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The run out and destructive potential of gravitational multi-phase flows is largely determined by the mixture
composition, the material properties of the solid particles and the fluid. One instrument to expand the under-
standing of the governing processes of flow is laboratory experiments. In this study, we concentrate experimen-
tally on landslide-induced stony debris flows as a particular type of flow-like mass movement. We aim to observe
different natural flow types for varying initial and boundary conditions. In a laboratory flume, 12.0 m long, 1.3 m
wide and 0.3 m deep, we initiate stony debris flows and measured flow variables such as flow depth, mass, bulk
density, front velocity and front shape for varying particle size, solid volume fraction and basal roughness. Our
experimental results reveal that flow type and evolution changes significantly for different solid volume frac-
tions, as well as for different basal roughness. The particle size had a noticeable effect on flow velocity and
front shape. The smooth surface facilitated rapid, shallow, and turbulent flows. In contrast, experiments with
rough beds showed relatively lower velocities and dense flow behaviour. Although the flow parameters covered
only a small spectrum of the naturally possible parameter space, flow phenomena such as phase-separation, lon-
gitudinal sorting, steep front surges, or front overtopping were observed. We group our observed flows regarding
the flow properties and classify them into common flow types: (1) debris flood (hyperconcentrated flow), (2) de-
bris flow, and (3) non-liquefied debris flow. To compare our results with natural events and other experimental
results, we analyse the data with several dimensionless numbers. The flows were generally dominated by grain
collision on the smooth surface. Naturally, frictional forces gain more influence on the rough surface but did not
overrule collisional forces. Viscous forces played only a minor role in our experiments, due to the lack of highly
viscous fluid. Overall, we infer, that our well-controlled experiments mimicked natural stony debris flow and
give new profound insights into the causal relationship of how the initial and boundary conditions affect the
flow evolution.
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1. Introduction

Debris flows are gravity-driven mass movements and appear as a mix-
ture of fluid and solid particles. Because of the sudden occurrence, these
events are often very difficult to predict, so is their geomorphic impact
and hazard potential on humans and infrastructure (Egli, 1996). In gen-
eral, a debris flow can occur if precipitation generates a runoff over a de-
bris deposit and loose bed sediment is entrained and dispersed through
the flow depth. Or, the debris flow is landslide-induced, where a compact
sediment mass failure generates a downslope motion of a particle-fluid
mixture. One of the most challenging aspects of understanding multi-
phase debris flow behaviour is the variety of alterable flow parameters
and their intrinsic interactions. To depict debris flow properly, simulation
tools nowadays partly built on multi-phase models (Pudasaini, 2012;
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Kowalski and McElwaine, 2013; Pudasaini and Mergili, 2019), which in-
clude several aspects of the two-phase and multi-phase particle-fluid
flows as well as a large number of corresponding parameters and dynam-
ical variables. Parameter estimate for simulation and prediction are, how-
ever, largely based on ad hoc assumptions and back calculations (Ancey
et al., 2003; Mergili et al., 2017, 2020). Thus, the results appear to be
highly sensitive to changes in initial and material conditions (Hussin
et al.,, 2012; Frank et al,, 2015; Gregoretti et al., 2019), resulting in an out-
right different characteristic of the flow and deposition (Mergili et al.,
2018a, 2020).

Experimental investigations provide the essential opportunity to
study the flow under controlled laboratory conditions and inspire new
modelling methods (Turnbull et al., 2015). The data are crucial to vali-
date and calibrate numerical approaches. With detailed knowledge
about the initial and boundary conditions, experimental debris flows
can gain important physical insights into complex processes. However,
these laboratory experiments often suffer from scale effects that make
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the comparison of specific dimensionless numbers for geometric and
dynamic similarity inevitable. Many results of laboratory experiments
with well-known conditions and parameters had been presented over
the years. The experimental setups were predominantly in straight rect-
angular flumes on a sub-meter to meter-scale (Hungr and Morgenstern,
1984; van Steijn and Coutard, 1989; Egashira et al., 2001; Parsons et al.,
2001; Sanvitale et al., 2011; Cageao, 2014; de Haas et al., 2015; Lyu et al.,
2017; Cheng et al., 2019). Other experiments had been conducted in
rotating flumes or geotechnical centrifuges, in particular to gain steady
flow conditions (Kailey et al., 2011; Kaitna et al., 2011; Hotta, 2011;
Gray, 2018). In some investigations, the physical parameters had been
assumed to be idealised like artificial glass or PVC balls as a substitute
of natural grains (Larcher et al., 2007; Armanini et al., 2008; Hsu et al.,
2011; Hotta, 2011; Rondon et al., 2011; Turnbull et al., 2015; Gray,
2018; Cheng et al., 2019). Larger-scale, quasi two- and three-
dimensional experiments provide experimental benchmarks and have
achieved deep insights into debris flow characteristics (Major, 1997,
1998; Iverson and LaHusen, 1989; Lanzoni, 1993; Tognacca, 1999;
Denlinger and Iverson, 2001; Iverson et al., 2004, 2010; Reid et al.,
2011; Armanini, 2015; Scheidl et al., 2015; McFall et al., 2018; Wang
et al., 2018). Laboratory experiments allow studying natural flow be-
haviour like phase-separation (Pudasaini and Fischer, 2020b), grain
sorting, or the alternating process of erosion and deposition
(Pudasaini and Fischer, 2020a) under predefined, controlled conditions.
Typical initial and boundary conditions include solid volume fraction,
sediment composition, basal roughness, and bed slope. Additionally to
induce different flow velocities and observe different flow characteris-
tics, the bed slope was often varied. Lanzoni et al. (2017) aimed to better
clarify the role of quasi-static and collisional stresses in determining the
velocity profile that establishes within the body of a coarse-grained de-
bris flow flowing over an erodible bed in different bed slopes. Based on
the experiments of Lanzoni (1993) under different bed slopes and var-
iable sizes of artificial grains, Lanzoni et al. (2017) conclude, that sedi-
ment size, more than water discharge, likely controls the flow depth
and the sediment concentration.

Nevertheless, the amount of water has a major influence on flow ve-
locity and overall flow dynamics. Even if granular solids are closely
packed in natural and artificial environments, they feature interstitial
pore space, which can partly or fully be filled by liquid (Iverson and
LaHusen, 1989). Natural debris flow events have been reported with dif-
ferent solid volume fractions varying between 14% to 75% water by vol-
ume (Costa, 1984; Mergili et al., 2018a, 2018b). Savage (1994) mentions
solid volume fractions between 0.3 and 0.6 for flowing bulk solids.
Fleischer (2012) complemented Costa's overview (Costa, 1984) of
how to distinguish debris flows from debris floods and torrential flows
regarding the solid volume fraction. Whereas debris floods may reach
a maximum solid volume fraction of 0.4, in debris flows that can be
exceeded until 0.7-0.9 (Fleischer, 2012), but usually, the solid volume
fraction ranges between 0.25 and 0.86 (Costa, 1984). With sufficient
water, the rapid flow may disperse grains throughout the whole depth
(Takahashi, 1983), which is also influenced by the bed slope (Lanzoni
etal, 2017). High dilute torrential floods, with extremely low solid vol-
ume fraction, transport mostly fine sediment in relatively small quanti-
ties compared to total flow volume. Very high values of the solid volume
fraction lead to almost dry granular flows. The spectrum in-between
(flow transport more volume of sediment than water) (Pierson, 2005;
Pudasaini, 2012; Pudasaini and Mergili, 2019) can range from dense
sliding masses, inertial debris flow, dilute flows, muddy-viscous debris
or hyperconcentrated mixtures.

Besides bed slope and water content, variations in basal roughness
and grain size have been studied. Iverson et al. (2010); de Haas et al.
(2015) found out, that the water content and the presence of fine parti-
cles influence the flow and the deposition significantly. Fine content in-
fluences the viscosity of the fluid phase and therefore the rheology of
the flow mixture (Pudasaini and Mergili, 2019). On the contrary, the
size of the grains played a minor role (de Haas et al., 2015). If a channel
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bed in mountain regions, which is mainly composed by gravel, and fine
cohesive particles are absent, is mobilized, the fluid properties in such
stony debris flows are close to water and the flow dynamics is essen-
tially dominated by grain collision (Costa, 1984; Gregoretti et al.,
2019). Savage (1994) defines such particle-fluid flow as an assembly
of discrete solid components dispersed in a fluid, in which direct inter-
actions between the individual solid constituents are frequent. But also
other grain supporting mechanism such as buoyancy, cohesion and
yield strength of the suspension material occur (Hampton, 1979;
Pudasaini and Mergili, 2019). Some experimental studies concentrated
on such coarse-grained stony debris flows or non-cohesive sediments,
respectively (Lanzoni, 1993; Mainali and Rajaratnam, 1994; Garcia
Aragon, 1995; Armanini et al., 2005; Deangeli, 2008; Armanini, 2015;
Stancanelli et al,, 2015).

Depending on the specific value of a selected parameter or parameter
combinations in laboratory experiments, the moving multi-phase mix-
tures may evolve differently. For natural events, common types of flow-
like mass movements are classified according to their individual flow at-
tributes (Varnes, 1978; Hutchinson, 1988; Hungr et al., 2001, 2014),
expressed e.g. in characteristic lateral and longitudinal profiles, flow ve-
locities, front shapes, spatial grain distribution, and overall flow dynamics.
According to Hungr et al. (2001), the following classes of flow types can
be distinguished: dry (or non-liquefied) sand (silt, gravel, debris) flow;
sand (silt, debris, weak rock) flow slide; clay flow slide; peat flow; earth
flow; debris flow; mud flow; debris flood or hyperconcentrated flow
(Pierson, 2005); debris avalanche; and rock avalanche.

In laboratory experiments, the flow could either be assigned to one of
these classifications or had at least some properties of such flow types. For
example, Iverson et al. (2010) observed flows with a coarse-grained debris
front and a relatively more diluted body following behind as a result of
phase-separation (Pudasaini and Fischer, 2020b) during motion. Such phe-
nomena is an often observed example in a natural debris flows (Stiny,
1910; Pierson, 1986; Takahashi, 1991) and is called head-body structure
and sometimes summarised figuratively as a flow architecture (Turnbull
et al,, 2015). The debris flow can also be divided into multiple travelling
fronts and roll waves, in which subsequent surges can run faster and some-
times overtop the previous fronts (Bryant, 2005; Arai et al,, 2013; Turnbull
etal, 2015). de Haas et al. (2015) studied the influence of fine sediment in-
tensively, reporting flows, which can be addressed as clay flow slide or mud
flow. Dry (or non-liquefied) granular flows, as a flow-like movement of
loose dry or moist, sorted or unsorted granular sediment, without significant
excess pore-pressure (Hungr et al., 2001) are described, e.g., in Lanzoni
(1993); Mainali and Rajaratnam (1994); Garcia Aragon (1995); Armanini
et al. (2005); Deangeli (2008); and Armanini (2015). Debris floods are de-
scribed by Pierson (2005), who named it hyperconcentrated flow, where
the flow shows properties between fluvial flow and debris flow. This
highly rapid and turbulent surging flow of water, heavily charged with
debris (Hungr et al., 2001), evolve differently from non-Newtonian flow
and do not show typical phenomena of debris flows, such as levees or
prominent phase-separation. Hyperconcentrated flows show strong tur-
bulence and a steep water-surface slope, often describes as fast-moving
“wall” (Pierson, 2005).

Overall, laboratory experiments described in the literature were
conducted under a relatively high variability of initial and boundary
conditions. Varying the bed slope highly influences the flow dynamics
and might suppress the observability of more sensitive parameters
(e.g. particle size). Besides, former experiments were often conducted
under a wide spectrum of particle sizes and grain distributions. This
also included fine particles, muddy components, or viscous slurry.
Depending on the step size of the investigated grain sizes and the
amount of fine content, different flow types occurred, but were often
superimposed by collisional, viscous, and frictional stresses. Moreover,
the value of the solid volume fraction distinctively determines the
flow dynamics, because it can also range in a wide spectrum and let
the flow differ between a slow crawling mass and high turbulent
water flow with suspended sediment.
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In the presented work we explore the range and identify the occur-
rence of natural flow types (Hungr et al., 2001; Pierson, 2005)
characterised by prominent flow depth, flow velocity, front shape, char-
acteristic lateral and longitudinal profiles, spatial grain distribution for a
fixed experimental setup with a predefined spectrum of initial and
boundary conditions. Therefore, we were particularly interested in
landslide-induced stony debris flows, where a mixture of natural coarse
sediments without fine cohesive components and pure water is sud-
denly released from a reservoir and moves down a flume with a fixed
slope. Such scenarios can also occur in runoff-generated debris flows,
where local low-gradient sections of the channel act as sediment capac-
itors and the accumulated temporary stored sediment is released peri-
odically as debris flow surges (Kean et al.,, 2013). Those flows are
classified hierarchically as gravitational mass movements - subaerial
mass movement - debris flow - stony-type debris flow (Takahashi,
2014). Prototypes for our investigated flows are existing field sites
with a coarse-grain matrix (e.g. summarised in Lanzoni et al. (2017),
Table 2 or reported by Bernard et al. (2019)), where the density and
the viscosity of the interstitial fluid are close to pure water and the
solid volume fraction range between 0.3 and 0.6. The slopes at these
sites range between 9° and 20°.

