 mbar range, manufactirer

TAYLOR-NOONAN ET AL.
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Legend (b) Oblique view
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Figure 2. Diagram of (a) side profile, (b) oblique view, (c) top view of the experimental flume, illustrating the locations o;
high-speed video camera fields of view, basal fluid pressure transducers, and ultrasonic height sensors.

stated accuracy 7 mm, total error band 18 mm) were threaded directly into the flume. The fluid could £nte

each sensor through seven holes of 2 mm diameter.

Two ultrasonic distance sensors (model SI8UUAQ, Banner Engineering Corp., 2.5 ms response time}
mounted above the inclined section of the flume, along the flume centerline (Bigliteese sensors recorded:
the flow height away from the influence of the glass sidewalls by measuring the distance between the sen
the top of the flow, normal to the flume base.

= WE

or
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The sensor signals were sampled and recorded at 2,000 Hz. During the experiments, the pressure sensmrs
subject to noise considered to be resonance of the flume. The natural frequency of the flume structure Was me
ured at approximately 140 Hz. To counteract this noise, the pressure sensor output signals were filtered gsm
80 Hz low-pass Butterworth filter.

2.2. Materials and Preparation

0} Arelqi auluo Asyl

Pseudo-spherical ceramic beads, manufactured by Saint-Gobain Norpro and marketed as Denstone 2000 Suy
Media, were used as the granular material for the experiments. These beads were chosen for their pseud:fgsp
cal shape, relatively uniform diameter, and ability to be reused for multiple trials with minimal breakdown. gThe
physical properties of a representative sample of 30 beads were measured and tabulated by Codtth§) et alg(
The beads were found to have an average diameter of 3.85 mm, grain sphericity of approximately 95%, angl g1
density of 2,241 kg . The bulk density was measured by Coon@d 8 as 1,400 kg m, corresponding to a %
volume fraction of =0.63. According to the manufacturer, the hardness of the beads exceeds 6.5 on the #of
scale. Triaxial tests conducted by RaymoR@i0Q) gave effective friction angles of 33.7° at 20 kPa confining
pressure.

TAYLOR-NOONAN ET AL.
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(a) Particle tracking vectors (b) velocity profile
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Figure 3. Representative video analysis and calculated profiles using PTV forr@#8/flow at peak flow height,
illustrating (a) displacement vectors (green arrows) identified by PTV within bins drawn parallel to flume base (in red), (%)

velocity profile calculated from displacement vectors within each bin, (c) Voronoi polygons drawn around particle Iocatlsns
for use in volume fraction estimation method, and (d) estimated volume fraction profile.

The source volumes tested were comprised of 0.2, 0.4, 0.6, 0.8, and. IrDeach of the dry and initially
saturated states, the material was made level in the release box using a rake. In the initially saturated sgate,
pore spaces were inundated with potable water at room temperature but ponding water on top of the be§ds
minimized. Chemical analysis of the tap water by Rowe eP@l.4 indicate concentration of key cations of 395
ppm (Ca), 9.5 ppm (Mg) and 18.6 ppm (Na).

SWwIay/Wo Aa|Im!

3. High-Speed Video Analysis and Calculated Quantities

J@qn auluo Aajim uo (suo!

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

L6,

est

3.1. Particle Displacement and Velocity
ed

ap& VO ‘asn jo sa|n.

The Particle Tracking Velocimetry (PTV) method involves first identifying the particle locations in sele
frames and then using a PTV algorithm to link individual particles in successive frames (Brevig@t@l., 7
Gollin et al.,2017 A. M. Taylor-Noonan et al.2021). In our experiments, the camera is oriented to mat@

the inclination of the flume base to optimize the field of view, for example, so the particle movement vedtor
(Figure3a) are generally horizontal in the illustrations. The direction of gravity is noted on the figure.

TAYLOR-NOONAN ET AL.
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— Top of flow ———— Free Surface Velocity The images were analyzed in sets of fifty (50) images. Each set was initiai;ed
= Top of fluid —— Basal Slip Velocity at an interval of = 0.05 s during the passage of the flow. Within each set, the
(a) Dry flow frames were selected from the 7,500-10,000 fps video such that the analyfzec
80 . . . ; ; ; 5 frames were t = 0.0004 s apart (equivalent to 2,500 fps). For a particlé
ale 2 2 2 moving at 5 m per second, the movement was 11.5 pixels and the resulﬁng
6ok “jp\ - a s 3 14 ratio of particle movement per frame to particle diameter was 0.52. FoEa
£ | NS w particle moving at 1 m per second, the corresponding movement was ?3
£ | 3E pixels. The results were grouped into bins (shown by red lines on FApurel
%40- | / \ “ o I % to prepare depth profiles of the quantities, each drawn parallel to the flu*§1e
':clT:) | ) 12 % base with height equal to one average particle diameter. Each vector glas
20l j \/\\ L . = decomposed into components parallel (streamwise) and perpendicular toghe
Particles backed| 4 flume base. 5
TNV up into camera <
0 L ‘ ‘ fieldof view | Velocity profiles (Figure3b) were calculated by averaging the components
0 1 2z 3 4 5 6 7 of each vector located within the bin, for all pairs of frames that comprige
(b) Wet flow Time since door opening (s) the set. From the profile of streamwise velocityhe shear strain rate with g
80 T ,A" T ” T T T 5 respect to depth is defined here by . This quantity indicates rela g
é’l?\ 10 tive displacement within the flow. The velocity of the lowest bin, adjacent 'g)
60k ﬁ ﬁ o 14 the flume base, was considered to be the basal slip velocity. As an exar@lle
. '/ = Figure4 presents the free surface and basal slip velocities for representaave
£ | 1PE  0.8nPdry and wet flows. e
= 4or FANM = 3
f‘_? 3 \ \r/ 128 g
T ool KA = 3.2. Volume Fraction §
7] . o N
8 D'IUte‘ wettail The volume fraction forms the basis for classification in Kinetic Theory%’
oL i . 70 and Extended Kinetic Theory (e.g., Chialvo et @b12 Jenkins,2007 i’:
0 1 T'2 . 3 d 4 _° 6 7 Lun, 1991). Randomly close packed spheres correspongto0.64 (Allen §
ime since door opening (s) & Thomas,1999. Various contributors to Extended Kinetic Theory proposé
Figure 4. Flow heights (from side view camera) versus time, at “CAM1”  the frictional regime begins between 0.583 0.613 when long-lasting %:
location near the end of the inclined section of flume, for representative’0.8particle contacts develop. Jenkind0Q7) further divided the collisional g
(a) dry and (b) wet flows. The initially saturated flow is taller, has the majorifegime into a “dense collisional” regime (0.49 <0.583) and “dilute colli- %
of the mass biased toward the front of the flow, and has a long thin tail portigjn 5/ regime ( 0.60) based on a change in the likelihood of a partlclez

