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1 | INTRODUCTION

Debris flows are fast-moving masses of soil, rock and fluid that occur
in mountainous regions (e.g., Costa, 1984; Iverson, 1997). Their com-
position varies greatly, but debris flows typically consist of a coarse-
grained front followed by a finer-grained body (Hungr, 1999;
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Abstract

Understanding erosion and entrainment of material by debris flows is essential for
predicting and modelling debris-flow volume growth and hazard potential. Recent
advances in field, laboratory and modelling studies have distilled two driving forces
behind debris-flow erosion: impact and shear forces. How erosion and these forces
depend on debris-flow composition and interact remains unclear. Here, we experi-
mentally investigate the effects of debris-flow composition and volume on erosion
processes in a small-scale flume with a loosely packed bed. We quantify the effects
of gravel, clay and solid fraction in the debris flow on bed erosion. Erosion increased
linearly with gravel fraction and volume, and decreased with increasing solid fraction.
Erosion was maximal around a volumetric clay fraction of 0.075 (fraction of the total
solid volume). Under varying gravel fractions and flow volumes erosion was positively
related to both impact and shear forces, while these forces themselves are also corre-
lated. Results further show that internal dynamics driving the debris flows, quantified
by Bagnold and Savage numbers, correlate with erosional processes and quantity.
Impact forces became increasingly important for bed erosion with increasing grain
size. The experiments with varying clay and solid fractions showed that the abun-
dance and viscosity of the interstitial fluid affect debris-flow dynamics, erosional
mechanisms and erosion magnitude. High viscosity of the interstitial fluid inhibits the
mobility of the debris flow, the movement of the individual grains and the transfer of
momentum to the bed by impacts, and therefore inhibits erosion. High solid content
possibly decreases the pore pressures in the debris flow and the transport capacity,
inhibiting erosion, despite high shear stresses and impact forces. Our results show
that bed erosion quantities and mechanisms may vary between debris flows with
contrasting composition, and stress that entrainment models and volume-growth

predictions may be substantially improved by including compositional effects.
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Iverson, 1997; McArdell et al., 2007; Pierson, 1986; Takahashi, 1981).
When flowing down mountainsides and through valleys, debris flows
can grow in volume due to entrainment of bed material by eroding
the underlying bed, which can be bedrock and/or unconsolidated sub-
strate. At locations with an abundance of loose substrate, volume
growth can be up to several orders of magnitude (De Haas &
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Woerkom, 2016; Frank et al., 2015; Hungr et al., 2005; Navratil et al.,
2013; Reid et al.2016; Santi et al., 2008; Simoni et al., 2020;
Takahashi, 1981). If debris flows grow in size their destructive power
increases and so does their hazard to mountain communities
(Dowling & Santi, 2014; Rickenmann, 1999, 2005). The erodible
power of debris flows, combined with consecutive flow activity, is fur-
ther suggested to be a primary process in cutting valleys in steep land-
scapes (Stock & Dietrich, 2003, 2006). On a shorter timescale, the
erosion, reworking and deposition of sediment by debris flows is a
main driver in the evolution of alluvial and debris-flow fans
(Beaty, 1963; Blair & McPherson, 1994; De Haas et al., 2014). To min-
imize debris-flow hazards on Earth and decipher their ability to
change landscapes we aim to gain a better understanding of the
mechanisms of debris-flow erosion and the parameters that affect it.
Observations from field and experimental studies suggest two
driving forces behind debris-flow erosion: (1) basal-shear forces; slid-
ing of the flow along the bed (Frank et al., 2015; Hungr et al., 2005;
Mangeney et al., 2007; Takahashi, 1978, 1981); and (2) impact forces;
collisions between the grains and the bed (Berger et al., 2011; Hsu
et al., 2008; Stock & Dietrich, 2006). Basal-shear force is dependent
on the bulk density of the flow, flow thickness, gravity and the slope
(e.g., De Haas & Woerkom, 2016). Particle impacts on the bed cause
fluctuating basal forces and high-frequency seismic signals (Farin
et al., 2019). These impact forces are the direct product of particle
diameter and the granular temperature, that is, the velocity fluctuation
of the particles relative to the velocity of the flowing mass (Berger
et al, 2011; Farin et al.2019; Hsu et al, 2008; Stock &
Dietrich, 2006). The magnitude of impact forces is further influenced
by debris-flow velocity, flow depth and the velocity structure in the
flow (Farin et al., 2019). A third factor influencing the (relative) impor-
tance of either two forces is the abundance and viscosity of the inter-
stitial fluid. High abundance and viscosity have been hypothesized to
lead to high pore-fluid pressure, which buffers grain interactions and
inhibits particle segregation, thus decreasing impact
(Bagnold, 1954; De Haas et al., 2015; Hsu et al.2008; Iverson, 1997;
Iverson et al., 2010; Kaitna et al, 2016; Major, 2000; Major &
Iverson, 1999; McCoy et al., 2010; Vallance & Savage, 2000). Others

have, however, suggested that as muddy matrices are able to mobilize

forces

and transport larger clasts, an increased viscosity of the interstitial
fluid may increase impact forces (Hsu et al., 2014). Iverson et al. (2011)
showed, by means of large-scale experiments, that besides the abun-
dance of interstitial fluid of the debris flow itself, bed wetness
strongly affects erosion. An increase in bed wetness allows for larger
positive pore pressures when overridden by a debris flow (also
observed by McCoy et al.2012), which increases flow momentum and
speed, facilitating progressive erosion of the bed. High pore pressures,
and thus a large water content, also increase entrainment by reducing
grain-to-grain basal friction (e.g., lverson et al., 2011; Li et al., 2020),
and at the same time favouring undrained loading and liquefaction
(e.g., Hungr et al., 2005; Sassa & hui Wang, 2005).

The importance of entrainment and erosion for debris-flow vol-
ume and hazard has led to the development of multiple entrainment
models (e.g., Abancéd & Hirlimann, 2014; Baggio et al., 2021; Frank
et al.2015; Han et al, 2016; Hungr et al., 2005; Iverson, 2012;
Iverson & Ouyang, 2015; Li et al., 2020; Ouyang et al., 2015;
Takahashi, 1978). These entrainment and erosion models have differ-

ent approaches, varying from empirical (e.g., Baggio et al., 2021;

Dietrich & Krautblatter, 2019; Frank et al, 2015) to analytical
(e.g., Iverson, 2012; Iverson & Ouyang, 2015; Pudasaini &
Fischer, 2020). As Kang and Chan (2018) summarized, the models
using an analytical approach use governing equations based on the
mechanics of the erosion process, often using shear, whereas in the
empirical approach erosion correlates with the kinematic characteris-
tics of the flow such as flow velocity and shear stress. The entrain-
ment models with empirical elements are often coupled to depth-
integrated debris-flow models by calibrating erosion rates, maximum
erosion depths, erosion coefficients and/or other empirical constants
to field data (Armanini et al., 2009; Baggio et al., 2021; Dietrich &
Krautblatter, 2019; Frank et al., 2015, 2017; Gregoretti et al., 2019).
In addition, some use an equilibrium volumetric sediment concentra-
tion to predict whether the debris flow can incorporate and entrain
material (e.g., Armanini et al., 2009; Chen & Zhang, 2015) or use a crit-
ical flow depth above which erosion occurs (Han et al.2016). Many
analytical and empirical models consider erosion as a function of shear
forces, but how momentum conservation is incorporated differs
greatly (lverson & Ouyang, 2015). Despite the ability of both empirical
and analytical models to predict erosion and entrainment relatively
well in specific debris-flow torrents, the need for parameter calibra-
tion and the ongoing discussions about analytical models (see,
e.g., Iverson & Ouyang, 2015; Kang & Chan, 2018; Pudasaini &
Fischer, 2020) indicates the need for a better understanding of
debris-flow erosional processes.