By studying those flows under laboratory conditions, we, firstly,
aim to deepen the knowledge about coarse-grained particle-fluid
mixture flows as a niche of debris flow. Secondly, the work shall pro-
vide new extensive data set from well-controlled laboratory experi-
ments for the calibration and validation purpose of computational
multi-phase mass flow models (Pudasaini and Mergili, 2019). To
study the grain size influence, we used a fixed bed, so that no
entrainment occurs and might change the grain size distribution.
However, to investigate bed friction, the experiments were con-
ducted on smooth or rough basal conditions. Nevertheless, the flow
could be additionally governed by other morphodynamic mecha-
nisms, which actually cannot be observed during the experiment
but might act locally in the mixture column. For example, the inter-
stitial fluid can lubricate the contact area between grains or between
grains and the bed. Therefore, we calculate several relevant dimen-
sionless numbers to determine the acting flow regimes to reveal
dominating stresses in the flow and discuss the transferability to nat-
ural events and other experimental data.

To investigate the possible flow types in our experimental setup we
structured the paper as follows. The second section explains our exper-
imental setup and the used measurement devices as well as discusses
the measurement accuracy and reproducibility. In Section 3, we itemise
the most important dimensionless numbers for our field of interest and
name typical values of natural events and other experiments. After that,
we present the results and outcomes from 72 experiments in Section 4
regarding the flow depth, the normal force (mass), the depth-averaged
bulk density, the front velocity and the shape of the debris front with
varying particle sizes, basal roughness and solid volume fractions. In
Section 5, we use the dimensionless numbers from Section 3 to evaluate
and classify our stony debris flows. The calculation of relevant dimen-
sionless numbers reveals that the overall flow regime is dominated by
collisional forces. However, in some subsets, the frictional force gains
some influence. In Section 6, we discuss our experimental findings
and explain why we assign the observed flows to the categories of nat-
ural flow-like mass movements: (1) debris flood (hyperconcentrated
flow), (2) debris flow with head-body architecture, and (3) non-
liquefied debris flow. We argue, that these flow types were essentially
dictated by basal roughness and solid volume fraction in our experi-
ments, which had a ripple effect on flow depth and front velocity. The
particle size is the main player of the shape and the evolution of the
front geometry. We reclaim our research question in the conclusion
and summarise our major experimental findings. Even if we only ob-
served bulk flow behaviour in a limited parameter spectrum, we infer
that our laboratory experiments mirror the overall flow characteristic
of natural stony debris flow events.
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2. Experimental setup, materials and methods
2.1. Flume setup

We conducted 72 experiments in a laboratory flume to investigate
the complex dynamic behaviour of particle-fluid mixtures. The experi-
ments were operated in the Laboratory for Hydromechanics and Hy-
draulic Engineering at the Universitat der Bundeswehr Miinchen. We
converted a hydraulic channel, 12.0 m long, 1.3 m wide and 0.3 m
deep, into a geomorphological flume, which has a rectangular cross-
section of 0.39 m? (Fig. 1). Similarly to other experimental flumes setups
a change in bed slope appears rather complicated (e.g. due to geometry,
work safety, costs). So, the bed slope was limited in our setup to 19.1°. A
prismatic reservoir in the upper part of the flume stored the unsorted
water-saturated sediment. A flap, mounted at the lower end of the res-
ervoir, was used as a headgate system to detain the particle-fluid mix-
ture before its release. The flap had a cross-section of 50 cm wide and
15 cm high. In this setup, the reservoir opening width appears to be
narrower than the flume itself and was located in the centre of the top
of the flume. Therefore, a fully three-dimensional flow developed by en-
abling lateral debris flow expansion. Deflection walls were placed close
to the reservoir outflow to avoid brusque lateral shocks of the debris
material during the release. All longitudinal lengths are measured
from the reservoir exit, reaching a horizontal runout plane at 6.7 m
with an area of 3.5 m length and 3.67 m width. Variations in the basal
friction were realised by considering two bottom surfaces with different
roughness. Half of the experiments were performed with a smooth sur-
face, represented by varnished wooden plates with a minimised basal
friction effect. The other half were performed on a rough basal surface,
increasing the surface roughness by spreading a mixture of about 3
mm sand and waterproofed glue on separate plates and mounting
them upon the bottom surface (similar to Hungr and Morgenstern
(1984)). The achieved effective basal roughness was of approximately
1.5 mm and hence laid in the range of the smallest particle diameter
of the debris sediment. Thus, friction effects would be comparable rele-
vant than particle collisional effects and lubrication effect due to the
water content in the particle-fluid mixture during downhill moving.

2.2. Measurement techniques, accuracy and reproducibility

Ultrasonic transducers, miniature load cells and one digital video
camera were utilised to measure the evolution of flow depth, basal nor-
mal force, velocity and shape of the debris front. The ultrasonic trans-
ducers (Siemens SonarBero 3RG) measured the space-time evolution
of the debris flow depth by evaluating the elapsed times between the
emitted and reflected pulses with a frequency of 50 Hz. The load cells
(C9C 50 N Hottinger Baldwin Messtechnik) working as pressure sensors
measured basal normal force by taking into account the slope effect. A
single load cell was mounted with a circular PVC-plate of 7 cm diameter
before both were fixed into an assembled PVC-box, which was later
countersunk into the bed. An apropos top lid opening was sealed with
a thin rubber film to prevent the cell from intruding sediment (similar
as in Bernard et al. (2019)). Each ultrasonic transducer formed together
with one pressure device a single measurement location, of which eight
were arranged along the flume in four cross-sections at 1.75 m, 3.00 m,
4.25 m, and 5.50 m from the reservoir exit (Fig. 2A, Fig. 2B). The measur-
ing position were arranged along the centre line (S1C, S2C, S3C, S4C)
and additional ultrasonic transducers and load cells aside from the cen-
tre line to observe the lateral expansion of the debris flow (S3L, S2L, S3R,
S2R). We recorded separate hydrographs in four measurement spots lo-
cated in the second cross-section on the left side (S2L) and the right side
(S2R) and in third cross-section (S3L, S3R), respectively. Each sensor
had an equal distance of 0.42 m to the centre devices on both sides. In
addition, a high-speed digital video camera (Basler CMOSIS ACA2000-
340KC) captured detailed evolution of the debris flow front from release
to deposition with a nominal rate of 50 frames per second. To assess the
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Fig. 1. Top panels: Dimensions and geometry of the experimental flume and the locations of the initial debris and the measurement devices. Bottom panels: A detailed overview of the
flume: (A) The full view of the laboratory flume with a smooth surface. (B) Reservoir with flap system. (C) The up view of the flume close to the release area with installed deflection
walls. (D) Flume with a rough surface. (E) Location of ultrasonic transducers and pressure sensors. (F) The end of the flume and the runout plane.

flow velocity and front shape, post-processing was performed using an
image analysis technique, which provides a peculiar signal when pixel
reflectance changed while debris material was overflowing the bed
(De Oliveira et al., 2015). Our analysis tracked the signal and clearly de-
fined the debris front in each image frame. All measurement devices
had been synchronized with data acquisition of 50 Hz including a digital
time signal triggered simultaneously with reservoir flap opening.

For a single measurement, the ultrasonic transducers achieve an ac-
curacy of +0.5mm and the load cells of £0.1N. The ultrasonic data ac-
quisition is indirect and immediate, which was appropriate in all

experiments. In contrast, the load cells measured the debris mass in di-
rect contact but exhibited more inert behaviour. While debris had been
flowing over the load cells, a perceivable time delay between mass ap-
pearance over the sensor and data acquisition occurred. Unfortunately,
streamflows over the smooth bed had been usually too fast to assign re-
ceived data to the associated time signal properly. For all flows over the
rough bed, the time delay was negligible. Thus, we managed to combine
data from each ultrasonic transducer and its corresponding load cell to
investigate the bulk density (De Oliveira et al., 2016). The digital video
camera provides a resolution of 2040 x 1086 pixels and was calibrated
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Fig. 2. Panel A shows a schematic side view of the measurement setup consisting of (1) an ultrasonic transducer, (2) a pressure sensor, and (3) a video camera (not to scale). Panel B
displays the measurement locations Ps;c=(1.75m, 0m), Ps;c=(3.00m, 0m), Ps3c=(4.25m, 0m), Ps4c=(5.50m, 0m), Ps;;=(3.00m, — 0.42m), Ps;z=(3.00m, 0.42m), Ps3;=(4.25m, —
0.42m), Ps3p=(4.25m, 0.42m) along the flume with the flow in downstream direction indicated by the arrow. The sensors are named according to their position in the cross-sections
(indicated by 1, 2, 3,4) and whether they are placed at the centre line of the flume (indicated by C) or, left and right of the centre line (indicated by L or R).

with a checkerboard to correct the lens distortions and obtain physically
correct and undistorted image pixels. We extracted the debris front po-
sition and the front shape from the images during the postprocessing by
achieving an accuracy of 8 mm. We measured the time when the debris
front overran a certain cross-section with a standard deviation over all
repeated experiments of 0.07 s. Using the law of error propagation,
the front velocity was determined with an accuracy of 0.05 ms™".

To account for the remaining experimental uncertainty (e.g. due to
non controllable environmental variables), each experiment was re-
peated three times with the same initial and boundary conditions.
After we had evaluated our results, we asserted that our experiments
were repeatable. Therefore, we averaged the data from each triple
and, for the sake of improved clarity, we will only present the mean
values for the repeated experiments of flow depth, normal force, bulk
density, front position over time, front velocity and front shape in the
upcoming sections and figures.

2.3. Material properties and initial conditions

The initial composition of the particle-fluid mixture was varied with
different particle sizes of natural nearly sphere-shaped grains of
1.34mm < dsq < 5.84mm. The solid material varies between different
sizes of gravel and sand and is categorised within very fine, fine and
coarse particles (Table 1). The sediments had been analysed accurately
prior to the experiment (Fig. A14). The particle size was obtained by
sieve analysis while densities had been analysed by using a gas
pycnometer. Hydraulic conductivities were between 1-10™4m s™!
and 1-102m s~ ! for a large sand fraction (0.63 mm < dyneqn<2mm)
and between1-10~>ms~'and 1- 1072 ms~! for a fine gravel fraction
(2mm £ dpeqn<6.3mm). We interpolated between these limits for our
mean particle sizes to get the conductivity values. Tilt-table tests
(Pudasaini and Hutter, 2007) had been conducted to determine basal

Table 1
Sediment and bed surface properties used in the experiments.

friction angles for the three particle sizes on both smooth and rough
bed. The physical properties of the sediments are in agreement with
the typical values of other debris flow mixtures (Iverson, 1997).

To ensure the inter-comparability, especially with respect to the
measured flow velocities, all experiments had the same initial mass,
providing an equal potential energy throughout the experiments. In
each experiment a mixture of 300 kg of unsorted particle-fluid mixture
was stored in the reservoir. The initial volume of the solid varied be-
tween 157 | and 177 1 depending on the desired solid volume fraction
in the experimental subset. The stored sediment was saturated (with
density and viscosity: Pyacer=1000 kg m~3, =~ 0.001 Pas) to achieve
four initial solid volume fractions in the reservoir a;=[0.43; 0.47;
0.51; 0.55], which are in the range of natural conditions of the proto-
types with coarse-grained particle-fluid mixture flows (Lanzoni et al.
(2017), Table 2), but are also typical in other field sites or were used
in former experimental and numerical investigations (Iverson, 1997;
Pudasaini, 2012; de Haas et al., 2015; Mergili et al., 2018a, 2018b). We
conducted experiments with a=0.55 only for the smooth surface. For
the rough basal surface and «; > 0.55, the debris flows had either
stopped instantly in the flume or had been moving just a bit due to
poor basal lubrication and did not allow decent data evaluation. In com-
parison, solid volume fractions lower than 0.43 had often developed
into slightly chaotic dilute flows, which reached the runout plane with
high speeds, causing spraying and a significant loss of material.

All predefined homogeneous debris mixtures were in saturated con-
ditions and the pore volume was completely filled with water. The bulk
density of the released watered debris was determined as
Ppuik = CsPsolig + (1 _as)pwuter (1)
with initial values between 1701 kg m—> and 1902 kg m—>. The
hydraulic diffusivity was determined by D = kn/(uC) (Iverson,

Particle size Solid density of particle  Dry bulk density ~ Hydraulic conductivity  Internal friction angle  Basal friction angle
Category (material)  dso [Mm]  dmean [MM]  Pgoiia [kg M™?] Pary [kg m~?] K[ms™'] ¢[°] Smooth 6 [°]  Rough 6[°]
Coarse (gravel) 5.84 6.25 2630 1540 1-1072 29.2 26.3 34.0

Fine (gravel) 229 2.54 2630 1540 2-1073 282 26.8 33.6

Very fine (sand) 134 144 2640 1540 6-107* 28.0 25.1 30.1




1. Baselt, G. Queiroz de Oliveira, ].-T. Fischer et al.

Table 2
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Overview and a brief explanation of the dimensionless numbers used in this study. Detailed information including references as well as typical ranges in natural flows and other exper-

iments are collated in Appendix C.