The top of fluid is below the top of flow at the time of peak flow height. The
free surface and basal slip velocities are also shown.

collision. This proposed classification has been shown in the backgroundgof
volume fraction plots in the following sections.

To estimate volume fraction the image plane is first divided into Voronoi

polygons, each containing one identified particle centroid location (F3gure
and drawn such that all points in the polygon are closer to that identified particle than any otherisTasta,
mated using two methods proposed by Capart e2@0, which consider the size and shape of Voronoi-polyz
gons as the basis of estimation. Both methods were developed for the case where particles are observed égai
rigid transparent wall, but calibrated with the average volume fraction in the cell and are thus expected to eﬁim:
the volume fraction away from the influence of the rigid wall.

'e-SWIaY/Wod Aa)m Arelqi

Only the area of the polygons is considered for relatively dilute flow€(20). For > 0.20, the shape of

the polygons is considered using a roundness parametdrA /P2 where A and P are the area and perimetet
of the Voronoi polygon around the particle, respectively. The roundness paraneilculated for all the

particles in a bin over all the frames in each set. Voronoi polygons which share an edge with the analysis &res
interest were disregarded, as the shape of these polygons may have been clipped by the analysis area ofsinte
Before inclusion into the average, each Voronoi polygon was assessed for size and shape; Voronoi polygo:ﬁs v
areas exceeding 2.5 times the area of an average particle or with a roundness pataiwsied.70 were then ¢
discarded, and any polygon bordering these discarded polygons were withheld from the average. Onee tHe a

age is calculated, the volume fraction profile (Fig@d is estimated by: 8

AJEanQuuuo Asim uo (¢

_ 1)
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For random close packing of sphergg, 0.64 (Allen & Thomas, 1999. Capart et al. performed a calibration
study for volume fractions in the range 0.20 0.55 and found calibration constants,, = 0.84, ,=0.72,
and =3.5.

//:sd1y Wwoly papeojumod ‘¢T ‘220z ‘TT0669TC

As the flow inevitably contained some saltating particles above the flow, a threshold is required to define V\%at
considered to be the body of the flow. For the purposes of further analysis and discussion in this paper, t@e fl
height of the trials was set by the threshotd0.20 over height and time (Figu®. Some manual adjustments 3

were made to exclude particles which were not immediately beside the sidewall glass. This was judged §)y t
shallow depth of field of the camera lens and the incident light. The top of fluid was manually marked on ir@age
at 0.05 s intervals for the wet flows. '

4. Flow Characteristics

02/620T 0T/10p/WOd

We begin the comparison of dry and saturated flows through visual observations of flow structure, vel§cit)
volume fraction, and pore pressure measured at the observation point near the end of the inclined sectio§ of
flume (the “CAM1” location). The times examined are shown on FidLifde 0.8 i volume is chosen for this
comparison of typical anatomy of the flows as this source volume exhibits the system of flow regimes disczéjss'
throughout this paper but is not at the extreme of source volumes tested. Later sections of the manuscript éxp
the variability observed in larger and smaller volumes and full analysis of the resulting deposit morpholog)%9

4.1. Dry Flow §
The flow regimes within a 0.8 fdry flow are revealed by the velocity and volume fraction profiles as it pas@s
the “CAML" location (Figure5) at selected timessince door opening. The initial front of the granular flows