Field and laboratory studies have shed light on the possible
importance of impact forces on erosion, which is currently not directly
incorporated in the earlier discussed models. A field study by Berger
et al. (2011) demonstrated that erosion and entrainment of loose
material in the lligraben torrent were associated with the impact of
the coarse-grained flow front on the channel bed. They observed ero-
sion before maximum values for flow depth, total normal stress and
shear stress, but during the period of largest pressure fluctuations,
which are caused by particle collisions with the bed. In contrast to
Berger et al. (2011), the study by McCoy et al. (2013) could not find a
difference in force fluctuation distribution between granular surges
and the more watery intersurge flows. In addition to this contrasting
observation, McCoy et al. (2012) could not find a direct link between
the magnitude of pressure fluctuations and erosion. They still hypoth-
esized, however, that high-frequency stress fluctuations might facili-
tate entrainment. Experimental results from a rotating drum show
that bedrock erosion increases when inertial stresses, caused by
impacts, increase in both dry and wet granular flows (Hsu et al., 2008),
and that a larger representative grain size correlates with more ero-
sion (Hsu et al., 2008, 2014). Other studies on impacts endorse the
correlation between the magnitude of impact forces and particle
diameter (De Haas et al., 2021; Farin et al., 2019; He et al., 2016).
However, in the field study by Berger et al. (2011), the link between
grain size and erosion could not be distilled as grain size was not
recorded and only two debris flows from the same torrent were stud-
ied. It can, however, be hypothesized that as the largest clasts
occurred at the front of the flow, grain size did affect the inertial
stresses. To our knowledge, the effect of inertial stresses, linked to
grain size, on the erosion of a loose substrate has not yet been studied
directly.

The largely unknown influence of, and interaction between, shear

and impact forces on debris-flow erosion suggest that certain
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boundary conditions, such as flow and bed composition and flow vol-
ume, could be affecting erosion and erosional mechanisms. Flow and
bed composition are especially difficult to assess in the field
(Iverson, 1997; Major & Voight, 1986). The few field studies looking
at the influence of flow composition on debris flow dynamics, how-
ever, show that the grain composition directly links to debris flow
properties (Li et al., 2015; Wang et al.2018) and velocity (Liu et al.,
2020). In experiments, the impact of debris flow composition on
debris flow dynamics, run-out distance and deposit morphology has
been studied (De Haas et al., 2015). De Haas et al. (2015) found that
run-out increases with increasing water and clay fractions and that
there is an optimum run-out distance when increasing gravel content.
Initially, increasing gravel content increases flow velocity and run-out
distance, but increasing gravel further decreases flow velocity and
run-out distance. They explained their findings as being the result of
the interaction between grain collisional forces, pore-fluid pressure
and diffusivity. In addition, rheometric investigations have shown that
the behaviour of debris-flow mixtures varied with the concentration
of solids, grain-size distributions and ultimately shear rate
(Jeong, 2010; Major & Pierson, 1992; O'Brien & Julien, 1988;
Phillips & Davies, 1991; Scotto di Santolo et al., 2010). Based on these
findings we hypothesize that debris-flow composition will also influ-
ence debris-flow erosion and erosional mechanisms—a hypothesis
underlined by the work of De Haas and Woerkom (2016). They
showed that in experimental debris flows an increase in the water
fraction and grain size of the debris flow resulted in an increase in
basal-scour depth, and increasing clay content resulted in a decrease
in the scour depth—a correlation which they coupled to the depen-
dence of erosion on basal-shear stress. The only exception to this
conclusion was their observation on experiments with a very large
gravel content, which lacked the relation between basal-shear and
erosion. They hypothesized that during these experiments collisional
stresses had a relatively large influence on the flow dynamics. Their
set-up, however, did not allow for conclusive statements on this. The
small-scale flume set-up, with a small grain size relative to flow depth,
resulted in an overall small influence of grain collisional stresses,
which is in contrast to observations from the field (Berger et al.2011).

Field studies further reveal that maximum flow depth is an impor-
tant control on the pattern and magnitude of erosion (Schiirch et al.,
2011), that debris-flow magnitude relates to the balance between ero-
sion and deposition (Chen & Zhang, 2015), and that entrainment is
correlated with terrain slope (Baggio et al., 2021; Gregoretti et al.,
2019; Reid et al., 2016; Simoni et al., 2020; Theule et al., 2015). None-
theless, the scatter and uncertainties in these field studies are large
and the relations that are found do not provide a process-based expla-
nation of debris-flow erosion. A complicating factor in studying ero-
sion processes in the field, which could explain some of the observed
scatter, is the influence and often chaotic nature of the debris flow
initiation mechanism, landsliding and other slope failures or grain-by-
grain bulking. When landsliding or slope failures trigger debris flows,
initial sediment concentration is high, which may limit erosion. In con-
trast, when grain-by-grain bulking initiates debris flows, erosion starts
under the influence of water-dominated flows before transitioning
into a debris flow (McGuire et al., 2017), thereby allowing entrainment
of large amounts of sediment.

To summarize, there is no consensus on the exact processes and

parameters controlling debris-flow erosion. Both impact forces, shear
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forces and the interaction between the fluid and solid phase in a

debris flow likely affect erosion. How these forces and their interac-
tions are affected by boundary conditions, such as debris-flow compo-
sition and flow volume, is not well understood. In addition, we need
to understand the forces dominating erosion in contrasting flows
(e.g., granular vs. viscous) to effectively predict and model debris-flow
erosion as a function of their composition.

The objective of our study is to unravel the effects of debris-flow
composition on debris-flow erosion and erosional mechanisms. We
aim at understanding the mechanisms of debris-flow erosion under
different debris-flow compositions, and aim to assess the erosion
potential as a function of composition. As correctly assessing debris
flow composition in the field has been proven almost impossible
(Iverson, 1997; Major & Voight, 1986), and spatiotemporal patterns of
erosion in debris flow torrents are highly variable, dynamic and possi-
bly affected by check dams (De Haas et al., 2020), we use experiments
in a small-scale debris-flow flume to answer these questions. Experi-
ments allow for complete control over the debris-flow composition,
volume and slope, and provide us the opportunity to test a wide vari-
ety of flow compositions and debris-flow volumes. As volume growth
in debris flows overriding unconsolidated substrate is the largest, we

focus our effort on the erosion of an unconsolidated bed.

2 | MATERIALS AND METHODS

To study the effects of debris-flow composition on debris-flow ero-
sion and erosional mechanisms, we conducted a series of experiments
in a flume of 5.4 m long and 0.3 m wide with an erodible, unsaturated
and loosely packed, unconsolidated bed. The flume set-up used was
similar to the set-up presented in De Haas et al. (2021). For our exper-
iments the set-up from De Haas et al. (2021) has been expanded with
an erodible bed (see Figure 1). In our experiments we systematically
varied the composition of the debris flow while keeping the composi-
tion of the bed constant. The debris-flow mixture consisted of four
components in varying fractions: gravel, sand, clay (kaolinite) and
water. The erodible bed consisted of sand (98% of solid fraction), kao-
linite clay (2% of solid fraction) and water (11% of total weight). The
composition of the bed was selected based on preliminary tests in the
flume aimed at finding a balance between enabling erosion and not
fully removing the bed. We tested the effects of the gravel and clay
fractions in the flow, as well as the total solid fraction, including
gravel, sand and clay, and the total volume of the debris flow. When
increasing the gravel and clay fraction the total solid fraction was kept
constant, meaning that the fraction of the other solids was decreased
proportionally. Under varying total solid fractions, the relative per-
centages of gravel, sand and clay were kept constant, but the ratio of
solids to water changed. When varying flow volume the composition
of the debris flow was kept constant. The intended purpose of the
experiments with varying flow volume was to establish the signifi-
cance of debris-flow composition on erosion relative to the size and
flow depth of a debris flow, since we already know from field studies
that debris flow size and depth are important controls on erosion
magnitude (Chen & Zhang, 2015; Schirch et al.2011). In total,
96 experiments were executed, of which 73 had a flume inclination of
34° (see Supporting Information Table 1). The angle of the flume is

steep, but corresponds to the upper reach of debris-flow channels
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FIGURE 1 Schematic (a) and photo (b) of the flume. Sketch: grey rectangle represents the force action mixer and the dotted trapezoid
represents the erodible bed. All dimensions are in centimetres [Color figure can be viewed at wileyonlinelibrary.com]

dominated by erosion (Rengers et al., 2021; Simoni et al.2020). In
addition, because our experimental flows are relatively small in vol-
ume and flow depth, we need a large angle for increasing shear stress
and flow velocity with the purpose of scaling erosion magnitude.
Based on the outcome of the experiments at 34°, key experiments
were selected and performed again on 32° and 30°, to test the effects
of the flume angle. To account for the effects of natural variability,
each experimental setting at a flume angle of 34° was repeated twice.
The experiments performed with lower flume angles were performed
once. When during or after the experiment the erodible bed in the
flume slumped, for reasons unrelated to the passing of the debris

flows, the results were discarded and the experiment was repeated.