Number Equation Explanation
Pressure I/g Relation between the timescale for downslope flow and pore pressure diffusion; N, « 1 in most natural geophysical
P e /D flows
Savage DPsolia ¥ dfnm Ratio of grain collision stresses and gravitational grain contact stresses; flow dynamics is significantly affected by
Nsav = (Psotid—Prwater)Sh tan & cos 6 grain collision stresses if Nsg,>0.1
Bagnold ol V2 i deznean Bagnold (1954): comparison of grain collision stresses and viscous fluid stresses; collisional dominated flow for
NBﬂg - ((aS I’l’|3X1'/3 _aSl/3)) u NBag>450
Friction Noo = % (Psolid —Pwater)8h tan ¢ cos 6 Quotient of frictional to viscous forces; friction dominated flows for Nj;>2000
e i-ag) py
Mass N — Qs Psolid Ratio of solid inertia to fluid inertia; typically 1 < Nyqss < 10
e (l 70‘5) Pwater
Darcy Nopar = | Ability of pore fluid pressure to buffer grain interactions; typically 10* < Np,, < 10 in natural flows
QsPsoria vk
Stokes Neo — 1 Psoiia dean’y Ratio of the time scale of deceleration and the time of grain movement; viscous regime: Ns; < 1, inertial regime: Ns;
T 18 pyater ¥ >/ Psotid/ (Pwater Ca) ad \/Psoiia / (PwaterCa) <1, accelerated flow: N > 1
Froude _ v Ratio between the inertial and gravity forces; subcritical flow: Fr<1, critical flow: Fr=1, supercritical flow: Fr>1
\/gh cos 6
Reynolds R h/gL Classifies whether a flow is in laminar or turbulent conditions, typically Re>10° in natural geophysical flows
e =
1/ Ppuik
Particle Re. PwaterAmeanV Opposes the effects of particle collision and pore fluid viscosity, ratio between the solid inertial stress and the fluid
Reynolds L viscous stress; fluid start to show inertial effects with respect to the grains in the mixture for Re,>1

1997; Major, 2000; de Haas et al., 2015). Therein, the hydraulic
permeability

k= Ku ,
pwaterg

(2)

takes into account the hydraulic conductivity K according to the par-
ticle sizes (Table 1), the porosity n=1 — (pary/Psotia) =~ 0.42, the dry
bulk density pq;y, the true particle solid density pseiig, the dynamic
fluid viscosity 1t = PwacerV, the kinematic viscosity v, the compress-
ibility of pore fluid C, and the fluid density pyqcer- Furthermore,
£=9.81 ms ™2 is the gravitational acceleration. In our experiments,
the hydraulic permeability ranged in the spectrum of 6.1 - 10~ ''m?
<k<1.0-107°m? which is in good agreement with various material
in saturation and natural flows (Klute and Dirksen, 1990; Iverson,
1997; Major, 2000; Legros, 2002; Iverson, 2005). Because we had
been omitting fine cohesive particles in our experiments, the solid
volume fraction of fine particles, which would have been able to oc-
cupy fluid pore volume (Hampton, 1979), was inevitably zero. For
this reason, the interstitial fluid viscosity ¢ was about the viscosity
of pure water. We assumed almost negligible compressibility of the
interstitial fluid, C=2 - 10~°Pa~! as for pure water. Indeed, our sed-
iment was very permeable, what is expressed by a hydraulic diffusiv-
ity between 51 and 845 m? s~ !, which is higher than in natural
debris sediments (Major, 2000).

3. Dimensionless characterisation

The dimensional analysis helps to gain insights into the flow physics,
characterise the flow type, and provide a connection between experi-
mental and natural flows. Laboratory data is typically limited by scaling
problems (Iverson and LaHusen, 1993; Iverson, 2015) and thus, our
simulated flow evolution will not be able to fully mimic the complex
flow dynamics of a natural event due to limited geometric (flow depths
are comparatively small) and dynamic scaling. To compare results from
other experiments, as well as from field surveys, we will further analyse
the measured data by calculating relevant dimensionless numbers
(Table 2), which are explained in more detail including typical ranges
in natural flows and other experiments in Appendix C. Our experiments
will achieve dynamic similarity when the values of relevant dimension-
less numbers range in those of natural flows. By evaluation of these
numbers, the driving processes of the experimental flows, like grain

collisions, viscous and turbulent shearing, and solid-fluid interactions
are categorised. Interestingly, many of these non-dimensional numbers
contain the solid volume fraction «;. As a evolves during the flow, these
non-dimensional numbers clearly indicate the importance of two-phase
and multi-phase mass flow modelling (Pudasaini, 2012; Pudasaini and
Mergili, 2019) to properly describe debris flow dynamics. To be consis-
tent with the Coulomb friction force for the inclined slope, the Savage
and Friction numbers should have included the factor cosf emerging
from the channel inclination, see, e.g., Pudasaini and Hutter (2007)
and Pudasaini and Mergili (2019). However, in the previous consider-
ations they appear without the factor cos6. Here, we wrote them cor-
rectly that includes the factor cos6, and all the corresponding non-
dimensional numbers are calculated accordingly. This also applies to
those numbers in the Appendix C.

4. Results and observations

After filling the reservoir with sediment and water, the headgate
flap was triggered electronically and the data acquisition started si-
multaneously. Beginning with the opening of the headgate the
stored water-saturated sediment faced the open downstream out-
flow area and began to abruptly disembark the reservoir, due to
gravity and hydraulic pressure gradient. Following the research
question, we evaluate the spatio-temporal evolution of flow vari-
ables with respect to varying initial conditions. Particular emphasis
is given to the observation of possible properties of natural flow
types, characterised by prominent flow depth, flow velocity, front
shape, phase-separation, and head-body diversion. If observable,
these should arise from the variation of basal roughness, solid vol-
ume fraction, and/or particle size. In the following, we present and
describe data on quasi-steady conditions, in particular, occurred be-
tween measurement locations three and four. Subsets with unsteady
conditions, relevant only in subsets with a smooth surface and o=
0.43, are described in Appendix B. Figures for all subsets are available
in the Supplementary resource.

4.1. Flow depth evolution

The ultrasonic transducers allow evaluating flow depths along the
centre line and in the lateral direction. A selection of the hydrographs
along the centre line is presented in Fig. 3. The first and second rows
show the flow depth evolution on the smooth bottom surface. The first
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Fig. 3. Selection of flow depth measurements along the flume centre line in the downslope direction for quasi-steady conditions. Subsets that showed rather unsteady condition (smooth

surface, ax=0.43) are shown in Appendix B.

one concerns very fine particles for increasing solid volume fraction while
the second one a constant solid volume fraction for increasing particle
size. The third and fourth row are analogous to the previous rows but dis-
play exemplified data for flows over the rough surface for fine particles for
increasing solid volume fraction (Fig. 3g-i) and for as=0.47 and increas-
ing particle size (Fig. 3j-1). Figs. 4 and 5 display the data of the left, centre
and right sensor of the second and third cross-section for the lateral
hydrographs corresponding to the centre positions in Fig. 3.

4.1.1. Smooth surface
4.1.1.1. Equal particle size and varying solid volume fraction. The

hydrographs for flows over the smooth surface are generally
characterised by a rapid flow (Fig. 3 first and second row). The time the

first sensor was triggered was around 1 s after the flap had been opened.
So, the arrival was nearly independent of the initial solid volume fraction.
However, the routing downstream of sensor S1C was influenced by the
water content in the mixture with very fine particles. Higher solid volume
fraction led to lower flow velocities in these cases (Fig. 3 first row). On the
contrary, the triggering times for the sensors were rather independent of
solid volume fraction in subsets with fine and coarse particles. The
amount of water in the released mixture affected also the debris height,
especially in subsets with very fine particles. In these cases, the
hydrographs show steep and sharp debris fronts, which remained domi-
nant in every sensor location even though peak height was diminished in
lower sensor locations due to shearing and spreading of the flow (Fig. 3a,
b). Following the moving front triggering S1C until S4C, the height differ-
ence of the front peaks became less significant the higher the solid volume
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Fig. 4. Selection of the flow depth measurements in the second and third cross-section for the experiments over smooth surface and the same subsets as in Fig. 3 first and second row.
Subsets that showed rather unsteady condition (smooth surface, as=0.43) are shown in Appendix B.

fraction was (Fig. 3b, c). The debris front is followed by a thin debris body
(Fig. 3a, b). The hydrographs for fine particles have also a mature front
(Fig. 3e), but which is not developed as a prominent spike like for very
fine particles. No sharp debris front peak was observed for coarse parti-
cles, even if the solid volume fraction was very low. The overall flow
depth pattern for the coarse particles is characterised by an elongated
and rounded debris body similar in shape for all solid volume fractions
(Fig. 3f and Figures of coarse particles in the Supplementary).

4.1.1.2. Equal solid volume fraction and varying particle size. Evaluating
the effect of change of the particle size, we came across that in gen-
eral larger particles ran faster than smaller ones under the same
solid volume fraction (Fig. 3 second row). For every solid volume

fraction, the fine particles reached the first sensor S1C 0.2 s earlier
than very fine particles. Coarse particles were even 0.1 s faster than
fine particles. Flows with very fine particles achieved only equal trig-
gering times of sensor S4C compared to fine and coarse particles
under noticeable higher water content. The time delay by smaller
particles, in reaching the sensors, as compared to the larger particles,
is connected with the amplification of the frontal surge. Small parti-
cles result in an amplified frontal surge especially in connection with
high water content, but, the flow velocity was a bit lower compared
to larger particles. Because the total grain to grain friction was lower
for larger particles, coarse particles could not produce any dominant
peaks on a smooth surface but could flow faster compared to smaller
grains with the same solid volume fraction.
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Fig. 5. Selection of the flow depth measurements in the second and third cross-section for the experiments over rough surface and the same subsets as in Fig. 3 third and fourth row.

4.1.1.3. Lateral flow development. Evaluating the flow on the smooth
basal surface (Fig. 4), the graphs confirm the general flow characteristics
already observed in Fig. 3 (very fine particles: steep frontal surges, fine
particles: steep but lower peaks, coarse particles: rounded profile).
Comparing the flow depth in lateral directions also highlights that, by
tendency, the debris front reached the centre position first in all cases.
In most subsets, the lateral devices were reached immediately after
the centre devices. Despite this short time delay, the debris front heights
were generally comparable between lateral and centre positions. Thus,
front shapes were not straight but horizontally levelled over the flume
width. Recorded videos confirmed that the debris front usually created
a round-shaped dam of similar height along the second and third
cross-section (compare e.g. video CS-SS-FP-ALPHA051). But, we had
also observed that the debris body formed a different traverse profile.

Especially in the third cross-section (S3L, S3C, S3R) a larger amount of
sediment had accumulated at the flume sides sliding downwards with
lower speed revealing phase-separation. The hydrographs for the
left and the right sensors for a;=0.51 reflect that these sensors
were triggered a few milliseconds after the corresponding sensor in
the centre (Fig. 4c, f). The discrepancy to this trend occurred when
we conducted experiments with smaller particles, in particular
under low solid volume fractions (Fig. 4 third and fourth row). Al-
though the debris front was cone-shaped right after the release in
these cases, the debris front eventually reached all sensors along
the second and third cross-section nearly simultaneously. We
found out that this happened when a second more watered debris
mass rush disembarked the reservoir and overtopped the slower
moving first surge along the whole flume width.
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4.1.2. Rough surface

It is to be expected that higher basal friction decreases the sed-
iment travel speed when all other parameters remain unchanged.
In general, the rough surface slowed down the velocity in our ex-
periments and, thus, the debris front needed more time to reach
the same point as under smooth basal conditions. Although sensor
S1C again sensed the debris front about 1 s after the debris release
in all rough subsets (Fig. 3 third and fourth row), the additional
times needed to reach all succeeding sensors were substantially
longer than for a smooth surface. The rough bottom enhanced the
bottom shear stress, which slowed down the movement and thus,
the debris front was more thwarted than under a smooth condi-
tion. However, the following sediment pushed the slower front
from behind and contributed to steepen the frontal surge, which
was observable in all rough subsets. Thus, the front heights were
noticeably higher than on the smooth surface and usually formed
a positive step-like bore (Kattel et al., 2016, 2018), which typically
occur in natural flows over rough basal surfaces (Takahashi, 1983).
We detected nearly double time gaps between signal occurrences
at sensor locations in every rough subset compared to smooth
bed conditions. Only an increase in the water content had the
same acceleration effect as for a smooth bed. The lower the solid
volume fraction was, the earlier the debris front reached a specific
sensor location.