is heralded by saltating particles (Fig@a& with 0.2 and basal slip velocity in excess of 2.5 nsA high E
level of collisional activity is seen when reviewing the video. Latérdt.74 s (Figuresh), the volume fraction g
increases to approximately= 0.27. The bottom of the flow slows and the shear strain rgtéckly increases. =
The basal slip velocity is 1.8 mhs while the surface velocity is 4.0 rhawith a flow height of 36 mm. 2
The peak flow height comprises a dense 0.49) core above a collisional base with a higher magnitude ofg’
The peak flow height of approximately 52 mm is visible=aR.59 s (Figurebc). The surface velocity is approx g
imately 3.4 mg, slower than at = 1.74 s even though the flow height is higher. The basal slip velocity hés
reduced further to approximately 0.9 rh.s g
Att=4.74 s (Figurése), the flow height has reduced to approximately 21 mm drab reduced to approximately §
0.43. The basal slip velocity remains at 0.8'nand the surface velocity has reduced to 2.2 it t = 4.85s, 3
the determination of the velocity for the 0.8 flow is not possible as particles at rest begin to back up into t&e
camera's field of view. The runout morphology for this experiment is discussed in $ection i
4.2. Saturated Flow 2‘,
The typical behavior of a fluid saturated flow is presented in Figifoethe 0.8 m volume. The front of the flow §
arrives before the fluid, similar to the unsaturated granular front observed in laboratory experiments by Leé’nar
et al. @015 and Turnbull et al.4015. In the early arrival stages of the core of the flow (Figiglethe top of E
fluid is seen at an approximate height of 30 mm while the flow height is approximately 43 mm. The free s@_?fac
velocity exceeds 4.8 mis faster than the dry flow. The velocity profile shows a very higi200 s' near the 2
flume base and minimalabove the top of fluid. In rigid bed experiments, Armanini e28l0§ also measured §
the highest near the base. Here, the flow is dilute, with identified volume fractions typically ranging betwg&en
0.3and 0.4. 5
By t = 2.05 s, the flow height and the top of fluid are at their peak (Fi§drewhile the surface velocity has i

decreased to 4.5 mis The concentration of shear near the base of the flow continues. The density is Ies%tha
the dry flow and is further reduced near the top of flow. Below the top of fluid, the maximum volume fractigh is
=0.52. In the portion of the flow above thisz 0.21.

The top of fluid is coincident with the surfacetat 2.75 s (Figure6e) as the tail of the flow passes ‘CAM1".
The flow is relatively dilute with = 0.32. The basal slip velocity reduces from 1.6'n&tt=2.75s to 0.4 m$
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Figure 5. Anatomy of 0.8 M dry flow at end of inclined section of flume (“CAM1”), showing a frame of video, the velocity profile with +1 standard deviation lim
(in the 0.02 s observation time window), and the volume fractattimes (a} = 1.54 s, (b)t=1.74 s, (c)t =2.59 s, (d)t =3.54 s, (e}t = 4.74 s since door opening.
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Figure 6. Anatomy of 0.8 M initially saturated flow at end of inclined section of flume (‘CAM1’) showing a frame of video, the velocity profile with +1 standard
deviation limits (in the 0.02 s observation time window), and the volume fractibtimes (aj =1.50 s, (b)t=1.65s, (c)t=2.05s, (d}t =2.45s, (ex=2.75 s since
door opening. The shading in the volume fraction plot represents the dense collisional regime (0D483).
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att =4.00 s, at which time the flow is only two particles high. This is in stark contrast to the tail end of the:
flows, where the basal slip velocity is seen to be relatively constant (Bigure

=
<«

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

C¢

0" sqndnﬁ@sduu wouy

A similar, repeat, test was carried out for the 038nitially saturated flow, with the high-speed video camera sgt
at the “CAM2” location (Figur®) on the horizontal runout portion of the flume. The results show that the f|@f&N
arrives in a dense ¢ 0.49) state with only a thin film of water around the particles, with a free surface spéed
of approximately 2.6 ms (Figure7a), which is approximately half that at the time of peak flow at the upstrea:fn
“CAML” position. The peak flow height is over 100 mm, approximately two-thirds greater than at “CAML1.” This
shows that the material has laterally compressed following the change in skopighest near the base.

The top of fluid rises quickly to 102 mm above the flume bate at40 s (Figurerb). A reduction in the volume
fraction occurs simultaneously, especially near the top of the flow. The velocity decreases throughout the
profile after the peak flow height passes (Figteatt = 3.00 s). The density increases in the lower portion o
the flow. Later, the flow arrests completely while the tail is in the view of the camera.

9900:!&202/620'['0'[/!0
D

4.3. Basal Fluid Pressures

11 auluo Asiim 1saL Ag zz

During the initially saturated 0.8 hflow, the centerline and side basal fluid pressure sensars @.50 m
show similar peak pressure measurements. This leads to the conclusion that the flow is sufficiently ma@re
“CAML1” to have recovered from the initial impulse of the granular collapse from the source box. Further dowt
the flume atx = +1.42 m, the pressure traces are also generally similar from the centerline location to the%im
location (Figure S1 in Supporting Informati6i).

The visually identified top of fluid at the side of the flow can be compared to the measured basal fluid Bres
at the center of the flow, expressed as an equivalent bed-normal fluid HeigRY/ ,gcos , where the density
of water ,, = 1,000 kg n¥, the slope angle=30° andg=9.81 m s2. Here, the height is similar between
the wsually identified flow height (at the side wall) to the ultrasonic flow height sensor (at the centerline).2
equivalent height of the basal fluid pressure is equal to the height of the fluid, indicating that the matrix qu
pressures did not exceed the hydrostatic regime.

N
o
R
N
[

ure
5
@
=
[}
3
7]

NU) SUOHIPLRD P

The basal fluid pressures consistently increase across the four sensors installed on the horizontal runout ‘@ort
The highest pressures observed are at the furthest distance from the release box. This is attributed tothegncr
ing flow height as the front of the flow slows and the rear of the flow cascades over. Good agreement i% se
between the equivalent fluid height from the sensar=at+2.68 m and the top of fluid. The wet flow is subject s
to contraction during the arrest phase but the basal fluid pressures do not increase above hydrostatic.

5. Effect of Varying Source Volume

00-pUe-SWIB)/WOoD A3)|!

In this section, we expand on the comparison of dry and initially saturated flows using observations of How %ﬂd
ness, velocity, volume fraction, and pore pressure measured at the observation point near the end of the #cli
section of the flume (the ‘CAM1’ location) for source volumes ranging between 0.2 and. T.hisccomparison
is conducted to look at the flow structure over the depth of each flow at each volume, and noting any dlffergnc
that may give rise to scale effects with flow volume.