21 | Experimental set-up and data analyses

The flume consists of a straight, rectangular channel of 0.3 m wide
and 5.4 m long, a mixing tank with a forced-action mixer (Baron E120)
and a custom-made release gate (Figure 1). The flume was tilted at
the beginning of every experiment. Mixing of the sediment and water
took place for 30 s, during the lifting procedure, and stopped 0.8 s
before the gate opened. Our set-up thus differs from earlier experi-
ments on debris flow erosion by Lanzoni et al. (2017), who focused on
the influence of the triggering run-off. Our experimental set-up
enables us to study debris flow erosion mechanisms and potential of
different compositions and volumes independent of the duration
and/or volume of the triggering run-off. This provides insights into
debris flow erodible mechanisms and potential, beyond the often
smaller natural variations in debris flow composition.

In the lower half of the flume the bottom was lowered by 7 cm to
create space for an erodible bed with a length of 2.5 m. Along the
entire length of the flume the floor was covered with sandpaper to
simulate natural channel roughness.

Along the length of the flume five distance sensors were installed
(locations are indicated by red lines in Figure 1). Two Baumer OADM
20U2480/S14C distance sensors (at 2.9 and 2.98 m), which are

capable of measuring at sub-millimetre accuracy, and three Baumer
FADK14U4470/514/10 distance sensors (at 1.4, 2.81 and 5.36 m),
which measure at 1-2 mm accuracy. With the data from these sen-
sors, flow depth along the flume was recorded during the experiments
and flow velocities were inferred from the arrival time of the flow
front.

In the middle of the flume, just upstream of the erodible bed, a
measurement plate was installed at 2.98 m connecting to a Geospace
GS-20DX geophone, which records seismic ground vibrations. The
geophone records seismic vibrations in both vertical and horizontal
directions and has a natural frequency of 10 Hz and a flat response to
1000 Hz. To minimize seismic vibrations unrelated to the debris flow,
the outside of the flume was covered by anti-drumming material
(Vibraflex UF 35 mm). Despite this anti-drumming material, a 2.5-
50 Hz band-stop filter was applied to the seismic and normal-force
data to filter out the low-frequency vibrations caused by the mixing
tank (De Haas et al., 2021; Hsu et al., 2014). For data reduction pur-
poses, we used the mean of the absolute values of the filtered geo-
phone signal over a 0.05 s time window for analyses (De Haas et al.,
2021). All sensors in the flume sampled slope-normal at a frequency
of 9500 Hz and continued sampling for a duration of 30 s after the
opening of the gate. After these 30 s the flume was lowered again,
reaching a horizontal position.

Erosion of and deposition on top of the erodible bed were cap-
tured with a Vialux z-Snapper 3-D scanner, which created a 3-D point
cloud with sub-millimetre accuracy from a fringe pattern projector
and camera (Hoefling, 2004). A scan of the bed was made before each
experiment and after the debris flow had passed. The point clouds
were denoised with MATLAB to remove outliers before they were
transformed to gridded digital elevation models (DEMs) of 0.3 mm
resolution by the use of natural neighbour interpolation. DEM of dif-
ferences (DoD) was used to quantify erosion and deposition volumes
and patterns. To further capture debris flow dynamics and behaviour
during the experiments, two GoPro HERO6 cameras were placed
above the flume and at the downstream end of the channel. The

videos were shot at 1040 dpi at 60 frames per second.
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TABLE 1 Varied debris flow characteristics and channel slopes

I WILEY] >

Parameter Unit Reference Range
Gravel fraction kg 9.6 0-28.8
Volume fraction (of solids) 0.2 0-0.6
Weight fraction (of total df) 0.16 0-0.48
Clay fraction kg 2.4 0-9.6
Volume fraction (of solids) 0.05 0-0.2
Weight fraction (of total df) 0.04 0-0.16
Solid fraction kg 48 40-53.33
Volume fraction (of total df) 0.6 0.43-0.75
Weight fraction (of total df) 0.2 0.11-0.33
Flow volume m° 0.03 0.018-0.054
kg 60 36-108
Channel slope Degrees 34 30, 32, 34
FIGURE 2 Grain size distribution of 0.25 1
the bed sediment and debris flow @
mixtures: (a) frequency distribution; oy Sand 0.8
(b) cumulative particle-size distribution. = Gravel 0 '
Note that the reference mixture refers to % Reference mix 5
the reference debris flow mix [Color £015 Bed Tés 0.6
figure can be viewed at < )
. T (@] c
wileyonlinelibrary.com] 'g 0.1t S04
2 &
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2.2 | Debris flow and bed composition
As discussed above our debris flows were composed of clay (kaolin),
sand, angular gravel and water. Our reference experiment had a total
mass of 60 kg (0.03 m®), of which 12 kg consisted of water. The sedi-
ment mixture of the reference experiment volumetrically comprised
20% gravel (2-16 mm), 75% sand (0.09-2 mm) and 5% clay (~ 2 p m)
(similar to De Haas & Woerkom, 2016; De Haas et al., 2015, 2021).
We systematically varied the gravel as a fraction of the total weight
from O to 0.6 and the clay from O and 0.2. We varied the total solid
fraction as a fraction of the total volume from 0.43 to 0.75 and the
flow mass of the debris flow from 36 to 108 kg (0.018-0.054 m®) (see
Table 1 and Supporting Information Table 1. The grain size distribu-
tions of the sand and gravel, and the combined distribution for the
reference debris flow, can be found in Figure 2.

The erodible bed was composed of clay (kaolin), sand and water.
For every experiment ~ 90kg of mixture was prepared for the bed.
This was more than fitted in the bed but made filling and levelling the
bed easier. Of this mixture, 89% of the weight consisted of solids and
11% of water. Of the solid fraction, 98% of the weight consisted of
sand and 2% consisted of clay. The contents of the bed were thor-
oughly mixed with a hand-held forced action mixer before being
emplaced in the flume. A trowel was used to level the bed at a con-
stant height and replicate the same loose packing in the bed for every
experiment. To ascertain that the wetness of the levelled bed was

constant, we measured and registered the moisture content of the

10° 10? 102 10° 102
Grainsize (mm)

bed for every run at 12 locations along the length of the flume with
an HH2 Moisture Meter and ML3 ThetaProbe (soil moisture accuracy

1%) (see Supporting Information Table 1).