4.1.2.1. Equal particle size and varying solid volume fraction. Comparing
the results for equal particle size (Fig. 3 third row) revealed again that
solid volume fraction plays a major role in flow dynamics. The
hydrograph for the fine particles shows rapid flows with steep frontal
surges, which was detected in all sensor positions. The recorded frontal
peaks become again equalized and the flow slowed down when the
solid volume fraction was increased (Fig. 3i). For az=0.51 the majority
of the sediment even remained in the flume after the debris motion
has ground to a halt. The same effect has been observed for the very
fine particles. A reduction of the water content reduced the flow velocity
in these subsets, too. The front peaks were also present but by tendency
higher when the solid volume fraction was increased. Coarse particles
show similar hydrographs for a=0.43 and a;=0.47, but flow behav-
iour changed for the highest solid volume fraction a;=0.51 (figures
for coarse particles in the Supplementary). For this subset, the flow ve-
locity was comparatively slow. Sensor S1C registered a steep frontal
surge, followed by a small plateau and during the further flow followed
by a second huge rounded surge. But flow behaviour changed during
routing. Sensor S2C was equally triggered by this flow characteristic
but the sediment had formed a rather dense mass when arriving at
the third sensor location. Although sensor S4C was still triggered by
the debris front, the flow had almost come to a rest.

4.1.2.2. Equal solid volume fraction and varying particle size. Flows over
the rough surface with solid volume fractions of o,=0.47 are
characterised by a rapid flow behaviour with a steep frontal surge regis-
tered in every cross-section (Fig. 3 fourth row). The moments, when the
sensors were triggered were similar for the different particle sizes.
While larger particles had flown the fastest on a smooth surface, they
were noticeably slower compared to small particles for the rough basal
condition. For very fine particles, a prominent flow depth spike is accom-
panied by a long-drawn-out debris body, which declined in height (Fig.
3j). But barely visible for very fine and fine particles, the hydrograph for
the coarse particles show an inherent second surge in the debris body
(Fig. 31). Quite equal in magnitude compared to the debris frontal surge,
this more rounded enhancement of the flow depth is noticeable revealed
when passing the third and fourth sensor. The reason for that was, that a
rather dense sediment disembarked the reservoir first and developed
with a steep front but was later cannibalized by the following main sedi-
ment amount.
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4.1.2.3. Lateral flow development. In general, the hydrographs, which
were recorded by the lateral sensors (Fig. 5), show similar trends
as the sensors in the centre (Fig. 3 third and fourth row). However,
the figures for very fine particles highlight the rapid reduction of
the massive front peak, when the sediment flowed from the second
to the third cross-section (Fig. 5g, j). Furthermore, the results for
the rough surface reveal, that the left sensors (S2L, S3L) were trig-
gered noticeable earlier than the right sensors (S2R, S3R), which is
especially eye-catching for fine particles for o > 0.47 (Fig. 5 first
and second row) and very fine particles. Thus, the flow is slightly
shifted to the right. This effect did not occur for the smooth basal
roughness, because flow velocity was probably too high to recognize
a significant time delay. However, even if the video records confirm
that effect (compare e.g. video CS-RS-FP-ALPHA047), an obvious rea-
son for that remained uncertain.

4.2. Evaluation of the debris mass

We evaluate the data from the load cells to gain complementary in-
formation about the flow dynamics. As already mentioned in
Section 2.2, the load cells exhibited slightly inert behaviour during
data acquisition. The rapid flow over the smooth surface caused a
non-synchronous acquisition of mass data and the associated time sig-
nal. Unfortunately, the generated mass hydrographs were not meaning-
ful. However, the time delay was negligible for flows over the rough bed.
Thus, we present only these results in the following with the
hydrographs along the centre line in Fig. 6 and for the lateral sensor po-
sitions in Figs. 7 and 8.

4.2.1. Equal particle size and varying solid volume fraction

The results for the very fine particles (Fig. 6 first row) and fine
particles (Fig. 6 second row) show relatively similar results. Sensor
S1C always registered a sharp and dominant peak, which, in general,
is slightly reduced with increasing solid volume fraction. In contrast,
the mass of the debris front over sensor S2C was very low but in-
creased again when triggering sensor S3C and S4C. Only for fine par-
ticles and a;=0.47, the mass over S4C was lower than over S3C (Fig.
6e). The reason for the diminished mass over S2C is due to phase-
separation. The experiments started with a relatively compact and
viscous sediment mixture. However, particles could concentrate at
the bottom of the reservoir box and disembark the reservoir prefer-
entially and hence trigger sensor S1C first. But, higher dilute material
was leaving the sediment box afterwards and usually overtopped the
first surge between S1C and S2C. Due to higher water content, the
now mixed up flow exhibited lower mass, which is seen in the re-
duced mass of S2C. On the way to the third measurement section,
the remixed material began to separate again into a grained front
and a diluted debris body, a phenomenon often observed in debris
flow (de Haas et al., 2015; Pudasaini and Fischer, 2020b). Thus,
sensor S3C registered again a high-mass front surge, which usually
became even enhanced at sensor S4C. Depending on the solid
volume fraction, a second diluted surge followed the debris front
and overtopped the already separated flow between the third and
the fourth measurements cross-section. Therefore, the remixing pro-
cess could happen a second time in conjunction with a diminished
surge height (Fig. 6e). The mass-evolution of coarse particles were
characterised by two dominant surges, often equal in height (Fig.
6g-i). The first surge usually represents the initial particle domi-
nated debris front followed by a small amount of diluted debris
body. This clearly shows the particle-fluid phase separation: particle
dominated front and viscous fluid dominated back (Pudasaini and
Fischer, 2020b). The second surge was assembled by the remaining
sediment in the reservoir and followed the diluted debris body al-
most equal in length and height as the first surge. Especially for
a;=0.43 and as=0.47, the peak heights of the surges are compara-
ble. A lower and V-shaped part of the hydrograph lays in-between
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Fig. 6. Measured mass data for the experiments with very fine, fine and coarse particles in three different initial solid volume fractions. The four measurement stations are located along the

flume centre line in the downslope direction.

these peaks, that result in an inhomogeneous flow for these subsets
with coarse particles.

4.2.2. Equal solid volume fraction and varying particle size

As mentioned before, the mass-evolution for very fine particles
(Fig. 6 first row) and fine particles (Fig. 6 second row) show compa-
rable results (exceptions in Fig. 6b and e). Only the enhancement of
the particle size to coarse particles let the flow generate two domi-
nant surges. By comparing the left and the middle column in Fig. 6
reveals, that a change in particle size has no observable effect on
the front velocity. In contrast, the flow slowed down with increasing
particle size for a;=0.51 (Fig. 6 right column).

4.2.3. Lateral flow development

Figs. 7 and 8 show the results in measurement cross-section 2 and 3
and therefore provide information about the lateral mass profiles. The
graphs in cross-section 2 for very fine particles and fine particles display
the already mentioned low mass values in the centre location (Fig.
7a,b, c, g, h,i). The mass at the debris front was low during this spe-
cific point of time because the diluted surge had overtopped the
coarse front between the first and the second cross-section. One
would expect, that the mass should be low in the lateral measure-
ment spots as well. But, the graphs for the cross-section 2 display
the opposite. The mass alongside the lateral locations is high for
very fine particles and fine particles independently from solid vol-
ume fraction. Flow depth was nearly similar in the lateral direction
in cross-section 2. Thus, the bulk debris over the lateral load cells
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must have higher mixture densities. The diluted surge overtopped
the front mainly in the centre of the flume, where the flow velocity
is usually higher than close to the lateral boundaries. Simulta-
neously, the surge shouldered aside the grained and relatively dry
debris from the front and displaced it over the lateral sensors, that
record higher mass values. Even if the experiments with coarse par-
ticles show similar differences in the graphs in cross-section 2 (Fig.
8a, b, ), the effect of phase separation was not in the same way dis-
tinctive. This natural phenomenon of phase separation continued in
our experiments when the flow front moved towards cross-section
3. The graphs in the third cross-section revealed that the mass in
the lateral spots remained at comparable height as recorded in
cross-section 2. But, the mass in the corresponding centre location
is increased noticeably. On its way towards cross-section 3, the
flow began to develop back into a grained front and a diluted debris
body following behind. This can be seen in Fig. 7d, e, j, and k where a
small steep debris front is already accomplished. A section with
lower mass follows directly the front. However, the phase separation
process was not finished when the flow front triggered the third
cross-section, because the mass is still not equalized along with the
lateral profile. For a;=0.43 and «s=0.47 the phase separation took
also place for the coarse particles (Fig. 8). Two distinctive surges
were well developed along with both lateral profiles for each subset.
The large grains facilitate compensation of water differences be-
tween the phases due to higher pore volume. However, a high solid
volume fraction led to an inert flow behaviour with hindered phase
separation (Fig. 8 right column).
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Fig. 7. Juxtaposed mass measurements in the second and third cross-section for the experiments with very fine and fine particles for ax=0.43, as=0.47 and cx=0.51 on a rough bed.

Unfortunately, sensor S3R had been malfunctioned and could not provide data properly.

4.3. Depth-averaged bulk density

As one of the key dynamical variables in mixture mass flow models
(Pudasaini, 2012), the local depth-averaged bulk density is an estimation
of the evolution of solid volume fraction and provides the flow depth.
Combining data from the ultrasonic transducers and the load cells en-
abled us to calculate the local depth-averaged bulk density in rough-
surface subsets

p m
gh cos®  Apych cos6

Poulk =
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during sediment motion (Fig. 9). For recalculation, one need the mea-
sured data of the debris mass m, the flow depth component perpendic-
ular to the flume plane h cos 6 (both data found in the Supplementary),
and the circular area of the PVC-plates Apyc (with 7 mm diameter, com-
pare Section 2.2). The calculation of the depth-averaged bulk density in
Eq. (3) reacts sensitive to very high or very low values of mass and flow
depth. Both were partly registered by the sensors in the experiments
when the debris front triggered the sensors initially, especially in the
first (S1C) as well as in the second measurement cross-section (S2C,
S2L, S2R). Sensor S1C was highly influenced by the first surge of the
headgate opening, resulting in heavy fluctuating densities at the debris
front (Fig. 9c, i). The calculation of the bulk density in the second cross-
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section suffered from the second surge of the particle-fluid mixture,
which overtopped the first flush in the centre of the flume in the range
of sensor S2C. This turbulent phenomenon results in high depth values,
which was not represented equally by a corresponding mass registered
by the load cells and lead to doubtful low density value at sensor S2C in
all experiments. After the main debris passed a sensor, accumulations of
single grains remained at the measurement locations, which triggered
the ultrasonic sensors, though, but the mass was too low to achieve a
clear signal for the load cells. Because of that, the bulk density raises un-
usable higher as the density of the solid particles. Therefore, one can ig-
nore density data which is calculated approximately 5 s after a sensor is
initially triggered.

In Fig. 9, we additionally plotted the lines of the density of the solid
particles, the density of water and the bulk density of the initial mixture
in the reservoir. The bulk density is meaningful only if it lies between
the true particle and fluid density in the mixture. Because the particles
in the mixture settled in the reservoir after dumping and mixing, this
more granular part exiting the headgate area first and reached sensor
S1C before the more watered remnant overtopped it over S2C. This is
seen in Fig. 9, where the bulk density at S1C is usually equal or over
the initial bulk density. Thus, the solid volume fraction must be higher
than the initial prepared value. The front overtopping at the second
measurement cross-section results in very low bulk densities at S2C.
Nevertheless, the remixed sediment should show solid volume fraction
similar to the initially prepared mixture. The comparison of sensor S2C
with the corresponding lateral sensors S2L and S2R reveal, that the
overtopping occurred mainly in the flume centre and that the lateral
bulk densities are comparable with the values in the reservoir. Overall,
the moving mixture can be assumed as almost in steady and uniform
motion when arriving the third sensor cross-section. We have to men-
tion, that due to the malfunction of the load cell S3R, the density could
also not be calculated at that position. However, all subsets in Fig. 9
show, that the bulk density at the centre (S3C) is between the density
of water and the initial prepared density in the reservoir. The lateral
sensor (S3L) shows comparable values as that in the reservoir. Thus,
as we discussed above, particles were shouldered aside during motion
and a watered mixture concentrated in the centre of the flume. This is
a typical situation in phase separation in mixture mass flows (de Haas
et al., 2015; Pudasaini and Fischer, 2020b) Here, the mixture exhibits
lower and at the lateral positions a higher solid volume fraction than
in the reservoir. There is no clear difference in the density profiles for
different particles sizes. For some subsets, one can notice a head-body
diversion of the flow in the third cross-section (Fig. 9b, ¢, d, f, g, h)
with an approximately 0.2 s long more granular debris front with bulk
densities around 1.6gcm™> and a more dilute body with bulk densities
around 1.2gcm > equally in length. The bulk density at the debris front
had been enhanced significantly owing to grain accumulation while the
debris body behind the front had lower density values as in
hyperconcentrated flows (Costa and Williams, 1984). This resulted in
a separation between particle and fluid (de Haas et al., 2015;
Pudasaini and Fischer, 2020b). After the dilute body, the bulk density
of the tail raised again to roughly 1.5 — 1.6gcm ™. In other subsets,
the bulk density proceed rather equally (Fig. 9a, e). Fig. 9i shows too
high fluctuation of bulk density at S3C. The density in the fourth cross-
section (S4C) shows, in general, high values than at S3C. The front had
accumulated more granular part of the flow and, therefore, exhibited a
density comparable to the initial value in the reservoir. The debris
front for fine particles and o,=0.47 (Fig. 9e) had a very long and narrow
snout, because the very dilute sediment was concentrated in the centre
of the flow. The flow depth was therefore high there, but the mass was
relatively low which lead to such exceptional low bulk density over S4C
for this subset.