BlIM U0

5.1. Flow Thicknesses and Fluid Pressures

N Jo sa|ni 1oy Areiqr aulu

As source volume increased through the tested range of 0.2&1tBenobserved maximum flow thickness at;
x= 0.50 m (“CAML1") increased from 38 to 51 mm for the dry flows and from 30 to 79 mm for the |n|t|all§)é
saturated flows.

"sojonre

As shown in Figure8 at x = 0.50 m, the maximum equivalent bed-normal fluid height (as calculated |@

Section4.3) is equal to the peak flow height for the range of initially saturated source volumes tested.“gl'his
suggests the matrix fluid pressures did not exceed the equivalent hydrostatic regime. The pore presgure gatic
defined here as the ratio of fluid pressure to the total vertical pressure, ranges between [0.36:0.44].
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Figure 7. Anatomy of 0.8 m wet flow in horizontal runout section of flume (‘CAM2’) showing a frame of video, the velocity profile with +1 standard deviation li
(in the 0.02 s observation time window), and the volume fractairtimes (aj = 2.15 s, (b)t=2.40 s, (c)t = 3.00 s, (d)t = 3.50 s since door opening. The shading in
the volume fraction plot represents the dense collisional regime (0.49.583).
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5.2. Behavior at Peak Flow Height

oIl WO 135N 10 Sain 10} eI BUIUO ASIIM UO (SUONIPLOD-PUE-SWIBYLLIY RSl eIl aUIUO/:SY) SUONIPUOD PUE SIS 1 a1 89 “[2Z0Z/ZT/60] Uo AIeiar] aUIUO ASiim ‘1581 Ad 229900412202/620T OTAOP/LIOS Aalm AleiqiaUluo'sandnBe:sdny Wolj papeojumoq ‘2T ‘2202 "TT0669TZ

In Figure9, the time of peak flow height passing “CAM1” is selected as a basis for comparison betwee# th
flows. This is the time when the flow is at its thickest and most dense state, and therefore the transport £ate
mass is highest. A review of the profiles, discussed in detail below, provides information on the state of flw -
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—— Flow Height

—W%— Equivalent Fluid Height —@—r,

the end of the incline as well as the partitioning of particles between hig
shearing, lightly shearing, and collisional regimes.

y
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At the time of peak flow height passing “CAML1,” the velocity profile of eact{

150+

(&)
o
T

o

' ' 0.5 of the initially saturated flows (“wet”) is faster than that of the dry flows. Th%
overall velocity of the wet flows increases as source volume increases, vgith
10-4 the top of the core of the 1.0°flow attaining a speed exceeding 5.0'ms 3

W The opposite is noted for the dry flows, which are seen to be slower for egch
100F 10.3 height in the flow as source volume increases. Wet flows of all volumés

3 are each seen to have a very highear the base of the flow. The shap@
102 of the velocity profiles normalized for both height and velocity (Fidue
are similar throughout the source volumes for each state (dry or wet).2ln
Section7, these normalized shapes will be compared to theoretical velocgy
profiles, published experimental results, and published velocity profiles @f
natural flows.

T/10P/

: —Jo

Flow Height, Equivalent Fluid Height (mm)

0.2 0.4

o

Figure 8. Peak flow heights and fluid pressures observed=a0.50 m

along centerline for initially saturated trials, with equivalent fluid height
remaining below flow height over range of source volumes tested. The por
pressure ratio, is defined here as the ratio of fluid pressure to the total

vertical pressure.

06 30'8 1 At “CAM2" after the change in slope, the 0.8 wet flow maintains this
Source Volume (m*~) highly shearing flow which transports material above the top of fluid

the front of the flow. By comparison, the 0.4 met flow displays minimal
shearing at the same location.

7 auluQO AajIM 891 Ad 229900:

€Across the range of source volumes, the volume fraction profiles at the tigne
of peak height passing “CAM1” (Figu8} for the dry flows display a similar §
shape as the 0.8%flow discussed above. The maximum volume fraction o§
the core increases with source volume. Each volume of wet flows displays
a similar shape as the 0.8 fiow, with a reduction in volume fraction above the top of fluid. The 0.2 throug%
0.6 n? dry flows each are entirely in a collisional regime when assessed by volume fraction. The 0.8 &nd :I:E;O r
dry flows each have portions exceeding 0.583, indicating a frictional regime. While the maximum volume:j
fractions of the wet flows increase slightly with source volume, the wet flows each have a lower maxiﬁgun
volume fraction than the dry flows of the same source volume and all remain in a collisional regime. For th% di
flows, the volume fraction near the base is relatively consistent over the range of 0.2-Fb8time 1.0 mflow, g
the dense region is seen to extend down to near the flume base, suggesting that the increased confining i)res
of the thicker frictional core has suppressed the collisional base. The wet flows displayed a reduction in vélun
fraction near the base over the range of source volumes, coincident with a high )

HIpUO:

5.3. Longitudinal Distribution of Regimes

*Aapm:Areiqijauljuoy,

00

We note that the core region of the initially saturated flows appears to enter an efficient mode of transpogt th
increases in velocity with source volume, that is, for the larger source volume trials the velocity at each I%:eig
in the flow is faster than the same height the smaller source volume trials @igdence, the volume of this §
core region relative to the total flow volume is examined here. The partitioning into regimes along the Ienéth (
the flow from head to tail can be assessed through plots of the measured quantities for each analysis intet§/al
depth bin. Figurd 1 shows the volume fraction results and Figl2eshows the velocity results in a contour pIot§
format where the contour lines represent isovelocity linesin be inferred from the vertical distance betwee§
the isovelocity contour lines: isovelocity lines closer together represent a higher shear rate. Where the Iirgks |

parallel to thex-axis, that portion of the velocity profile is constant with time.