2.3 | Characterization of flow characteristics
Basal-shear stress, momentum and seismic energy are used to quan-
tify the forces on the bed. Peak basal shear stress is estimated from

simple flow metrics:

7=pgHsinS, (1)

where p is the density of the flow (kg/m?3), g is gravitational accelera-
tion (m/s?), H is maximum flow depth (m) just before the erodible bed
and S is the channel-bed slope. We approximate flow density as bulk
density when perfectly mixed and use maximum flow depth as input
for depth. These assumptions introduce small deviations from reality
as the flow front generally contains a relatively high solid fraction. The

momentum of the flow is defined and calculated as

M=mu, (2)

where m is the mass of the debris flow (kg) and u is the debris flow
frontal velocity (m/s) just before the erodible bed. Frontal velocity is

calculated by using the time until arrival of the flow front at the laser
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distance sensor at 290cm, just before the erodible bed. Seismic
energy, a measure to quantify the cumulative impact force during the
flow, was calculated as the integral of the squared amplitude of the
vertical ground velocity of the entire flow (for further details on this
procedure see De Haas et al., 2021; Schimmel et al., 2021). Note that
shear force, momentum and seismic energy are all recorded and calcu-
lated just before the erodible bed. The values therefore represent the
conditions in and underneath the debris flow before erosion could
occur.

To characterize the dynamics in different flows and objectively
compare them, three dimensionless numbers are used: the Bagnold,
Savage and friction numbers. These numbers describe the relationship
between the forces resisting motion in debris flows: collisional, fric-
tional and viscous forces (lverson, 1997; lverson et al., 2010; Parsons
et al, 2001). However, as we hypothesize these forces to affect
debris-flow erosion, we will use these numbers as indicators for
studying the relative importance of these three forces in the erosion
process. The Bagnold number defines the ratio between collisional
and viscous forces:

52
Ny = 2P0 (3)
Vip

where & is the mean grain size of a debris flow mixture
(m) (Iverson, 1997), vs is the volumetric solids fraction and y is the

flow shear rate (1/s ):

=4 @

where u is the interstitial fluid viscosity, which we estimate as
(De Haas et al., 2015; Iverson, 1997; Thomas, 1965):

K 14 2.5Vgnes + 10.05Vgines? +0.0027316 &Vires (5)

Hw

where u, is the dynamic viscosity of pure water (equal to
0.001002 Pas). According to lverson (1997), collisional forces domi-
nate at Ny, > 200. The Savage number describes the ratio between col-
lisional to frictional forces:
N :ﬂy (6)
(ps — pr)gHtang

where ¢ is the internal angle of friction, assumed to be 42° (De Haas
et al., 2015; Parsons et al., 2001). For Ns > 0.1 collisional forces domi-
nate viscous forces (lverson, 1997). Lastly, the ratio of frictional to vis-
cous forces is described as follows:

(ps — pr)gHtang

Vs
A C AT 7

For N;f>2000 frictional forces dominate over viscous forces
according to cohesionless dry flows from Iverson (1997), but experi-
mental data of wet experimental debris flows of Parsons et al. (2001)
and De Haas et al. (2015) suggest that this transition already happens
at N¢ > 100 for the flow body and N > 250 for the flow front.

24 | Scale effects

Iverson (1997), Iverson and Denlinger (2001) and Iverson et al. (2010)
have argued that small-scale debris-flow experiments suffer from
scale effects that influence flow dynamics. They show that small-scale
flows experience large effects of yield strength, viscous flow resis-
tance and grain inertia compared to field size debris flows. In addition,
they are insufficiently affected by pore-fluid pressure. However, the
dimensionless numbers describing flow dynamics and forces within
the debris flow in our flume are in the range of debris flows in the
large-scale US Geological Survey flume and natural debris flows
(Iverson, 1997), with Bagnold numbers between 81 and 2704, Savage
numbers between 0.005 and 0.15, and friction numbers between
481 and 4757 (see Figure 4). This suggests that we are able to scale
the forces and mechanisms controlling debris flow dynamics. By vary-
ing debris flow composition and volume we are then able to study the
effects of different erosional processes and mechanisms on erosion in
the lab, and by studying the dimensionless numbers describing our
experimental flows we are able to find implications for the field. Fur-
thermore, previous studies have shown that flow patterns and
deposits as well as scaling relationships of experimental debris flows
resemble those of natural debris flows (De Haas & Woerkom, 2016;
De Haas et al., 2015; Paola et al., 2009). We emphasize that the
experiments presented here are not intended as 1:1 scaled analogues,
but rather aim at examining the interaction between shear and impact
forces in the debris-flow erosion process. The general trends and dif-
ferences between experiments, rather than the detailed results of a

single experiment, are of primary interest to this work.

3 | RESULTS

3.1 | Flow behaviour and regime

The experimental debris flows followed a similar flow pattern, regard-
less of their composition or volume. The debris flows came down in
one or two surges. In the case of two surges, an initial flow front
formed upstream that was overtaken by a subsequent surge just
before or after arriving at the erodible bed. In all experiments gravel
concentration was higher at the flow front and saltating and rolling
gravel outran the main flow front (akin to De Haas et al., 2021, with
a similar set-up). When the gravel content of the debris flow
increased, the volume of gravel outrunning the debris flow also
increased.

In all experiments, flow depth was highest at the debris-flow front
(see Figure 3a for an example). Depth increased quickly when the flow
front arrived and decreased gradually when the flow front passed.
The largest seismic vibrations were recorded underneath the flow
front (see Figure 3b,c for an example) and the magnitude of the seis-
mic signal decreased more quickly than the flow depth.

Frictional forces dominated in the majority of our experimental
debris flows. In almost all experiments Bagnold numbers indicated
that collisional forces dominated over viscous forces (Figure 4a-d),
and Savage numbers showed that frictional forces dominated over
collisional forces (Figure 4e-h). Only in experiments with a very high
clay (volume fraction > 0.15) or low solid content (volume fraction <

0.55) did viscous forces dominate over collisional forces (Figure 4b,c)
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and only in experiments with a volumetric gravel fraction > 0.4 did

collisional forces dominate over frictional forces (Figure 4e).
3.2 | Flow characteristics as a function of debris-
flow composition and volume

The maximum flow velocity of the debris flows before flowing onto

the erodible bed ranged between 1.5 and 2.5 m/s and maximum flow
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FIGURE 3 Example of output data from the flume from one of
the reference experiments (experiment number 20; see Supporting
Information Table 1). (a) Flow depth (m) recorded above the geophone
and above the load cell; (b) vertical component of the geophone signal
(V); and (c) calculated vertical ground velocity [Color figure can be
viewed at wileyonlinelibrary.com]

depth between 2.5 and 7 cm (Figure 5a-h). Maximum flow velocities
under smaller flume angles decreased slightly, whereas flow depth
increased slightly. Maximum flow velocity decreased slightly when
gravel fraction increased (Figure 5a) and increased slightly when flow
volume increased (Figure 5d). When increasing the fraction of clay in
the debris flow, maximum flow velocity is reached at a volumetric clay
content of 0.075-0.1 (Figure 5b). At lower and higher clay contents
the maximum flow velocity is smaller. Flow velocity is similar for the
experiments with a varying fraction of solids (Figure 5c).

Increasing gravel fraction or flow volume results in larger maxi-
mum flow depths. For increasing debris flow volumes this is the result
of the conservation of mass, whereas for the increasing gravel fraction
the lower velocities caused by a coarser grained front can explain
higher depths. When varying solid fraction, maximum flow depth is
largest at a solid content of 0.6, which is not coupled to a decrease in
velocity. At the clay fraction producing the largest maximum flow
velocity (Figure 5b), the lowest maximum flow depth is recorded
(Figure 5f). For all variables tested, the trends in maximum discharge
of the flow fronts resemble those of maximum flow depth
(Figure 5i-l) due to the dependence of discharge on flow depth (see
Equation 1).