Overall, the evaluation of the density evolution reveals, that the den-
sity, and therefore the solid volume fraction of the particle-fluid mixture,
changed during the flow (from initiation until deposition). Although the
initial density of the debris mixture appears to be rather similar (1701 kg
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m~> and 1902 kg m—3) we see significant differences in the calculated
bulk density varying between the density of water and the density of
the particles. This is consistent with reality. Together with the evolution
of the flow depth and the mass, the density profiles indicate that the
mixture needed half the flume length to develop into a steady and uni-
form moving debris mass and was shaped due to phase separation ef-
fects. However, the local value of the bulk density was also influenced
by the mixture velocity and the shape of the debris front.

Since Psolig and Pyqeer are known from the material parameters of the
solid and fluid (densities) and py, is obtained from the measurements,
from the equation of the bulk density (1), we obtain the solid volume
fraction evolution

o Prulk — Pwater o )(ev —1

O = B
Psolid —Pwater thv —1

(4)

where }(gv = pbulk/pwater- and fw = psolid/pwater are the bulk to ﬂlﬁdv and
solid to fluid density ratios. Because y3, > x5; as € (0,1). With the
knowledge of the dynamically evolving o from experiments, impor-
tantly o can be used to validate the two- or multi-phase mass flow
models (Pudasaini and Mergili, 2019) because o is a dynamical state
variable in the mixture mass flow models.

4.4. Evaluation of debris front velocity and shape

We recorded video camera data to explore the debris front velocity
and shape, which both are thumb-print indicators for debris flow dy-
namics. The reader can find all videos in the Supplementary source.
We tracked the position of each flow front beginning right after the re-
lease until the debris reached the runout plane. In post-processing, the
image analysis allowed us to determine the temporal evolution of the
debris front velocity and shape during the runs (Figs. 10 and 11). We
evaluated the data when the first part of the debris front overran each
of the four measurement cross-sections and when the front entered
the runout plane.

4.4.1. Front velocity

Fig. 10 illustrates the debris front positions over time as well as
the front velocity, both for a smooth and rough surface. The abscissa
depicts the time, which was synchronized with the flap opening. The
ordinate in the upper rows of the subplots depicts the position of the
debris front with the zero value at the reservoir outflow. The other
five positions are the four measurement cross-sections and the
entry to the runout plane. The front position graphs gave us an ap-
proximation about the mean debris front velocity between two
data points of the front position. This is shown in the lower rows.
All plotted front positions are superimposed for the first seconds
showing a constant flow speed. But, almost every subplot illustrates
a subsequent sharp bend at a specific time, except for the coarse par-
ticle over the smooth surface, which shows a distinct behaviour. One
could think that this was due to the sudden flow acceleration. But
cross-checking data with video records revealed that this sudden
flow velocity enhancement was always provoked by a highly dilute
second trailing surge (compare e.g. video CS-RS-VP-ALPHA043). It
departed rapidly from the reservoir and overtopped the slower ini-
tial surge 1 to 2 s after flap opening. This resulted in an abrupt en-
hancement of the front velocity. On a smooth surface, this
overtopping occurred earlier the smaller the particles were. For the
coarse particles, we had not observed any substantial overtopping
in smooth basal subsets (Fig. 10c) since the second surge was not
so dominant and could not reach the first surge before it entered
the runout plane. Under the rough basal condition, overtopping oc-
curred earlier compared to the smooth surface. Here, the first surge
faced higher basal friction and was not able to gain comparable
speed as for the flow with smooth surface conditions. Therefore,
the first surge had covered less distance when the second surge
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Fig. 10. Debris flow front position over time for different solid volume fractions and particle sizes over smooth and rough basal surface.

overtopped it. In most cases, the cumulated surges flowed with en-
hanced steady-state velocities after surge-merging, which are
shown by higher gradients and enhanced velocities in the corre-
sponding panels. However, a more nonlinear enhancement of the
front position over time was present in subsets with very fine parti-
cles (Fig. 10a). As a result, mostly the front velocity raises more and
more during the run. A lower solid volume fraction resulted in
higher front velocities after surge-merging, though, the cumulated
surge was also decelerating with high solid volume fractions. This
is shown by a front position over time with a lower gradient and
decreasing front velocities (Fig. 10d-f). For each of these decelera-
tion subsets, we cross-checked the video records for the rough sur-
face and identified steep gravel-rich flow fronts rolling over the
rough bed. This reveals typical particle-fluid separation in a debris
flow. In combination with the high basal friction, the relatively
large normal force at the front diminished the velocity of the flow.

4.4.2. Front shape

The basal roughness and the particle size played a shape-
determining role in all experiments (Fig. 11). We clearly observed
that higher basal friction, as well as coarse, and fine particles pro-
mote rounded, nearly parabolic, front shape with the tip along the
centre line. The parabolic front was dominant until the mixture had
flown half the way down the flume (Fig. 11b, c, e, f). The trailing
and more dilute debris body had transversely a rather straight
shape. Henceforth, this portion of the debris body moved faster
than the centre front. That is why the lateral sediment was acceler-
ated faster and eventually moved at the speed of the central front.
As a result, the front shape became transversally straighter during
motion (Fig. 11b, c). All subsets with coarse and fine particles
showed a rather dense flow behaviour, that is why the front shape
and overall dynamics was comparable for different solid volume
fractions (Fig. 11b, c, e, f). The experiments with very fine particles
showed different characteristics (Fig. 11a, d). In these cases, and in
particular for a low solid volume fraction, the front geometry had a
very rounded shape at the beginning of the run but later moved
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more chaotically between convex and concave forms or, even unpre-
dictable on the rough surface. The debris front shapes were less pre-
dictable because of enhanced lateral waves which bounced back
from solid walls and influenced the flowing material in the flume im-
mediately. On the contrary, for high solid volume fractions, the front
geometry remains in a rounded shape during the run with very fine
particles. Overall, the front shape was mainly influenced by basal
roughness and particle size but was less sensitive due to a change
in solid volume fraction.

5. Dimensional analysis

In this section, we present the calculated dimensionless num-
bers for our experiments and compare them with the results from
other experimental studies and natural events, but focus especially
on the comparison with typical values for natural coarse-grain de-
bris flows as presented in Lanzoni et al. (2017). The dimensionless
numbers are calculated according to Table 2 and by using the mea-
sured data of flow depth, mass, bulk density, and velocity, as well
as the sediment properties (Table 1). A deeper description of the
dimensionless numbers is available in Appendix C. All dimension-
less numbers are calculated for the debris front when it reached
sensor S4C and the flow was in quasi-steady or steady condition.
We present the range of our data in Table 3. The dimensionless
numbers, which are relevant the most to identify characteristic
flow regimes are displayed in Fig. 12. Common lines, which sepa-
rate flow regimes are plotted additionally. The data in Fig. 12 is al-
ready grouped into observed flow types, that is described in detail
in Section 6.

We determined pressure numbers between 1.1 - 10* < Np<1.0 -
10°. In contrast to a natural flow, where usually small and/or muddy-
viscous particles take up fully or partly the pore volume space be-
tween larger particles, the debris mixture in our experiments is
based on a steep grain size distribution. Thus, the porosity and the
hydraulic diffusivity are high and pore water may diffuse and leave
the sediment quickly in relation to the flow velocity during motion.



1. Baselt, G. Queiroz de Oliveira, ].-T. Fischer et al. Geomorphology 372 (2021) 107431

o

0 T T T T T T 0 T T T T T T T T T T 1 T
Oy Qg Qs

— 043 = 047 =051 =— 0.55 — 0.43 = 047 == 0.51 =— 0.55 — 043 =047 == 0.51 =— 0.55

-
T
!

-“
T
1

N
T
1

1

N
T
Il

N
T
1

1
o

T

L
o

T

L

1
o
T
1
o
T

1

downslope distance [m]
IS [
T B
]
downslope distance [m]
IS w
T T
1 1
downslope distance [m]
IS w
T T
1 1

7 1 1 1 L 1 1 7 1 1 1 1 1 1 1 1 | Il 1 1

0 02 04 06 08 1 1.2 0 02 04 06 08 1 1.2 0 02 04 06 08 1 1.2
channel width [m] channel width [m] channel width [m]

=

(a) smooth s., very fine particles (b) smooth s., fine particles (c) smooth s., coarse particles

0 T T T T T 0 T T T T T T 0 T T T T T T
(¢ Qs Qs

— 043 == 047 == 0.51 — 0.43 == 047 == 0.51 = 043 == 047 == 051

- 5
. 6
7 1 1 1 1 1 7 1 1 1 1 1

L L
0 02 04 06 08 1 1 02 04 06 08 1 1:2 0 02 04 06 08 1 12
channel width [m] channel width [m] channel width [m]

w
T

1

downslope distance [m|

downslope distance [m]
o o IS w
T T T T
' § 1 1 1
downslope distance [m)]
o o IS w
T T T T

N
o

(d) rough s., very fine particles (e) rough s., fine particles (f) rough s., coarse particles

Fig. 11. Evolution of debris flow front shape: Dependencies on basal roughness, solid volume fraction and particle size.
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Table 3
Flow variables and dimensionless numbers of this study in comparison with small-scale as well as large-scale experimental debris flows and natural events. The parameters of this study
were calculated from the values of the debris front at sensor S4C.

Parameter Symbol [unit] Flume experiment (this study)  Flume experiments®“%¢"  Natural coarse-grained flows'  Typical range natural debris flows”
Flow variables

Grain diameter d[m] 0.00144-0.00625 0.0005-0.002 0.05-0.4 107°-10
Flow depth h{m] 0.014-0.051 0.005-0.1 0.3-43 0.1-10

Flow velocity v[ms™] 0.548-4.423 0.9-10 0.6-9.4 0.1-20

Flow shear rate ¥ [5*1] 16.6-157.3 100-371 0.4-5.9° 1-100

Solid density Peotialkgm ™3] 2630-2640 2650-2700 2650 2500-3000
Fluid density Pwaterlkgm™3] 1000 1000-1533 1050-1250 1000-1200
Solid volume fraction as[1] 0.43-0.55 0.35-0.5 0.30-0.51 0.4-0.8

Fluid viscosity u[Pas] 0.001 0.001-0.0035 0.1 0.001-0.1
Basal friction angle §[°] 25.1-34.0 40-42 - 25-45
Hydraulic permeability ~ k[m?] 6-10"'1-107%¢ 1.1-1071%-10 M 1.2-1077-6-107° 107 %-107°
Hydraulic diffusivity D[m?s™ ] 51-845 58-107°-1.2-107! - 1078-1072¢
Dimensionless numbers

Pressure number Npress 1.1-10*1.0-10° 0.003-200 - 1076-101edfs
Savage number Nsay 0.014-6.75 0.17-2.25 0.001-1.96 10~ 7-1000<f
Bagnold number® NBag 560-34,985 400° 200-45,900 600-4 - 10%¢
Bagnold number®" Npag 201-13,804 37-1589 - 0.2-4°
friction number Niric 984-21,854 1.4-10%-3-10° 1.9-10%-5.5-10° 10°-10%><f
mass number Ninass 1.984-3.227 1.2-4.0 0.95-2.51 1-10

Darcy number Npar 6-317 6.0-10%-5.9- 107 0.47-760 10%-108
Stokes number Ns; 13-630 - 11-48 -

Froude number’ Fr 1.0-8.4 2.9-7.9 0.2-2.4° 0.8-6"¢
Reynolds number Re 14-10°-5.0-10° 23-10%-1.4-10° 10%-4.13 - 10* 10°-107¢4
Particle Reynolds nu. Re, 1681-17,884 31-504 38-10,340° 0.01-2>

2 Calculated by assuming a compressibility of the interstitial fluid C=2 - 10~°Pa~" and a hydraulic conductivity K according to the particle sizes: very fine particles K=6 - 10~*ms~, fine
particles K=2 - 10> ms ™", coarse particles K=1 - 10~2ms~". Shear rate, Froude number and particle Reynolds number were calculated according to y= v/h, Egs. (C.9), and (C.11)."
Iverson (1997). € Iverson and Denlinger (2001). ¢ Iverson et al. (2010). ¢ Major (2000). f Zhou and Ng (2010). & Bagnold (1954). " de Haas et al. (2015). ' Pudasaini and Domnik (2009).
J Arai et al. (2013). ¥ Turnbull et al. (2015). ' Lanzoni et al. (2017).
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This is reflected in increased pressure numbers for our experimental
setup compared to natural events and other experiments (Iverson
and Denlinger, 2001; de Haas et al., 2015), which had different mate-
rial composition. In the presented experiments, pore pressure played
a minor role in sediment mobilization in general. Even if high pore
pressure values had been developed in the moving mass, decom-
pression developed too quickly to permit a perceptible liquefaction
effect.