/

eI o

The volume fraction of the dry flows (Figuid) shows partitioning of the flow into a dilute, saltating heati«

preceding the front, a dense core where volume fraction increases with source volume, and a gradual redu%tiow
volume fraction toward the tail. During this transition period, the velocity results show only gradual changes2wit|
time (Figurel2). Geometric similarity of the flow height over time is evident across the range of source vqu%wes
and the change in flow height between core and tail is gradual. In contrast, for the wet flows the regime of tgye t
is distinct from the core for the volume fraction and velocity fields (Figltemnd12, respectively).

ale s9|d

The initially saturated flows each display a period with near-constant velocity in the base of the flowl@iguré&
with the duration of this increasing with source volume. Only a short period of near-constant velocity in thezba:
is observed within the 0.2%flow, increasing to 0.9 s for the 1.(Fiifow. The maximum near the base does not<
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increments. The shading in the volume fraction plot represents the dense collisional regime (004883).

vary significantly with source volume, suggesting that the wet flows find a preferred, efficient state of flow.
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he

velocity profiles remain near-constant as the flow height reduces until seemingly falling below a critical thregfhol
where the velocity abruptly reduces and the tail begins. This behavior is also visible on a plot of the basél s
velocity over time from the flow front (FigurE3) as a distinct period of near-constant basal slip velocity for trgﬁe
wet flows but not for the dry flows.
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Figure 10. Normalized velocity profiles for (a) dry and (b) wet flows compared with Bagi®i84 and Herschel-Bulkley %
velocity profile. Wet flows in (b) compared with steady-state laboratory results of Armanini2QG8 for wet flows on a 3
solid bed and Kaitna et aRQ14 for wet flows in a rotating drum, as well as field data of Nagl e2@r@ (for peak flow E
height). g

The decrease in velocity from core to tail was greater for the wet flows than the dry flows. An effect foE_ the
deceleration of the wet flows is thought to be due to surface tension between the liquid phase with the flumg b:
and sidewalls. At this stage, the tail portions of the initially saturated flows are slow moving and of low volzigme
fraction and minimal thickness. Some ceramic beads remained on the flume surface at the end of the expegime
until the remnant water evaporated. The material partitioned to this slow-moving tail would reduce the voium
available to be transported at high speed in the core section of the flow. This is in accordance with the des@ipt\
of ‘starving’ avalanches by Bartelt et &2007). )

7 auluQ As|im uo (suol

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 evo@tio
volume fraction zones with flow height. In this section, we explore the changes in bulk behavior, as reflecied
the deposit morphology, for the varied source volumes.

n Jo so|

The deposit morphology for each of the five dry and five saturated flow volumes, captured using LIDAR scanfping
is presented in Figurg4. The profile of deposit morphology illustrates geometrical similarity (center-of-ma@s

travel distance, shape and slope angle of the deposit) over the range of source volumes for dry flows. In cantr
the initially saturated flows display markedly increased runout distances as source volume increases. I§un1
statistics, illustrated schematically in Figura can be used to summarize the resultant deposit morpholog§es
(Figure 15). The frontal extents of the flow are considered in Heim's Rdfio(Figure 15g9. Heim's Ratio
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Figure 11. Height §)-Time (x)-Volume Fraction (color scale) plots for dry and saturated trials over the range of source
volumes, illustrating the formation of a dense granular core for dry flows and a comparatively dilute core for wet flows.
flows exhibit a reduction in volume fraction near the rigid flume base.

remains relatively constant for dry flows but decreases significantly for initially saturated flows, indicating
increased mobility with volume.
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The travel angle statistics summarize the translation of the center-of-mass (Bdureith a lower travel angle
indicating a general increase in mobility. For the dry tests, a relatively consistent travel angle of 27.1°-28.E&> w.
calculated over the range of source volumes tested. For the wet tests, the travel angle reduced significanﬁy fr
25.7° for a source volume of 0.2 20.1° for a source volume of 1.G.nThis marked decrease indicates thag
one or more physical processes within the rheology of the wet flows are affected by experiment size. g

Iog
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Figure 12. Height §)-Time (x)-Velocity (color scale) plots for dry and initially saturated trials over the range of source g

volumes, illustrating a period of near-constant velocity near the base of the flume for the initially saturated state, suggesting
that the flows find a preferred, efficient state of flow for translation and until the core height reduces below a critical
threshold.

7. Discussion

17 auluQ As|im uo (Suol

In this discussion, we first look at the relative contributions of sliding and spreading to the runout distance ré:suh
We then briefly explore the fit quality of both a granular and non-Newtonian fluid flow model to the veloéity
profile results at each flow volume. Finally, we place our experiments in context with other Iaboratorygan(
outdoor flows through non-dimensional numbers and velocity profile results.