Frontal flow momentum of the debris flows is similar under differ-
ent gravel and solid fractions (Figure 5m,0), but increases steeply with
flow volume (Figure 5p) due to its dependence on flow mass (see
Equation 2). When clay fraction is varied, momentum is largest at a
volumetric clay content between 0.075 and 0.1 (Figure 5n), caused by
the optimum in maximum flow velocity around the same clay fraction
(Figure 5b and Equation 2). The trends in calculated frontal shear
stress self-evidently follow the trends in maximum flow depth
(Figure 5g-t) (see Equation 1).
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com]

The trends in the seismic energy of the debris flows very
roughly resemble the trends in calculated shear stress and flow
depth (Figure 5u-x—note the logarithm scale on the y-axes). An
increase in gravel fraction results in larger seismic energies, as does an
increase in flow volume. Increasing the solid volume fraction from 0.4
to 0.55 results in an increase in seismic energy. If the solid fraction

increases further, seismic energy slightly decreases. When the

volumetric clay fraction is varied, the smallest seismic energies are
recorded at a fraction of O and 0.2. Under the high volumetric clay
content of 0.2 the debris flow was so viscous that it stopped moving
halfway in the flume, which explains the small seismic energy. Another
low in seismic energy is observed around a volumetric clay content of
0.075-0.1, which coincides with the lowest maximum flow depth
(see Figure 5f,v).
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3.3 | General erosion patterns part. Deposition of sediment occurs in multiple lobes downstream.
In the runs with large clay fractions net erosion is negligible and

The spatial patterns of erosion in the flume for the different compo- deposition is more uniform along the length of the flume
sitions and volumes of debris flows are similar (Figure 6). Erosion is (Figure 6c).

most severe at the upstream part of the erodible bed and net depo- Despite the similarity in spatial erosion and deposition patterns
sition occurs on top of the erodible bed in the downstream half of in the different experiments the net change differs (Figure 7).
the flume. In most experiments, erosion occurs as progressive scour, Under increasing gravel fraction and flow volume erosion increases,
and three channels are carved into the erodible bed in the upstream whereas increasing the total solid fraction decreases erosion. These

250 cm

Net change (mm)

—
30cm

FIGURE 6 Key examples of erosion and deposition patterns in the flume. The panels shown depict the part of the flume containing the
erodible bed. Panel (a) shows the pattern from one of the reference experiments (no. 6); (b) displays the results of an experiment with extra gravel
(no. 28); (c) with extra clay (no. 39); (d) with a larger water-to-solid ratio (no. 56); and (e) an experiment with a larger volume (no. 12) [Color figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Net change above the erodible bed (cm?®) for the four different parameters tested: gravel fraction (a), clay fraction (b), solid
fraction (c) and debris flow volume (d). Gravel and clay fractions are given as a volume fraction of the total solid volume, and solid content is given
as a fraction of the total debris-flow volume. Note that a negative net change implies net erosion and a positive net change implies net deposition
[Color figure can be viewed at wileyonlinelibrary.com]
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trends can be described by simple linear relationships and are sta- 3.4 | Relation between flow characteristics and
tistically significant. When the fraction of clay is varied the net erosion

change patterns become more complex. With the volumetric clay

fraction increasing from O to 0.075 erosion increases, but when To unravel the processes and mechanisms dominating erosion, we
increasing the fraction of clay further from 0.1 to 0.2 erosion explore the correlation between the flow characteristics of the debris
diminishes. flow before the erodible bed and erosion in relation to debris-flow
Gravel fraction Clay fraction Solid fraction Volume (m3)
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FIGURE 8 Net change above the erodible bed (cm®), for the experiments performed at 34°, plotted as a function of frontal flow velocity (a-
d), maximum flow depth (e-h), peak discharge (i-1), maximum shear stress (m-o0) and vertical seismic energy (g-t) for the four different parameters
tested; gravel fraction, clay fraction, solid fraction and debris flow volume, indicated with different colours. Gravel and clay fractions are given as
a volume fraction of the total solid volume, and solid content is given as a fraction of the total debris-flow volume. Statistical significant linear
relations are given where applicable as dotted lines, accompanied by their R? value. Note that a negative net change implies net erosion and a
positive net change implies net deposition [Color figure can be viewed at wileyonlinelibrary.com]
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composition and volume (see Figure 8). In the set of experiments in
which gravel and solid fraction were varied, increased erosion gener-
ally correlated linearly to lower pre-bed frontal flow velocity and flow
momentum (Figure 8a,c,m,0), except for the experiments with the
highest solid fraction. For the set of experiments with increasing
gravel content this trend can be explained by an increase in gravel
particles at the front of the flow, slowing down the flow, while at the
same time increasing impact stresses and thus erosion (Figure 8u).
Hence the correlation between lower flow velocities and increased
erosion does not depict causation but is merely a consequence of
multiple processes influencing debris-flow mobility and erosion at the
same time. For the set of experiments with increasing solid fraction
the explanation behind the trend can be found in transport capacity.
Increasing solid content increases the mass of the debris flow, thus
increasing velocity. However, at the same time the transport
capacity of the debris flow is decreased, limiting erosion. With
increasing clay content or volume, an increase in frontal flow velocity
and thus flow momentum linearly correlates with larger amounts of
erosion, with exception of the experiments with very high clay frac-
tions (Figure 8b,d,n,p), which follows from the basic physics describing
entrainment.

When studying the relation of maximum flow depth, peak dis-
charge and maximum shear stress before the erodible bed with net
change, for varying gravel content, large scatter in the data is
observed and no statistically significant linear correlation exists
(Figure 8e,i,q). The relation of the data cloud to the gravel fraction
itself, however, hints at a relation with a physical base that has to be
studied further. An increase in maximum flow depth, and thus peak
discharge and maximum shear stress, correlates significantly with an
increase in erosion when volume is increased (Figure 8h,lt). When
clay fraction is increased or solid fraction is decreased, smaller maxi-
mum flow depths, peak discharges and maximum shear stresses are
observed that correlate with larger amounts of erosion, with the
exception of the experiments with very high clay and solid fractions
(Figure 8f-g,j-k,r-s). Due to the divergent nature of the experiments
with very high clay (>0.1 volume fraction) and solid fractions (>0.6 vol-
ume fraction), a simple linear relationship cannot describe the data

significantly.
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Under varying gravel fractions and flow volumes there is a strong
and significant positive linear relation between seismic energy and net
change (Figure 8u,x). However, no simple linear relation can be found
between seismic energy and net change when clay and solid fractions

are varied (Figure 8v,w).

3.5 | Correlation of shear and impact forces

In all sets of experiments a significant linear relation exists between
vertical seismic energy and maximum shear stress (Figure 9). An
increase in maximum shear stress correlates linearly with an increase
in vertical seismic energy. This trend corresponds to an increase in net
erosion when gravel content and volume are varied. The correlation
between vertical seismic energy and maximum shear stress does not
correspond to an increase in erosion when clay or solid fractions are
varied.

To relate the shear and impact forces of our debris flows to their
internal dynamics, we plotted them against their Bagnold and Savage
numbers, respectively (Figure 10). While gravel fraction increases,
increasing Bagnold numbers clearly correlate with increasing seismic
energy. A similar but less clear trend can be observed in the solid frac-
tion set, where increasing Bagnold numbers correlate with an increase
in seismic energy while solid fraction increases. The trend in the solid
fraction dataset between Bagnold number and the seismic energy is
more scattered; however, the correlation of the scatter to the solid
fraction itself points at the possibility of a relation grounded in physi-
cal processes. Increasing Bagnold numbers also result in larger seismic
energy in the clay fraction set, but the scatter is large and the relation
to the clay fraction itself is less clear. For the set of experiments in
which volume is varied, no observable relation exists between the
Bagnold number and the seismic energy.

Maximum shear stress clearly decreases when Savage numbers
increase for the experiments with varying clay and solid fractions and
volumes (Figure 10f-h). There is, however, no clear relation between
these trends and the debris-flow composition and volume. Under
varying gravel content there is no relation between the Savage num-

ber and the calculated shear stress (Figure 10e).
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FIGURE 9 Calculated maximum shear stress (Equation 1) plotted against the measured seismic energy for the four different parameters
tested: gravel fraction (a), clay fraction (b), solid fraction (c) and debris flow volume (d). Gravel and clay fractions are given as a volume fraction of
the total solid volume, and solid content is given as a fraction of the total debris-flow volume. The magnitude of the net change of the individual
experiments is indicated by colour. Statistically significant linear relations are given where applicable as dotted lines, accompanied by their R? and

p-values [Color figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

2162 | WI LEY—m ROELOFS ET AL.