The range of the Savage number was 0.18 < Ns,, < 6.75 in the pre-
sented experiments for the smooth surface and 0.014 < Ns,, < 3.13 for
the rough surface (Fig. 12a). Overall, these values are in agreement
with natural coarse-grained events (Lanzoni et al., 2017) and other ex-
periments (Iverson, 1997; Iverson and Denlinger, 2001; de Haas et al.,
2015). However, flows over the smooth surface were mainly dominated
by grain collision stresses because the varnished wooden plates
minimised basal friction. The internal friction force was almost neg-
ligible compared to grain collision. Furthermore, less water dimin-
ished grain to grain distance, which eventually facilitated the
collisional force even more. For experiments over the rough surface,
the Savage numbers partly fell below 0.1, in particular for high solid
volume fractions. Here, the basal water layer could not lubricate suf-
ficiently the gap between bottom near grains and basal roughness,
particularly in the flow front. So, the frictional forces had been dom-
inating collisional forces in some rough subsets, that results in the
better agreement with documented events (Iverson and Denlinger,
2001).

Using o, max=0.7405 (Dullien, 1991), we calculated Bagnold num-
bers between 560 < Np,g < 34,985 for our experiments (Fig. 12a). Thus,
collisional stresses were dominant over viscous fluid stresses in all sub-
sets, which is typical for natural coarse-grained flows (Lanzoni et al.,
2017) and partly valid for other natural debris flows (Iverson and
Denlinger, 2001). However, some Bagnold numbers were high in our
experiments, especially for flows with large particle diameter compared
to flow depth or for rapid and shallow flows resulting in high shear
rates. By using Eq. (C.4), our values for the Bagnold numbers range be-
tween 201 < Npqq < 13,804, which confirms the domination of the colli-
sion stresses. This is in comparison with small-scale experimental
results (de Haas et al., 2015; Sanvitale and Bowman, 2017) and with
large-scale experiments in the USGS flume (Iverson, 1997). Neverthe-
less, Iverson (1997) also lists Bagnold numbers between 0.2 < Npq, < 4
for natural debris flow events, in which grain collision is negligible com-
pared to the influence of viscosity. However, these values are subject to
scrutiny because o, g,  and d are hard to determine accurately, even in
a laboratory experiment due to mixing, phase-separation, changing
solid volume fraction, velocity shearing through depth, to name a few.

We evaluated friction numbers between 984 < Nj;. < 4987 for the
smooth surface and 1359 < Nj;c < 21,854 for the rough surface
(Fig. 12b). In general, the friction forces overruled the viscous forces in
our experiments. Importantly, due to the simplified definition of -,
the friction number is proportional to the squared flow depth, and addi-
tionally inversely proportional to the flow velocity. Thus, the value
dropped conspicuously for shallow and rapid flows with high water con-
tent. On the contrary, flows over a rough bed with relatively high solid
volume fraction (o=0.51) facilitated thicker and slower debris motion,
resulting in the highest friction numbers. This wide range of flow types
represents well natural flow characteristics (Iverson, 1997; Zhou and
Ng, 2010; Lanzoni et al., 2017).

Due to the fact, that solid and water density were constant in our ex-
periments, the mass number is only a function of the solid volume frac-
tion. Because o was in the range of natural debris flows, the mass
numbers had comparable values in the range between 1.984 < N5 <
3.227 (Fig. 12c). As expected, the solid inertia was noticeably higher
as the fluid inertia.

Our values for the Darcy number ranged between 6 and 317 and
were rather low compared to natural debris flow events with fine
particle content and other experiments. That means that pore fluid
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had very low potential to buffer grain interaction and excess pore
pressure is negligible. But, that is reasonable due to the lack of fine
particles in our experiment, which is confirmed by a similar range
for the Darcy number in natural coarse-grained debris flows
(Lanzoni et al., 2017).

This also affects the Stokes number, which was in the range of 13 <
Ns; <630 in our experiments. We conclude, that our flow follows gener-
ally an accelerated motion and the fluid drag is negligible. The Froude
number is in the range of 1.0 < Fr < 8.4 in our experiments (Fig. 12c)
and are therefore comparable to natural flows (Gray et al., 2003;
Evans et al., 2009; Pudasaini and Domnik, 2009; Domnik and
Pudasaini, 2012; Arai et al., 2013; Turnbull et al., 2015). High Froude
numbers occurred particularly in shallow and rapid flows, mainly in
the smooth basal subsets. Lower values were observed in relatively
slow flows over the rough surface, especially for coarse particle and
a;=0.51, where the flow was even in critical condition. The Reynolds
numbers were close to natural conditions in our experiments and
were between 1.4 - 10° and 5.0 - 10° (Fig. 12b). However, natural
coarse-grained flows show rather lower values for the Reynolds num-
ber. The fluid viscosity of pure water was low in our experiments and
viscous shearing could barely have a major influence. The particle
Reynolds number had values between 1681 and 17,884. The values
were in particular high, for (i) flows with low water content and there-
fore largely reduced viscous shearing, (ii) rapid and thin surges
resulting in high shear rates and (iii) subsets with large particle sizes.
Overall, in all experiments, the solid inertial stress had been dominating
viscous shearing stress. Compared to natural debris flows (Table 3 right
column), the particle Reynolds numbers in our experiment were notice-
able higher, but lay in the range of natural coarse-grained flows
(Lanzoni et al., 2017).

Takahashi (2014) concluded, that two types of debris flows exist in
the wider sense; a quasi-static flow in which Coulomb frictional stress
dominates (small Nsg,) or dynamic debris flow (high Ns,,). The experi-
ments from this study show relatively high Savage numbers, mainly in
collision dominated regimes and only partly in friction dominated re-
gimes (Fig. 12a). Following Takahashi (2014), our experimental flows
have to be classified as dynamic debris flows. Moreover, three types of
dynamic debris flows can exists (Takahashi, 2014): stony debris flows,
dominated by grain collision stresses (large Npq,); turbulent-muddy de-
bris flows, controlled by turbulent mixing stresses (large Re); and vis-
cous flows, dominated by viscous stresses (small N, and Re). Our
experiments show very large Bagnold numbers (Fig. 12a), but Reynolds
number were comparable to natural flows (Fig. 12b). Thus, the flows
from this study are stony debris flows, in which the interstitial water
have less content of fines and the excess pore fluid pressure will dissi-
pate rapidly from the relatively coarse debris matrix (Hotta, 2011;
Kaitna et al,, 2011; Stancanelli et al., 2015). Furthermore, by following
the occurrence criteria of various type flows on non-cohesive coarse
sediment bed (Takahashi, 2014), our experiments are characterised by
fully mature debris flows and we can assume, that the particles are dis-
persed densely in the entire depth. Overall, the dimensional analysis
highlights that the performed experiments and natural coarse-grained
flows with low muddy-viscous fluid as presented in Lanzoni et al.
(2017) are quite similar on dynamic scales. On the contrary, natural de-
bris flows with high muddy-viscous fluid can only be partly mirrored by
the experiments of this study.

6. Grouping and classifying the flows

Our experiments reveal that basal roughness, particle size and solid
volume fraction have a major influence on flow evolution and overall
flow dynamic. In almost all experiments, the debris flow accelerated
at first mainly due to higher hydraulic pressure gradients and gravity
until the motion had been substantially controlled by overall opposing
forces like basal friction, grain collision or drag. For all particle sizes,
we found that the more water had been in the debris flow the more
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chaotic and unpredictable was the flow behaviour. This is confirmed ex-
emplary in natural debris flows reported by Kean et al. (2013) (Videos
S4, S5, S6), where an increase in rainfall intensity directly affects the
surge velocity and overall flow dynamics. Our data depict that basal fric-
tion force will eventually hinder the flowing sediment from gaining
speed, in particular, for rough basal conditions. Henceforth, flowing
mass was in almost steady or quasi-steady motion, mainly almost at
the end of the flume, featuring a nearly constant velocity. However,
even if our spectrum of the initial and boundary conditions were very
narrow and we concentrated on landslide-induced stony debris flows,
the structures and profiles of the moving particle-fluid mixtures evolve
differently. We observed many typical natural debris flow properties in
our experiments, like phase separation (de Haas et al., 2015; Pudasaini
and Fischer, 2020b), head-body diversion with a coarse-grained front
followed by dilute material (Takahashi, 1983; Zanuttigh and Lamberti,
2007; Johnson et al., 2012), or precursory surges (Hungr, 2005;
Turnbull et al., 2015). Interestingly, these flow properties did not only
occurred in multiple subsets with different parameter combinations
but can also be linked to a few types of natural flow-like mass move-
ments (Hungr et al,, 2001). Therefore, we group the subsets with similar
flow properties and arranged them according to their particle size, solid
volume fraction, and basal roughness in Table 4. Each of the resulting
three groups has such individual flow properties that we could finally
assign them to the natural flow-like mass movements: (1) debris
flood (hyperconcentrated flow), (2) debris flow with head-body archi-
tecture, and (3) non-liquefied debris flow. We display the three ob-
served flow types for different dimensionless numbers in Fig. 12. For
each flow type, we complement Table 4 with characteristic figures for
flow depth, front position over time, debris front velocity and front
shape, as well as the most crucial dimensionless parameters like Froude
number, Bagnold number (Bagnold, 1954), Savage number and friction
number, separated for both roughnesses. It is worth to mention, that we
could not link the observed flow properties to the flow type of (a) sand
flow slide, because no significant excess pore-pressure existed in our
experiment; (b) clay flow slide, peat flow, earth flow, or mud flow, be-
cause of the lack of fine and cohesive material in our grain matrix;
(c¢) debris avalanche, because our setup features a confinement in
form of a channel and the experiment did no begun with a shallow sur-
ficial sliding failure; (d) rock avalanche, because our sediment matrix
did not include such large boulders or fragmented rocks from a rock
slide or collapse as a rockfall as a semi-coherent flowing mass.

Table 4
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6.1. Debris flood/hyperconcentrated flow

A debris flood is a very rapid, surging flow of water (the water
column is heavily charged with sediments) with velocities similar
to water floods and high turbulence. The debris flood can transport
comparable quantities of sediment as debris flows in form of, partly
multiple, massive surges, mainly propelled by the tractive force of
the water (Hungr et al., 2001). Compared to debris flow, a debris
flood generates no levees or a significant longitudinal sorting with
meaningful coarse-grained fronts. In contrast, debris floods or
hyperconcentrated flows, as Pierson (2005) named these phenom-
ena, show a steep water-surface slope, often describes as fast-
moving “wall” of debris. Depending on the debris composition and
the solid volume fraction, the mass flows form series of surges or
roll waves with periods ranging from a few seconds to hours
(Takahashi, 1983; Costa, 1984; Jakob and Hungr, 2005; Arai et al.,
2013; Takahashi, 2014).

We observed very rapid and highly turbulent flows in subsets with
very fine and fine particles (Table 4 first row). The solid volume fraction
in these subsets was particular low (0.43 < a5 < 0.47) and around the
threshold of Fleischer (2012). For these flows, the flow depth sensors
recorded a very steep surge front followed by a very thin sediment
layer. Thus, the majority of the mobilized sediment was agglomerated
in the rapid moving frontal surge, what looks like a fast-moving “wall”
(Pierson, 2005). However, no longitudinal sorting due to phase-
separation was observable. The high water content had a major influ-
ence on the flow velocity, which resulted in the largest, observed Froude
numbers when flows with same basal roughness are compared (Table 4
eighth column). Compared to the flow over the smooth surface (Fig.
13a), the surge front had been substantially slowed down on the
rough surface due to higher basal roughness after disembarking the res-
ervoir (Fig. 13b). But, after the water may had filled up the gaps be-
tween the coarse particles and formed a lubricating layer along the
flume surface, the internal and basal friction was dynamically reduced
for the material which had tailed the first surge (Pudasaini and
Krautblatter, 2014). With nearly the momentum as of the frontal
surge, the following material sometimes pushed the front from behind,
reactivated motion and enhanced the front depth additionally, until it
overtopped or breached through the front (Fig. 13b), which can be ob-
served in real debris flows (Bryant, 2005; Turnbull et al., 2015). In gen-
eral, the front accelerated continuously during downhill motion,

Observed flow types in this experimental study related to solid volume fraction a, particle size, relevant dimensionless numbers, basal roughness (SS: smooth surface, RS: rough surface)
and the representative outcome for flow depth, front velocity and front shape in time. The Bagnold number is calculated referred to Bagnold (1954).