7.1. Contributions to Extended Runout Distances

0B aJe ssjoie YO ‘asn

Parez and Aharonow015 proposed a general decomposition of flow runout distance where the total rurfout
lengthL includes translatioh,, and forward spreading. Parez and Aharonov further proposed a model fgk
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Figure 13. Comparison of basal slip velocities at end of the inclined surface for (a) dry trials illustrating the gradual dec%e
in basal slip velocity and (b) initially saturated trials, illustrating a “step” phenomenon where the velocity remains consteht
while the core passes, then quickly reduces to a slow speed (<0 )fonghe tail.

dry flows with a sliding term independent of source volufr@irst term on the right hand side) and spreadin
term dependent on source volume (second term on the right hand side):

)

In the translation term, Parez and Aharonov defipas the bulk flow resistance. For dry flowg,s a material
parameter and not dependent on source volume. Recall from Highael = R + Lo, + S, whereR is the
distance between the rear extent and the center of mass of the source volume. In the above equation, is it @‘SSL
that and the equation is presented in terms of the overdgl

H andL and not ., Heow @andR. In the spreading term, the model assumes the deposition area is not latefall
constrained and the deposit forms a cone shape with final side slope gngleus,

Ue-swIay/wod Asjim Areiqiauuoy/:$8R8y) suonipuod

BIIM U

While the Parez and Aharonov model was developed for dry flows, we use the decomposition concept (émc
as the sum of translation and spreading terms) here to look at the relative contributions of each. Further, Zy,ve |
the form of Equatio2 to estimate bulk flow resistancg which is related to the travel anglg(FigurelSa) by
o Heomlcom= ¢
First, for the translation term, the relatively constant travel angle of dry flows (Fifdrés in agreement with
the Parez and Aharanov model. For wet flows, the declining travel angle with source volume is evidence that t
reduction in flow resistance is not simply due particle buoyancy and the corresponding reduction in geotecf_mi(
effective stress, as this would still result in a constgrithe behavior observed does not require the presence%vof
excess pore pressure.

N Jo sa|nJ 1oy Arel

The deposit shapes of both the dry and wet flows display general geometric similitude upon initial inspectic

(Figure14), which is a key assumption of the second term of Equatidhe spreading distan&can be seen in
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Figure 14. Comparison of resultant deposit morphology profiles for (a) dry and (b) initially saturated trials, with calculated

centers of mass indicated.
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the statistics of the runout (Figuth) as the distance between the positions of the center-of-mass and the ﬂiow
front. Here, we are comparing to a flume where the sidewalls laterally constrain the flow and the flow couldEonl
spread in one direction. The height also would increase proportion&lpased on geometric similitude. Fromz
this, . Accordingly, the rati®®/V?2 is presented in Figursc. A constant value dB/V?2 implies that the
spreading term is scaling in the form similar to that assumed in the second term of E2juEtiemormalized
spreading distances  were higher for wet flows than dry, following from the shallower side slope angleséof
the deposits. A review of the relationship of  over the range of flow volumes reveals a near-constant valge
for the dry flows, but shows a slight increase with flow volume for the wet flows. This may be due to flad
drag as the interstitial fluid exits the matrix of slowing particles. However, the increase is slight and transl%tior
rather than spreading, was the strongest contributor to the increase in runout length with source volume @)r v
flows.

Il UO (suon
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7.2. Comparison With Published Velocity Profiles

In order to assess the flow behavior of our experimental flows we fit two flow models to the normalized mea%ure
velocity profiles (Figurel0). The first is in the form of Bagnold 954, representing a dry granular flow:

@)
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whereh is the flow height and, b are best-fit constants corresponding t
velocity scaling and basal slip velocity, respectively.

The Inertial Numbel is defined for a dry granular flow describing thes
relative importance of inertia and confining stresses (GDR MiD04. A
higher magnitude of is associated with a more collisional flow. By GDR
MiDi (2009,

(4)

where is the local shear strain ratg,is the characteristic particle diameter,
P is the total stress at the depth for whidh to be calculated, and is the
particle solid density.

29900462202/620T 0T/10p/W0d"Asm Areiqiauiuo-sqndnbe//:sdny woy

The velocity profile of EquatioBl leads to a constant Inertial Number (Equao»
tion 4) throughout the flow height, and this is expected for dense granumr
flows following the rheology (Forterre & Poulique2008.

I ‘1581

The velocity profiles of the dry flows are well represented by the Bagnoid
profile (Figurel0). For the wet flows, the fit quality of the Bagnold proflleg
decreases as flow volume increases. This suggests that the wet flows of s§nal
source volume behaved similar to dry flows with collisional behavior thr:ougé
out the flow height. As source volume increases, the velocity profiles depart
from Bagnold and display a strongeait lower depthZH 0.4) and a lower
at higher depth. This would lead to a variatiohvith flow height: higher
| near the base and lowkenear the free surface. This supports the findin@
that with the increase in source volume, a transition occurs from collisiorial
behavior throughout the flow height, toward a complex flow regime whefe
the lower portion remains collisional and the top portion is frictional.

S [czoz/eT,

puo) pue

While the flows were indeed granular, we next check the potential applicalgl
ity of a fluid mechanics approach to model the fluidized behavior on amacg
scopic scale. A Herschel-Bulkley profile, derived from the mechanics ofia
non-Newtonian fluid with a critical yield stress was also tested for ability

to replicate the flow shapes of the larger wet flows. The Herschel-Bulk
model has the general form (Cousd®94):

0//:Sdy

S I

y

(5)

whereK is the consistency coefficient,is an exponent, andis the shear
strain rate. The critical yield stressleads to a flow with an unsheared°
surface layer (“plug”). The profiles were plotted in the form of de Freites
Maciel et al. 2013 with a as a velocity scaling coefficient ahcthe total
flow height. The thicknesg, of the unsheared region is:

Figure 15. Comparison of summary statistics of mobility, showing (a) Heim's

ratio from top of source volume to distal reach of deposit, (b) position of (6)

front extent of deposit and center-of-mass of deposit, illustrating the relative

contributions of each to total runout, (c) possible scaling relationsigmath ~ For the sheared region with Oy y,;:

source volume and (d) travel angle between centers of mass.