Gravel fraction Clay fraction Solid fraction Volume
0 0.2 0.4 0.6 0 0.1 0.2 0.5 0.6 0.7 0.02 0.03 0.04 0.05
EE EE
<107 x107 x107 x107
&L (@) (b) (c) ()
212 e, 12 12 ® 12 3
£
— 10 10 [} 10 10 [ ] %
S 5 ® [ ° [
£ 8 8 8 & 8 © 8
K C NG [ J ‘ @ [
o 6 8 6 o® 8 6 5 ® 6 'y
IS
2 4 4 (2 Lo 4 o 4 ’
@ e Viscous Collisional
0 2000 4000 6000 0 200 400 600 0 200 400 600 0 200 400 600
Bagnold number Bagnold number Bagnold number Bagnold number
(e) f) (9) (h)
=800 800 800 800
% C o ‘ [ ]
o ® ®~o
+ 600 600 600 600
N e O
g |® o 88. ®
=
#a00] ® 400 S . 400 © 400
Frictional | Collisional
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
Savage number Savage number Savage number Savage number
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3.6 |
erosion

Dimensionless flow characterization and

To characterize the possible erosional processes of the debris flows in
relation to their internal dynamics further, we studied the correlation
between the dimensionless Bagnold, Savage and friction numbers,
and net bed change for the four different sets of experiments. Overall,
we find that debris flows with low Bagnold numbers (<200), and thus
a viscous flow regime, net deposition occurred (Figure 11a-d). The
only exception is the flows with a low solid fraction (<0.5 volume frac-
tion) and thus a very high water content (Figure 11c). Under varying
gravel and clay fractions an increase in Bagnold number correlates lin-
early with an increase in erosion (Figure 11a,b). Conversely, an
increase in the total solid fraction results in higher Bagnold numbers
and this correlates linearly with a decrease in erosion and even depo-
sition (Figure 11c). When only flow volume is changed, no relation is
observed between Bagnold and net change (Figure 11d). The latter is
as expected from the non-dimensional nature of the Bagnold number
and the fact that the composition of the debris flow did not change
when volume changed.

For the experiments in which gravel and clay fractions are varied,
a higher Savage number corresponds to more net erosion, with the
largest amount under the influence of debris flows in the collisional
regime (Savage > 0.1) (Figure 11e,f). This trend positively correlates
with grain size. A larger fraction of gravel corresponds to larger Sav-
age numbers and more erosion, whereas a larger fraction of clay cor-
responds to smaller Savage numbers and less erosion or even
deposition. In the sets of experiments where solid fraction and volume
are varied, no relation exists between the Savage number and net
change (Figure 11g,h). No significant relation exists between the fric-
tion number and the net change observed in our experiments
(Figure 11i-1).

4 | DISCUSSION
4.1 | Effects of debris-flow composition and
volume on erosion

Our experimental flows clearly show that debris-flow volume and
composition influence erosion magnitude (Figure 7). The increase in
erosion with debris flow volume shows that our experiments comply
with earlier experimental work (Chen & Zhang, 2015; Zheng et al,,
2021) and observations from the field (Schiirch et al., 2011). Both in
these earlier experiments and in field studies, an increase in debris
flow volume correlated with an increase in flow depth, which itself
correlated with the magnitude of erosion (Schirch et al., 2011; Zheng
et al., 2021). In our experiments, an increase in flow volume also
resulted, next to an increase in flow depth, in an increase in frontal
flow velocity, frontal discharge, momentum, shear stress and seismic
energy, all correlating with the increase in erosion (Figure 8d,h,l,p,t).
This endorses the physical and semi-empirical formulations used in
many models to describe debris flow erosion (e.g., Chen &
Zhang, 2015; Dietrich & Krautblatter, 2019; Frank et al., 2015;
Iverson, 2012).

In addition, the experiments with varying debris flow composition

prove that the gravel, clay and total solid content have a significant
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effect on erosion magnitude. The tested ranges of gravel, clay and

solid fraction are slightly larger than observed in nature (Yong et al.,
2013), but highlight important trends, mechanisms and tipping points
that should be taken into consideration when studying debris flow
erosion, bulking and entrainment. Increasing the gravel content results
in more erosion (Figure 7a) (as in De Haas & Woerkom, 2016; Egashira
et al, 2001). Increasing the total solid content decreases erosion
(Figure 7c), in agreement with Egashira et al. (2001), Hungr et al. (2005)
and Fagents and Baloga (2006). This finding also corroborates the
finding of Egashira et al. (2001), who proposed the existence of an
upper sediment concentration limit for debris flows in motion, and the
use of equilibrium volumetric solid concentrations in many numerical
entrainment models (e.g., Armanini et al., 2009; Chen & Zhang, 2015),
preventing models from predicting indefinite erosion. Increasing clay
content has a nonlinear effect on erosion (Figure 7b), in contrast to De
Haas and Woerkom (2016), who only observed a decrease in erosion
due to higher clay fractions. It must, however, be noted that despite
De Haas and Woerkom (2016) testing a similar range in volumetric
clay fractions as we did, from 1% to 23%, they only tested four clay
fractions (1%, 2%, 11% and 23%) of the total volume, whereas we
tested more continuously throughout the given range.

In the experiments with varying clay fractions, only flow velocity
and momentum positively correlated with erosion (Figure 8b,n). Under
increasing clay fraction (from O to 0.1 in volume fraction), smaller flow
depths, discharges and shear stresses correlated with more erosion.
When gravel fraction was varied, a decrease in velocity was correlated
with an increase in erosion (Figure 8a). This correlation, however, does
not imply causation. An increase in gravel content increases impact
forces on the bed, which increases erosion, while the slowing down of
the debris flow is a secondary effect of the increased gravel content.
The observation that erosion does not always correlate with flow
depth, or flow velocity, under varying debris flow compositions
(Figure 8a-h) hints at different mechanisms dominating erosion under

debris flows with different compositions.

4.2 | Effects of debris-flow composition and
volume on erosional processes: Impact and shear
forces

As discussed in the Introduction, two processes are known to cause
erosion under debris flows: impact and shear forces. Our experiments
show that for certain experimental settings impact and shear forces
correlate positively with erosion magnitude. The results from our
experiments further show that the premise ‘shear or impact’ is incor-
rect. In all of our experimental sets, higher seismic energies correlated
with higher shear stresses (Figure 9).

In our experimental debris flows, seismic energy—a proxy for
impact forces—increases with grain size, and thus gravel fraction
(Figure 5u), which is also observed by Hsu et al. (2008, 2014), He
et al. (2016), Farin et al. (2019) and De Haas et al. (2021). In these spe-
cific experiments an increase in impact forces correlates with more ero-
sion (Figure 8u). This trend is in agreement with observations on
bedrock erosion by debris flows (Hsu et al, 2008, 2014; Stock &
Dietrich, 2006). Our data also indicate that impact forces not only
increase with increasing grain size but also with increasing debris-flow

volume (Figure 5x) (as earlier concluded by De Haas et al. (2021) and
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Schimmel et al. (2021), and implied in the assumptions made by
Coviello et al. (2019)). The different experiments show that a doubling
of gravel content and a doubling of flow volume have the same
effect on the seismic response and on the eroded volume
(Figures 5u,x and 8u,x). These findings suggest that when the fraction
of coarse particles is high and collisional forces dominate, seismic
response and possibly erosion are dominated by the collisions of
gravel particles in the flow that are brought to the flow front
(in correspondence with the field data of Berger et al.2011). In con-
trast, in our debris flow with a higher water content (volumetric solid
fraction <0.5), seismic energy is lower and internal dynamics are dom-
inated by viscous over collisional forces (according to Bagnold num-
bers, Figure 11c). However, erosion is still increasing (Figure 7c); an
observation in line with Hungr et al. (2005), who stated that entrain-
ment will increase with lower solid concentration. This leads to the
hypothesis that under these relatively watery flows erosion does not
predominantly occur underneath the debris flow front and processes
other than impacts dominate erosion, such as high pore pressures, lig-
uefaction and transport capacity of the debris flow itself.