Flow architecture Flow depth Front velocity Front shape Npic Nsav Npag Fr Roughness o Particle
size
Debris flood/hyperconc. flow 984-1565 0.41-1.52 1780-5587 7.4-84 SS 043 V.fine
< 5 \\—? 047 V. fine
g g 5 043  Fine
z T g ~——— — 4640-8781 0.02-0.12 560-1773 3.0-43 RS <0.47 V. fine
= & 0.43  Fine
e —
time time flume width
Debris flow/head-body 2191-3031  0.18-0.76 1407-4618 5.7-6.7 SS 0.51 V. fine
architecture . s T~—~k0u 0.47  Fine
g g E’ ~—— — 1359-8466 0.06-3.13 1273-18,409 2.4-33 RS 0.51 V.fine
3 H r‘—[ t v 047  Fine
= 2 \/ 0.43  Coarse
time » time flume width
Non-liquefied debris flow 2046-4987  0.23-6.75 1416-34,985 3.7-54 SS 0.55 V. fine
< ~ s — >0.51 Fine
g £ § T 2043 Coarse
g § = g/ 5445-21854 0.01-0.68 784-10,381 1.0-2.3 RS 0.51 Fine
= M 2 v >0.47 Coarse

time time

flume width
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(a) A debris flood (hypercon-
centrated flow) on a smooth

(b) A debris flood on a rough
surface with precursory surge

for fine particles and as
0.43

surface for very fine parti-
cles and a5 = 0.43

(c) A debris flow with head-
body architecture on a rough

(d) A non-liquefied debris flow
on a smooth surface for

coarse particles and as =
0.47

surface for fine particles
and as = 0.47

Fig. 13. Four examples of observed flow types in different subsets: a debris flood (hyperconcentrated flow) on smooth surface, as well as on rough surface, a debris flow, and a non-

liquefied debris flow.

resulting in a nonlinear relationship of front position over time. Even if
the front shape was rounded after the mixture disembarked the reser-
voir, the debris flowed down the flume roughly with a flat front, equally
distributed over the flume's width (e.g. Fig. 11a,b). The flow was domi-
nated by collisional forces with a Bagnold number larger than 560. The
Savage numbers were also rather high, showing that the flow dynamics
is affected by grain collision stresses for subsets with the smooth bed. In
subsets with the rough bed, the basal friction gain important influence,
hindered the flow to achieve similar flow speed, which reduced the Sav-
age number below the threshold. Especially smaller particles caused
larger friction due to their effective larger area of contact. The smaller
the particles were, the more they had established contact with each
other and sheared on the neighbours or basal surface. Opposed to
that, lubrication was increased between larger particles, and between
particles and the basal surface, because larger particle gaps reduce the
basal area of contact. This resulted in a larger velocity. However, the fric-
tion numbers in the subsets with the rough bed lay above the threshold
of friction dominated flows (Nj;c > 2000), showing that in these flows
the friction gain some influence compared to viscous forces.

6.2. Debris flow with head-body architecture

A debris flow is a very rapid flow of saturated debris material in a
steep channel with the presence of a certain degree of rough longitudi-
nal sorting due to phase-separation (Costa and Williams, 1984;
Pudasaini and Fischer, 2020b). Boulders or more dry coarse material
will accumulate near the front of the surge and the front may be
bypassed by a more dilute body and hyperconcentrated tail. This longi-
tudinal structure is also called head-body architecture (Turnbull et al.,
2015). The water content is highly variable in the longitudinal direction
due to heterogeneity and transition from dense and coarse-grained
surge front and more diluted intersurge flow. When flowing in a chan-
nel, steady-state debris flow normally forms a distinguished rounded
flow front due to shearing stress at the lateral boundaries. The coarse-
grained front might shoulder aside granular material and form notice-
able levees which can narrow the effective channel width and enhance
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the momentum of the flow due to increased velocity. Debris flow usu-
ally contains fine (cohesive) sediment to some extent. However, in re-
gions with unweathered crystalline or metamorphic rocks, debris flow
can be produced as a coarse particle-fluid mixture with a lack of a silt
clay fraction (Hungr et al., 2001).

In our experiments with fine particles and medium solid volume
fractions, as well as for subsets with coarse particles and low solid
volume fraction (Table 4 second row), the flow dynamics were
characterised by a distinguished coarse-grained front, which was
followed by a dilute body (Fig. 13c). This longitudinal sorting was
mainly influenced by phase-separation, which is similar to those docu-
mented for natural debris flows (Takahashi, 1983; Turnbull et al., 2015).
The flow depth evolution showed a rather steep debris front, followed
by a small part of dilute material with lower flow depths, before a sec-
ond enhanced, but more rounded peak occurred. Flow velocities slightly
increased during downhill motion. The front shape was rounded with a
prominent lobe in the channel centre. In some subsets, the front shoul-
dered aside the grains and form gentle levees. These experimentally
generated flows mirror well the natural debris flow surges at the
Chalk Cliffs in the case of low rainfall intensity, which are documented
in Video S4 in Kean et al. (2013). The Froude numbers in our experi-
ments showed clear supercritical flow conditions with values between
2.4 and 6.7. With Bagnold numbers larger than 1200, the collision forces
dominated the flows related to this dimensionless number. However,
we note, that it depends on how well the shear rate can be approxi-
mated. The Savage number shows, that a head-body architecture can
develop with dominating Coulomb friction for small particles or with
grain collision as the main influence for medium and large particles.
The friction numbers reveal also a clear influence in the flow compared
to viscous forces.

6.3. Non-liquefied debris flow

Anon-liquefied debris flow is a flow-like movement of loose dry
or moist, sorted or unsorted granular material without significant
excess of pore-pressure. It has a limited velocity, but which
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depends highly on the flume inclination. The flow may form steep
delta fronts (Hungr et al., 2001). If the flow is moving rather slow
as a compact homogeneous mixture, one might call it slow moving
dense flows.

A dense sliding architecture of the particle-fluid mixture occurred
mainly for flows with high solid volume fractions, and either coarse par-
ticles, or very fine particles (Table 4 third row). A flow example is pre-
sented in Fig. 13d. But, also flows with fine particles and medium solid
volume fraction showed a dense motion. The flow motion was quite
slow and followed a steady motion in the longitudinal direction. The
flow evolution had typically a rounded profile without meaningful lon-
gitudinal sorting. The mixture slides down the flume with nearly con-
stant speed and formed prominent snouts, especially for very fine
particles, as also observed in experiments from de Haas et al. (2015).
The Froude number is spread over a large range for these subsets, de-
pending mainly on the basal roughness. On the rough surface, the
Froude number was low and at the limit for supercritical flow. The
particle-fluid interaction was dominated by collisional forces (Npqg >
450). The Savage number showed mainly values above 0.1, so collisional
forces overruled Coulomb frictional forces. However, on the rough sur-
face, some flows with high solid volume fraction showed noticeable
lower values than the threshold presented by Savage and Hutter
(1989). Here, the Coulomb friction demonstrated meaningful influence.
The friction number shows, that frictional forces overruled viscous
forces for the rough surface. Due to the calculated bulk density profiles
(Fig. 9), we assume, that all regions of our dense flows were still in
nearly saturated conditions during motion and cannot be classified
per se as non-liquefied debris flows. However, the observed flow prop-
erties fit best in that flow type.

7. Conclusions

Gravity-driven mass flows often appear as a mixture of fluid and solid
particles and are very difficult to predict. Their flow evolution crucially de-
pends on a variety of alterable initial and boundary conditions as well as
on their intrinsic interactions during the motion. Different flow types de-
scribe the varying flow dynamics and structures of the flow. To study the
flow evolution, many experiments have been conducted, investigating
the influence of individual parameters, like slope, grain size distribution,
solid volume fraction, or content of fines, to name only a few. This study
aimed to concentrate only on landslide-induced stony debris flows and
to investigate the flow evolution in a narrow parameter spectrum of
basal roughness, solid volume fraction, and grain size. We were looking
for characteristic properties of common flow types in our experiments
and compare them with dimensionless quantities and flow characteristics
of natural events with a coarse-grain matrix. Furthermore, we aimed to
deepen the knowledge about coarse-grained particle-fluid mixture
flows as a niche of debris flow and aimed to provide new extensive data
set from well-controlled laboratory experiments for the calibration and
validation purpose of numerical approaches.

We conducted 72 experiments and measured the flow depth, the
flow mass, the front velocity, and the shape of the debris front with
varying particle sizes, basal roughness and solid volume fractions. Out
of flow depth and mass, we evaluated the depth-averaged bulk density,
which gave a good indication about the evolution of the bulk density but
reacted sensitively to very low flow depth values. In our experiments,
initial solid volume fraction and basal roughness had a significant influ-
ence on flow variables, such as flow depth, velocity, and front shape and
the resulting flow evolution. In the half of our experiments, the initially
prepared homogeneous particle-fluid mixtures were sliding down the
flume as a rather dense mass, especially for high solid volume fractions.
In other cases, especially on a smooth bed, shallow and rapid flows
resulted in highly turbulent flows and sometimes debris front
overtopping. For rough beds, the flow evolution was governed by dilute
flows with coarse-grained debris fronts and longitudinal sorting. Lower
layers of these flows might be noticeably hindered in motion by high
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basal friction because grains in the higher layers reaching the flow
front and tumbles down to the bottom and were buried in the flow
head again. This highlights the associated segregation and phase separa-
tion phenomena. The particle-fluid mixture flow later re-accelerated by
a dilute debris body pushing the front from behind. Overall, our results
reveal, that small changes in solid volume fraction, as well as the basal
roughness, strongly govern the evolution of the flow depth and the ve-
locity of the flow. On the contrary, the particle size has a substantial ef-
fect on the debris front shape and its evolution during downhill motion.
Larger particle ran faster in subsets with the same solid volume fraction,
but these flows exhibit lower front surges.

Several dimensionless numbers were considered and calculated to
determine the acting flow regimes and to discuss the transferability of
our experiments to natural events and other experimental data. In our
experiments, the flow was generally in a supercritical flow regime.
Grain collisional stresses dominated our experimental flows, which is
also the case in natural stony debris flows. Frictional forces gain some
influence for flows over the rough surface, in particular for low solid
volume fractions. Due to the lack of high viscous fluid, collisional
stresses were dominant over viscous fluid stress in all of our subsets. Be-
sides, friction forces overruled viscous forces in all experiments.

Interestingly, even if we concentrated on landslide-induced stony
debris flows and keep our parameters in a narrow spectrum, we could
still observe different flow properties. These properties allowed us to
group the observed flows regarding their flow properties and assign
them roughly to common categories of three natural flow-like mass
movements: (1) debris flood (hyperconcentrated flow), (2) debris
flow with head-body architecture, and (3) non-liquefied debris flow. Al-
though we could mirror these flows in respect, our flow conditions were
simplified compared to natural conditions, e.g., by using mixtures of
nearly spherical particles and tap water, which do not fully represent
the wide range of particle sizes and the non-Newtonian behaviour of
the interstitial fluid in natural flows. We only observed bulk-flow be-
haviour and had no information about the velocity distribution in the
debris column. However, the outer structures of the different flows
were somehow sufficient to group them into different flow types. More-
over, for simplification, we kept the inclination of the flume constant in
all experiments and used a non-erodible bed. However, we investigated
the impact of the basal roughness by mounting a smooth and later a
rough surface in the flume. A further limitation of this study includes
the absence of cohesive particles and high viscous fluid in the debris
sediment mixture, or the missing erodible boundaries like banks and
beds. There is some proof in the values of the pressure number, that in
our flows excess pore pressure may not be developed, in contrast to
the most natural flow, where a non-hydrostatic fluid pressure has
usually a major influence. Furthermore, morphodynamics is expected
to vary noticeably if sediment transport takes place in a nature-
orientated curved terrain. Nevertheless, we present a large number of
well-controlled experiments with a focus on two-phase particle-fluid
mixtures for landslide-induced stony debris flows under a largely vary-
ing initial and boundary conditions. The results give new profound in-
sights into the causal relationship between these conditions, the
parameter of flow dynamics (flow depth, flow mass, bulk density, veloc-
ity, front shape), and their effects on the flow types. We plan to present
the deposition results from this study in an upcoming publication.
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Appendix B. Results from unsteady conditions on the smooth
surface and a;=0.43

The subsets for ox=0.43 and smooth surface are generally
characterised by a highly turbulent and rapid flow. The low solid volume
fraction facilitated an acceleration of the flow, which can be seen in the
diminishing time intervals between the triggering events of two
neighbouring sensors (Fig. B.15a, b). The time intervals increase with
the solid fraction. For ax=0.51, the time intervals are even similar, show-
ing a roughly steady-state motion (Fig. B.15¢). The amount of water in the
released mixture affected also the debris height. The hydrographs for very
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fine particles show steep and sharp debris fronts observable in every sen-
sor location. The prominent front spike diminished for larger grains. No
debris front peak was observed for coarse particles, even if the solid vol-
ume fraction was very low. Comparing the flow depth in lateral directions
also highlights that the debris front reached the centre position a bit be-
fore the lateral positions. However, this time delay is rather marginal be-
cause the front shapes developed into a relatively straight profile over the
flume width in particular in the second half of the flume. To achieve
quasi-steady conditions also with such low solid volume fractions, we as-
sume that the flume should have been at least twice as long. However,
this is not easy in common laboratories.
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Fig. B.15. Flow depth measurements for the unsteady conditions on the smooth surface and o=0.43.