U0D-puUe-SWIa)y/Wod As|imA.
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For the unsheared region wigh y h:

(8)
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When compared to the Bagnold profile in Figaf the Herschel-Bulkley profile is able to produce a profile

more similar to the wet flows of the current study toward the top of the flow. Surface tension of the remanin
water on and between the particles (i.e., the “residual water content” in unsaturated soil mechanics) may be;?am
as a critical yield stress above the top of fluid. The fit quality is less in the lower portion of the flow due t@the

lack of basal slip velocity in the formulation, a holdover from fluid mechanics. %
7.3. Comparison of Results With Previous Experiments Z
The normalized velocity profiles in Figurg0 can be compared with previous experiments on saturat'gd

coarse-grained material. Velocity profiles were reported for steady-state experimental solid bed flows k
Armanini et al. 2005. The normalized Armanini et al. profile is of a similar shape to the wet flows in the currént
study. Notable features include a non-zero basal slip velocity and a concave-up shape (shear strain rate dgcre
as height increases). Kaitna et 2014 tested five mixtures in a rotating drum (vertically rotating flume). Th§

most similar mixture was of 4 mm gravel and water, which also displayed a concave-up shape but had agzwic
normalized velocity distribution than observed in the current study. In the rotating drum, the basal slip velogity |
influenced by roughness intentionally added to aid recirculation in the drum. E

1s9L

Dimensionless numbers can help to assess the dominant source of flow resistance and serve as a mean oﬁécor
ison to other experimental and natural flows. Two similar dimensionless numbers have been proposed tha§ rel
grain collisional stress to the confining pressure. Savage and Hig8§ irst defined the Savage numbéy,,
for a distinct shearing layer, wheleis the velocity difference across the shearing ldyeis the shearing layer
thickness, and, is the characteristic particle diameter:

9)

U1 935 ‘[¢z02/¢T/60] uo Areiqry a

The Savage Number is equallfowhen the shear strain rate is taken as an average over a shear zone. S%va
and Hutter {989 proposed to classify shearing layers of dry granular flows by this parameter: collisiq?nal
(Ng,,> 0.1) or frictional and g, 0.1). Iverson and LaHusen1©93 extended the inference for debris rows,%

using depth-averaged parameters over the entire flow height rather than a distinct shearing layer of maximal sk
strain rate by evaluating Equati®rwith H, equal to the flow height) the free surface velocity aitithe total
stress at the base £ H jwhere is the average solid volume fraction over the flow height. This simplification§s

understandable, if not required, as the free-surface velocity and flow height are easier to measure for opacE_Je :
or natural debris flows than a full velocity profile. We later refer to this as the depth-averaged basis. g

1) Suo

Areiqua!

The basal and free surface velocities and depth-averaged volume fractions are detailed for each trial in Tgble
of Supporting Informatios1 Table S1 in Supporting Informati@i then presentilg, for each trial following
Turnbull et al. 015, where the confining pressure for wet flows is reduced following the concept of geot

nical effective stress:

&

h

(10)

|IM uo (suUlupuoa-pue-swgymoow

The observed depth-averagdgl,, ranged from 0.46 to 0.22 for dry and 1.31 to 0.11 for wet. The larger flo»g/s
tended to have lowe\,, For comparison, Iverson and Denling20@2) reported depth-averagét, of 0.2 for
the United States Geological Survey (USGS) large outdoor flume experiments. On the depth-averaged b
flows in the current study were classified as collisional flaMg, (> 0.1). However, with the knowledge of the
velocity profiles of the current study displaying a strong variationwith depth (FigurelQ), it is clear that a
shearing layer of high has formed. The use of the original Savage and Hu®&9 definition would be more
informative to classify the lightly and highly shearing zones than the depth-averaged basis.

is,

The Bagnold Number, defined as in de Haas e2@ll%), Sanvitale and Bowma2Q17, and Baselt et al2022),
compares grain collision stresses with viscous fluid stresses:

11
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where =1 mPa s is the dynamic viscosity of water. The Bagnold numbers of the wet flows ranged bet@ee
6 x 10 and 1 x 16, once again classifying all the experiments as collisionalNhyy > 450 (lverson & g
Denlinger,200]) as opposed to macroviscolé,{; < 40) or transitional (40 <Ng,, < 450). The USGS flume
study was reported by Iverson and DenlingeXgag= 6 x 102, who also reported highél,, for natural flows.
Thus, the experiments of the current study are in line with the larger experimental flows and in the same
sional” classification as the natural flows.

7.4. Implications to Natural Flows

Aa|!M'Mmquauuuo‘s%r:dnﬁw/:sduu wo..
o

Finally, we consider the potential implications to granular mass flows in the field and whether these finéjng
would have implications on debris flows where a wider range of particle sizes are present and the interstiti%ﬂu
may be affected by fines. g

02/620

The dimensionless numbers can be used to place the experimental flows in context with documented Ratt
flows. Iverson and Denlinge2Q01) reportedNg,, ranging between 0.001 and 0.06 for three well-documentéd

natural wet granular flows. The variance over two orders of magnitude suggests that scaling effects areglike
present between the largest experiments and field-scale. Some discrepancy may be due to the choiee ofm;a (
acteristicd, for a polydisperse material (e.g., Sanvitale & Bown2@1i,7). The much lower magnitudes Nf,, P

4

for field-scale wet granular flows suggest that the thicker flows do suppress the collisional regime with suffl%:ier
confining pressure. However, for the reasons discussed above in Seztgrch a conclusion may be prematuré?