An increase in shear stress in our experiments correlates linearly
with erosion when volume is varied (Figure 8t) (in agreement with the
experiments of De Haas and Woerkom, 2016, and with the physics
used in the models of, e.g., Chen and Zhang, 2015, Dietrich and
Krautblatter, 2019, Frank et al., 2015, and Iverson, 2012). As we calcu-
late shear stress based on flow depth (Equation 1), this finding also cor-
responds to the field study of Schiirch et al. (2011), who found that
maximum flow depth controlled the pattern and magnitude of erosion.
However, our data from the experiments with varying clay and solid
fractions show that shear stress is not able to explain erosion volumes
for all our experiments (Figure 8r,s). When clay or solid fractions are
varied, shear stress does not correlate linearly with erosion. Shear
stress is defined as the force acting by the solid boundary on the debris
flow, whereas momentum is defined from the point of the moving
object and momentum transfer is needed for erosion. When studying
shear stress and momentum together, the relation with erosion
becomes clearer. In the case of very low (volume fraction < 0.05) or
very high (volume fraction > 0.1) clay contents, shear stress is high due
to large flow depths but momentum of the flow and its mobility are
very low, inhibiting transfer of momentum to the bed, which decreases
erosion and promotes deposition. Erosion is further inhibited in flows
with very high clay content, as high viscosity of the interstitial fluid
inhibits the quick transfer of pore pressures from the debris flow to the
bed, hindering liquefaction. In our experiments, a certain amount of
flow momentum seems to be needed to overcome the shear strength
of the bed, which in our experiments is equal to a momentum >
110-120 (kg m/s) (Figure 8m-p). This highlights the importance of cor-
rectly implementing momentum conservation and momentum transfer
to the bed in debris flow erosion models (as earlier discussed by
Iverson & Ouyang, 2015).

4.3 | Influence of the abundance and viscosity of
the interstitial fluid on debris-flow dynamics and
erosion

Our data show that impact and shear forces are not always able to

predict erosion directly. In the experiments where clay and solid

fractions are varied, impact and shear forces do not linearly correlate
with erosion magnitude. As hypothesized in the Introduction, the vis-
cosity and abundance of the interstitial fluid play a critical role in
enabling and amplifying the work of erosional forces
(e.g., Bagnold, 1954; Iverson, 1997; Vallance & Savage, 2000).

Our experiments show that in the absence of clay the recorded
impact forces are small, and flow velocity and momentum are low
(Figure 5b,n,v). This results in net deposition in the flume (Figure 7b),
despite a high shear stress due to large flow depths (Figure 5f,r). In
the absence of clay the transfer of water and pore pressure from
debris flow to the bed happens unhindered, draining the flow and
decreasing its capacity to incorporate more sediment. When clay is
more abundant (volume fraction 0.05-0.1), the volume and viscosity
of interstitial fluid increase, the pore pressures in our debris flows
likely increase (as they also did in the experiments of Kaitna et al.,
2016), while the transfer of interstitial fluid from debris flow to the
bed becomes less unhindered. This allows the debris flow to keep its
momentum and transport capacity, while still liquefying the bed.
Under these conditions, the slight increase in clay decreases the angle
of internal friction within the debris flow (Hsu et al., 2008), resulting
in more mobility (also found by McArdell et al., 2007), higher flow
velocities and momentum (Figure 5b,n) and slightly larger impact
forces (Figure 5v) (as earlier suggested by Hsu et al., 2014). Together,
this enables more erosion, despite lower shear stresses. At volumetric
clay contents above 0.1 the viscosity of the interstitial fluid is so high
that it starts to dominate debris-flow mobility. The high viscosity
inhibits the quick transfer of interstitial fluid from the flow to the bed,
and dampens the movement of the entire debris flow as well as the
movement of individual sediment particles, preventing the formation
of a large coarse front and decreasing impact forces on the bed
(as earlier concluded by, among others, Iverson, 1997; Major &
Iverson, 1999; McCoy et al., 2010). Under these clay-rich conditions,
despite slightly higher shear stresses, erosion completely diminishes
(Figure 7b). Our experiments with varying clay contents seem to com-
ply with contrasting conclusions on the effects of viscosity on debris-
flow dynamics from different studies. On the one hand, studies con-
clude that impact forces decrease when the viscosity of the interstitial
fluid increases (e.g., Iverson, 1997; Major & lverson, 1999; McCoy
et al, 2010), whereas others say that impact forces increase with
higher clay content (Hsu et al., 2014). We therefore hypothesize that
previous studies captured only one half of the nonlinear effect of clay
content and interstitial viscosity. Our broad range of tested clay frac-
tions unifies these previously contrasting observations.

The experiments with varying solid content further underline the
importance of the abundance of interstitial fluid. When volumetric solid
content is increased from 0.4 to 0.6, flow depth, shear stress and seis-
mic energy increase, but erosion decreases (Figures 5g,s,w and 7c). For
a further increase in solid content, up to 0.7, flow depth, shear stress
and impact forces become smaller, further decreasing erosion and
enhancing deposition. If we follow the line of reasoning on transport
capacity by Takahashi (1981) and Hungr et al. (2005), we can assume
that at these high solid fractions the debris flows are becoming satu-
rated by solids and are not able to incorporate more loose material. In
addition, high pore pressures, and thus a larger water content, can aid
entrainment by reducing grain-to-grain basal friction (e.g., lverson
et al.2011; Li et al., 2020) and increasing liquefaction (e.g., Hungr et al.,
2005; Sassa & hui Wang, 2005).
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Our experimental findings on the effects of solid content of the
debris flow on erosion are consistent with the hypothesis of Iverson
et al. (2011) and Iverson (2012). They stated that a high bed wetness,
resulting in high and contrasting pore pressures between the bed and
debris flow, is important for promoting entrainment. Their experimen-
tal results showed that high pore pressures generated as wet bed sed-
iment are overridden and entrained can result in liquefaction
(Iverson, 2012), causing a reduction in grain-to-grain friction, an
increase in flow momentum and further erosion (lverson et al., 2011).
Our results add to their findings by showing that not only bed wet-
ness influences erosion, but water content and the viscosity of the
interstitial fluid of the debris flow itself affect erosion and erosional
processes of loose sediment, by changing pore pressures and momen-
tum of the flow, influencing the transfer of interstitial fluid from flow
to bed and changing the transport capacity of the flow itself. The simi-
larity in observations between Iverson et al. (2011), Iverson (2012)
and this study on the effects of water content raises questions on
how clay content of the bed affects erosion and whether those
effects will be similar to the effects of clay content of the debris flow

on erosion.

44 |
erosion

Internal debris flow dynamics in relation to

The experiments provide evidence that the internal dynamics of
debris flows correspond to the forces, impact and shear, working on
the bed underneath a debris flow (Figures 10 and 11). With varying
gravel content and solid fractions an increase in the seismic signal cor-
related with higher Bagnold numbers—that is, collisional regime
(Figure 10a,c). With varying clay fractions, solid fractions and volumes,
larger shear stresses correlated with lower Savage numbers—that is,
frictional regime (Figure 10f-h).