Appendix C. Dimensionless numbers
C.1. Pressure number

Pore fluid and fluid pressure play an important role in debris flow
dynamics and it is the chief mechanical agent to divide debris flow
from granular avalanches (Takahashi, 1991; Pitman and Le, 2005;
Iverson et al., 2010; Pudasaini, 2012). A relation between the timescale
for downslope flow and pore pressure diffusion is expressed by the di-
mensionless pressure number

_Vl/g
h?/D’

P (C.1)

taking into account a typical flow length L, the flow depth h, and the hy-
draulic diffusivity D (Iverson and Denlinger, 2001; de Haas et al., 2015).
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de Haas et al. (2015) assumed that the flow length L is equal to the channel
length. But, it might be reasonable to take only half the channel length for
our experiments because in most cases debris flow had covered only this
part in the runs. The pressure number assumes values N, < 1 in most nat-
ural geophysical flows, where a high pore pressure persists much longer in
the flow than the grain flow needs to move downslope (Iverson and
Denlinger, 2001; Zhou and Ng, 2010).

C.2. Savage number

A gravity-driven particle-fluid mixture flow, which is influenced by
Coulomb friction and grain collision, can be evaluated by using the Sav-
age number (Savage and Hutter, 1989; Parsons et al., 2001)

Psolid 72 dzmeun
(psolid_pwater)gh tan ¢ cos 0

NSav = (C'Z)
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as the ratio of grain collision stresses and gravitational grain contact
stresses (Iverson and Denlinger, 2001). For the internal angle of friction
¢, the determined values from Table 1 were used. In the numerator, 4 =
v/h is the shear rate of the flow, which was approximated by the free
surface surge velocity and the flow height of the front (Zhou and Ng,
2010). A flow with a very high grain concentration, like in our experi-
ments, induce frequent collision of particles resulting in a momentum
transfer between neighboured grains (Takahashi, 1983). Savage and
Hutter (1989) inferred that the flow dynamics at typical depths is
significantly affected by grain collision stresses if Ns;,>0.1. Iverson
and Denlinger (2001) listed values between 0.001 < Ns,, < 0.2 for
well-documented geophysical events and deduced that many natural
flows are probably dominated by friction rather than by grain collisions.
Zhou and Ng (2010) reported values roughly between 107> < Nsg, < 6 -
102, For small-scale experiments, de Haas et al. (2015) calculated Sav-
age numbers between 0.17 < Ngg,, < 2.25 and Sanvitale and Bowman
(2017) determined values roughly between 10> < Ngg, < 10%

C.3. Bagnold number
To compare grain collision stresses and viscous fluid stresses in a

particle-fluid mixture flow with interstitial Newtonian fluid, Bagnold
(1954) presented a dimensionless number

1/3 1/2 )
_ O Psolid ’)’dmean
No = | 75— , (€3)
(as, max — s ) H

known as the Bagnold number (Iverson and Denlinger, 2001). Both, the
bulk normal and the shear stresses in a steady, uniform shear flow are
proportional to the shear rate if the Bagnold number falls below roughly
40. A flow is dominated by collisional forces with Bagnold numbers
higher than roughly 450, in which bulk normal and shear stresses are
proportional to 'yz (Iverson and Denlinger, 2001). Dullien (1991) spec-
ifies the maximum solid volume fraction of a densest regular-packed
granular sphere-shaped sediment as &, 1;,x=0.7405. Among others,
de Haas et al. (2015) and Sanvitale and Bowman (2017) used the mod-
ified Bagnold number derived by Iverson (1997)

. g2
Qs Psolid Y dmean

—a) u 4

NBag = (1

to evaluate their small-scale experiments. The Bagnold number thresh-
old for collision dominated flows is roughly 200 with that approach.

CA4. Friction number

Another dimensionless number can be obtained by defining a ratio
of Bagnold number (C.4) and Savage number (C.2) (Iverson and
LaHusen, 1993). Named as friction number, it is the quotient of frictional
to viscous forces (Iverson, 1997; de Haas et al., 2015)

O (psolid _pwater)gh tan ¢ cos 6
1—a) By .

Npic = ( (C5)

Researchers constrain different magnitudes of this number for the
transition between friction and viscous dominated states in a flow. A
well-accepted threshold for friction dominated flows is Ng;>2000
(Bagnold, 1954; Savage and Hutter, 1989). In contrast, Parsons et al.
(2001) suggest lower thresholds of Ngi>100 for the debris body or
Npic>250 for the flow front in water-saturated flows. The flows in the
USGS-experiments reached values of 2000-3000, but natural flows usu-
ally have noticeable enhanced friction numbers up to 10° (Iverson,
1997; Iverson and Denlinger, 2001; Zhou and Ng, 2010). de Haas et al.
(2015) estimated the values 141 < Ng;c < 2760 for their small-scale
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experiments, partly owned by explicit viscous mud flows due to the
use of particles and sand.

C.5. Mass number

The mass number describes the ratio of solid inertia to fluid inertia in
the mixture (Iverson, 1997), which is dependent on the density and the
concentration of the solid grains in the flow.

& Psolid
( 1—a ) Pwater

The mass number increases if the solid volume fraction rises. Very
dilute flows are marked with low values. Theoretically, a wide spectrum
from zero to infinity is possible for the mass number. But, values range
typically between 1 and 10 in experiments and natural debris flows
(Iverson, 1997; de Haas et al., 2015).

(C6)

N mass —

C.6. Darcy number

We evaluated the ability of pore fluid pressure to buffer grain inter-
actions by calculating the Darcy number (Iverson, 1997).

u
Nppp — — =
b OsPsolid ’yk

(C.7)

Iverson and LaHusen (1989) conducted experiments along a single
slip surface in cylindrical fiberglass rods. Although they did not calculate
any Darcy numbers, one can use the tabled static physical properties of
the experimental media to calculate them subsequently. By doing so,
one found values between 8857 < Np,, < 35,427. Iverson and LaHusen
(1989) also conducted experiments during rapid shear deformation of
realistic geological materials. In their experiments, large fluid pressure
fluctuations evidenced strong particle-fluid interactions. With the ex-
tracted data from these artificial landslides, Darcy numbers of Npg=
14,060 and Np,,=15,953 can be determined. For other experiments
Iverson et al. (2010) present Np,=600 and de Haas et al. (2015) calcu-
lated values between 3.2 - 10* < Np,<5.9 - 107, Typical ranges in natural
flows feature 10* < Npg- < 10% (Iverson, 1997).

C.7. Stokes number

The Stokes number

1 Psolid dﬁwany
NS =18 e ¥ €8
represents the ratio of the time scale of deceleration due to Stokes
viscous drag force and the time a grain move a distance of its own mean
diameter (Armanini et al., 2005). The Stokes number analyses the effect
of the fluid drag on a grain when a relative motion of solid and fluid
phase is not negligible (Lanzoni et al., 2017). The flow can be classified
by three regimes. A viscous regime occurs for Ns; < 1. For
Nst>>+/Dsotia/ (PwaerCa)  With the drag coefficient C; ~ 0.4, and

v/ Psotid/ (PwaterCa) <1, the flow is in a inertial regime. For N, > 1, the
flow is accelerated and the fluid drag is negligible (Du Courrech Pont

et al,, 2003; Cassar et al.,, 2005; Lanzoni et al., 2017).
C.8. Froude number

The Froude number characterises the dynamics of free surface grav-
ity flows. Itis defined as the ratio between the inertial and gravity forces
or equivalently between the kinetic and potential energies (Gray et al.,
2003; Domnik and Pudasaini, 2012).

v

\/gh cos 6

Fr= (C.9)



L. Baselt, G. Queiroz de Oliveira, ].-T. Fischer et al.

For Froude numbers less than, equal to, or greater than unity, the
flow is in subcritical, critical, or supercritical regime. To include potential
energy caused by the gravitational acceleration along the flow depth,
and the potential energy caused by the downslope gravitational acceler-
ation in a non-shallow flow with a non-bed-parallel surface over an in-
clined plane, one should use an extended Froude number (Pudasaini
and Domnik, 2009; Domnik and Pudasaini, 2012). Many natural debris
flows and granular avalanches are in supercritical regimes (Gray et al.,
2003; Evans et al., 2009; Arai et al., 2013; Turnbull et al., 2015). How-
ever, in more viscous flows with relatively low flow velocity or compa-
rable large flow depth, the Froude number may reach the subcritical
regime (Larcher et al., 2007; Arai et al., 2013; Kailey, 2013; Cageao,
2014). In experimental setups with open channel geometry, the flows
are mainly in supercritical regime, because of their rapid and shallow
behaviour (Iverson et al., 2010; de Haas et al., 2015; McFall et al.,
2018; Wang et al., 2018).

C.9. Reynolds number

Usually, the Reynolds number classifies whether a flow of a Newto-
nian fluid is laminar or turbulent (Takahashi, 2014). Iverson and
Denlinger (2001) and Iverson et al. (2010) derived an analogous Reyn-
olds number

L VL
1/ Ppuik

(C.10)

as a dynamic scaling factor for the normalized momentum equation for
flowing debris mixture. Pudasaini (2012) derived a quasi-Reynolds
number and mobility Reynolds number for two-phase debris flows.
The two length scales h and L are important: h is the typical thickness
of the flow and L is the typical flow length in the direction of the flow
(Savage and Hutter, 1989). Together with the magnitude of the gravita-
tional acceleration g, the flow length L forms the velocity /gL of a freely
falling body (Pudasaini and Hutter, 2007), causing the downslope
motion of a debris mass. The Reynolds number has typically values
larger than Re>10° for natural geophysical flow, in particular with large
h./gL where the viscous effect will be less important (Iverson and
Denlinger, 2001). However, the values in geometrically similar models
depend mainly on the scale. A dynamic similarity over a broad range
of scales is perhaps unattainable. Too scaled-down debris flows may ex-
hibit disproportionately large effects of viscous flow resistance, which
results in smaller Reynold numbers (Iverson et al., 2010). That is the
reason to conduct debris-flow experiments at the largest scale possible.
The large-scale experiments in the USGS flume featured Reynolds num-
bers around 1 - 10° (Iverson et al., 2010). The small-scale experiments
conducted by de Haas et al. (2015) reveal only values in the range of
2.3 - 10*-1.4 - 10°. Both are rather small values compared to natural
geophysical flow.

C.10. Particle Reynolds number

The particle Reynolds number

dimeanV
Re, = Pwater Emean

. (C.11)

opposes the effects of particle collision and pore fluid viscosity (Iverson,
1997). In principle, it is described as the ratio between the solid inertial
stress and the fluid viscous stress (Pudasaini, 2012; de Haas et al., 2015).
Vanoni (2006) mentions that fluid start to show inertial effects with re-
spect to the grains in the mixture for Re,>1. Assuming a relatively high
fluid viscosity (u=0.5Pas), Zhou and Ng (2010) present flow data with
particle Reynolds numbers between roughly 0.1 and 1.6. They men-
tioned that the most particle Reynolds numbers are below one. They

25

Geomorphology 372 (2021) 107431

reason, that for natural debris flow, fluid viscous shearing has a signifi-
cant effect on the mobility. However, the particle Reynolds number is
sensitive to a change in the fluid viscosity and a smaller value, u=0.05
Pas as suggested by Iverson (1997), is possible likewise. So, the pre-
sented flows in Zhou and Ng (2010) could have featured higher particle
Reynolds numbers by one order of magnitude, with the solid inertial
stress as the dominating effect. In the small-scale experiments from de
Haas et al. (2015), particle Reynolds number occurred in the range of
31 < Re,, < 504, indicating high solid inertial stress compared to viscous
shearing stress. However, the effective viscosity of fluid may change
significantly depending on the yield strength, pressure, and shear rate.
This has been shown by Pudasaini and Mergili (2019). So, the above
analysis of the Reynolds number and particle Reynolds number must
be revisited.

Appendix D. Supplementary data

We provide the graphs as well as the videos in the supplementary
available at the journal's website https://doi.org/10.1016/j.geomorph.
2020.107431. Supplementary spreadsheet summarizes all data.
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