without a review of velocity profile measurements especially considering the normalized velocity profile re§ult:
of the current study (Figut©) do not show a constant shear strain rate but instead show a variation in shear §trai
rate with depth that is stronger than Bagnold scaling. e

Unfortunately, velocity profile measurements of natural granular flows or debris flows are rare, especially fo
a non-erodible (solid) bed. Figut® includes the shape of the normalized velocity profiles for a natural deb'ggis
flow over a non-erodible bed and an experiment with similar material to a natural debris flow. Nag0&@l. (
used cross-correlation of paired conductivity sensors to measure an average velocity profile of a natura@el:
flow in an instrumented catchment. The repodggof the material was 0.15 m and the peak flow height W@;
0.9 m. The Nagl et al. data has a normalized velocity profile that is similar to Bagnold scaling, suggesting th.
the debris flow observed had large portions of granular materials that dominated flow behavior. The relaig'iive
small ratio of peak flow height &, may cause the flow to behave similar to the smaller wet flows in this stuéy.
Kaitna et al. 2014 tested a wide particle size distribution based on a natural debris flow in (“Wide GSD”) inthe
rotating drum. The wet flows of the current study have similar normalized shapes as a large scale natural%det
flow data, with nonzero basal slip velocity and a decreaswitgh increasing height above the base. The Kaitng

et al. Wide GSD data shows a variation afver depth that exceeds the Bagnold profile and would therefcze
have a variation df with depth similar to the larger wet flows in this study. From these comparisons, we see%tha
collisional behavior may be present in field scale, natural debris flows and even the shape of the velocity érofi
may vary with flow thickness. Z

[&Ze/z1/60

ue-s|

Engineering hazard assessment for debris flows often relies on depth-averaged runout models (e.g., B{g’irnl
et al.,202]) to interpret recent events or to forecast runout or impact pressures. In these models, the shapg:: of
velocity profile is represented via a shape coefficient. Further calibration is necessary to increase the accugac
the depth-averaged momentum predicted by such models as more data becomes available for the velocityg)rm
of natural flows.

1 10y Areigr suuo

8. Conclusions

A series of monodisperse granular flows was released within a large laboratory flume to define the effect ofz_’lan
slide volume on the runout distance and the relative contributions of translation and spreading in the end nfem
case of high permeability material. Both dry and initially saturated states were tested and the source volur@e v
systematically varied from 0.2 to 1.C®rim 0.2 n?® increments. The use of high permeability granular materiél

retained the possible influences of particle buoyancy and fluid drag but was confirmed to not result in Z-“bas
fluid pressures that exceed hydrostatic conditions. The tests exhibited marked differences in runout distaée i
flow regimes as observed by high-speed video between dry and initially water saturated conditions. The ir§tial
saturated flows displayed an increase in flow velocity and runout distance as flow source volume increaseg. T
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increase in total mobility was seen to come more from translation of the center-of-mass than spreadingzat |
front. g

1y wo.

The results show that the lower portions of the wet flows have decreased in volume fraction significantly antg ha
entered a collisional regime. The shear strain r&éiighest in the collisional zone near the base. The variatiéin

in flow speed and translation distance may be caused by partitioning of the source volume into generallg (a
highly shearing base, (b) a core section above, and (c) a slow tail section. A flow arrests itself when all theaniti
gravitational potential energy that was converted to kinetic energy is expended through friction, fluid draglgr an
other wasteful processes. Frictional energy expenditure is the product of the frictional force and the shea%str‘
rate. By this, our velocity profile results show that energy expenditure is concentrated in the base of th@fl@
The slow tail section starves the flow of fluid and particles as the flume surface is wet and the particles réme
by capillary forces. The remainder of the source volume is transported in the core very quickly with little er'ierg
expenditure due to the low shear strain rate, and is the prime contributor to the long runout distances obgerv
This system of flow regimes is considered to be a preferred, efficient state of flow. The decrease in effectiv§ flo
resistance with increasing source volume is postulated to arise when varying source volumes are not srgit i
these regimes proportionally: the experiments showed the highly shearing base to be of similar height acrgss
series of wet flows and the tail sections appeared similar as well. Thus, a larger proportion of the source \;plur
of larger flows is in the core section above the base and can move quickly with little energy expenditure. =

£

Given that the data show strong variations in depth profiles of velocity and volume fraction, modeling approéch«
which consider particles and interstitial fluid on a macro-scale (such as a geotechnical continuum approa:rth)
instead assume constant parameters over the depth of the flow (depth-averaged approach) might not ad&qu:
capture this behavior. Physical experiments linking particulate behavior to bulk response are required ti ful
validate and calibrate conceptual and numerical models of collisional and multiphase behavior. Experime§1ts
evaluate the influence of basal roughness on the velocity profile, which is beyond the scope of this study,ﬁvm
provide additional data to better understand the role of basal friction and basal slip on the shape of the viﬂgloc
profiles. g

L 2y

Flume experiments will remain useful for debris flow research for the foreseeable future. This data proglide
additional support to the conclusion that changes in flow thickness of fluid saturated flows, even within the ,a;ang
generally expected in laboratory experiments, can greatly change the effective flow resistance. This study Si)eg
to address the paucity of such experiments through the publication of a unique data set that combines the éete
grain-scale visual observations of flow structure, velocity, and volume fraction, with the observed conseq@nc
in terms of effective friction and material spreading. This unique data set (A. Taylor-N@62anis publicly 3
available on the Scholarsportal Dataverse repository to serve as a well-defined test scenario to assess th
interstitial fluid in numerical runout models of debris flows.
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