The trends in the Bagnold and Savage numbers, for the experi-
ments in which gravel and clay were varied, also correlate linearly with
net change (Figure 11a,b,ef). This provides evidence that the internal
debris-flow dynamics not only correspond to the forces working on
the bed but also the actual erosion. More collisional behaviour in the
debris flows—that is, higher Bagnold numbers and higher Savage
numbers—corresponded to more erosion (Figure 11a,b,e,f). When
gravel fraction is increased this is directly linked to the observed
increase in seismic energy, and thus impacts on the bed. The linear
relation between erosion and Bagnold and Savage numbers for the
experiments with varying clay content is, however, more surprising, as
the erosion magnitude under varying clay content is nonlinear.
The erosive behaviour of debris flows with varying clay contents is
the result of a multitude of different physical mechanisms working on
the bed (e.g., impact and shear forces, viscosity of the interstitial fluid,
pore pressure transfer, momentum) that are captured by these
non-dimensional numbers.

The only erosion-influencing factor that is not captured well by
the non-dimensional numbers used in this paper (Bagnold, Savage and
friction) is the transport capacity of the flow. When solid fraction is
varied, no positive linear relation exists between erosion and these
non-dimensional numbers (Figure 11c,gk). The negative relation
between erosion and the Bagnold number when solid content is var-

ied (Figure 11c) is a direct result of the increase in solid content vs.

W_WILEYL2

The increase in predicted collisional behaviour is, however, baffled by

the lack of transport capacity of the flow and the limited transfer of
water and pore pressure from the flow to the bed in these sediment-

saturated flows.

4.5 | Implications on the prediction and modelling
of debris flow erosion and entrainment in the field

Our experimental data show that when debris-flow composition is rel-
atively stable both seismic signals and shear stresses can be used to
predict debris-flow erosion, entrainment and volume growth in the
field, and that we could use both forces in modelling debris-flow ero-
sion (Figure 8tx). Our data, however, also show that we should be
careful with direct and simplified predictions based on solely shear
stress or impact forces if debris-flow composition varies
greatly between debris-flow sites, events or even within events
(Figure 8r,s,v,w).

When the abundance or viscosity of the interstitial fluid of a
debris flow differs, the internal dynamics of the debris flow and ero-
sion are significantly affected (Figures 7b and 11b,f). This is in line
with earlier statements and conclusions on the importance and means
of momentum exchange for models and our understanding of ero-
sional processes (e.g., Dietrich & Krautblatter, 2019; Iverson &
Ouyang, 2015; Li et al., 2020; Ouyang et al., 2015). Li et al. (2020)
explained that different types of dominant stresses within debris-flow
mixtures correspond to different momentum transport processes that
govern and influence erosion. The effects of the abundance or viscos-
ity of the interstitial fluid on the dynamics of our experimental debris
flow are complex and not linear with either shear stress or impact
forces (Figure 5r,s,v,w). However, according to our data, water con-
tent does have a positive linear effect on debris-flow erosion
(Figure 7c), which is likely coupled to pore pressures, liquefaction and
transport capacity.

Our data also shed light on the discussion under which part of the
debris flow most erosion occurs—the flow front or the tail. Despite
measuring erosion only after the passage of an entire debris flow in
our flume, the wide variety of tested debris flow compositions leaves
room for interpretation and discussion. As discussed earlier, the
experiments with varying gravel fractions and volumes show that
impact forces are largest underneath the debris-flow front, and that
seismic energy in these experimental sets correlates strongly with ero-
sion (Figure 8u,x). An increase in gravel particles causes thicker and
coarser-grained flow fronts in our experiments due to particle segre-
gation, which enhances impact forces and thus erosion. Our experi-
ments, therefore, enforce earlier hypotheses by Berger et al. (2011)
and Stock and Dietrich (2006) stating that most erosion happens
underneath the flow front. In contrast, the data from our experiments
with a high water content show that even with smaller impact forces
large amounts of erosion can occur (Figure 8w), which is in line with
(Hungr et al., 2005), who expected that flows with lower sediment
concentrations are more erosive. We therefore hypothesize that
whether erosion dominantly occurs underneath the flow front, tail or
both depends on the interplay between the composition of the debris
flow, the erosive forces working on the bed, the efficiency of momen-
tum transfer to the bed and the conditions of the overridden bed.

When the bed conditions are erosion prone—that is, loosely packed
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wet sediment (lverson et al., 2011), erosion will occur underneath
collision-dominated flow fronts by impact forces and underneath
more watery flow fronts and tails by increased pore pressure and lig-
uefaction. Therefore, it becomes clear that debris flow erosion cannot
be estimated by the sum of different factors but that the interplay of
these factors determines erosion. This has great implications for the
modelling of debris-flow erosion. Where the incorporation of an equi-
librium sediment concentration by Armanini et al. (2009) is a step in
the right direction, their current model does not consider the erosive
forces of the debris flow, resulting in unrealistic magnitudes of erosion
in some places (Gregoretti et al., 2019). Other models describing
debris-flow erosion do incorporate the most important erosive forces,
shear and impact, but do not consider the nonlinear effects of clay
within the interstitial fluid and the transport capacity of the debris
flows. Both these factors influence how, and how effectively, momen-
tum is transferred from the debris flow to the bed.

To summarize our findings and therefore the implications for ero-
sion modelling, we can state that erosion caused by debris flows (Epf)
is a function of impact (F,) and shear forces (F,), and the means and
effectiveness of pore pressure transfer between the debris flow and
the bed (Ppr._g):

Epr =f(F\,F:,MpF_p), (8)

in which impact forces are predominantly a function of the grain size
(D), the viscosity of the interstitial fluid (x), flow depth (H) and flow

velocity (u):

Fi=f(D,u,H,u), 9)

and shear forces are a function of the debris flow density (p), flow

depth and slope (S), as already defined in Equation (1):

Fe=f(p,H.S), (10)

in which H itself is also influenced by the composition of the debris
flow and its velocity. The means and effectiveness of elevated pore
pressure transfer are influenced by the viscosity of the interstitial fluid

and the fraction of solids (vs):
Por.g =f(u,Vs). (12)

As our data show, the interaction between all these parameters is
complex, dependent on debris-flow composition, and often nonlinear,
especially when clay fraction is varied and water content of the debris
flow is limited. The complex interplay between these forces and
mechanisms is, nonetheless, also key in accurately describing debris-
flow erosion. We therefore recommend incorporating the nonlinear
effects of the abundance and viscosity of the interstitial fluid on
debris-flow dynamics, and erosional processes in erosion prediction
and entrainment modelling. An opportunity for simple incorporation
may lay in the linear relation between flow momentum and erosion
under varying clay fractions, as the viscosity of the interstitial fluid
directly influences debris-flow movement. The linear relation between
solid fraction and erosion also brings the potential for simple model
implementation as well as the relationships between the internal

dynamics, classified by Bagnold and Savage numbers, and erosion.

Changes in debris-flow composition as entrainment continues should
ideally be accounted for, as well as how bed composition itself affects
debris-flow erosion. The importance of the latter has been shown by
Iverson et al. (2011), but has to be explored and studied further. An
additional complicating factor in the field is the availability of loose
sediments (Simoni et al., 2020), a factor not studied in this paper. Solv-
ing the erosion functions above is beyond the scope of this paper, as
we would also need to include the effects of the conditions of the

bed to fully describe erosion of loose sediment by debris flows.

5 | CONCLUSIONS

We experimentally investigated the effects of debris-flow composi-
tion and volume on debris-flow erosion and erosional mechanisms. By
releasing 96 debris flows in a flume, 5.4 m long and 0.3 m wide, with
an erodible bed, we tested the erosional power of different debris-
flow compositions and volumes. With data of our distance sensors
and geophone we were able to quantify the shear and impact forces
working on the bed and infer the importance of flow momentum and
the characteristics of the interstitial fluid.

Our experiments show that debris-flow erosion and erosional
processes depend on debris-flow composition and volume. Erosion
increases when the fraction or total volume of gravel in a debris flow
is increased. Enhanced erosion as a result of debris-flow composition
is established, in general, through increasing impact and shear forces
on the bed. When gravel fraction or total volume is increased, the
recorded impact force and shear stress increase, and therefore also
the eroded volume. This implies that both erosional forces, impact
and shear, are connected in natural debris flows and can be used to
predict debris flow erosion in most cases.

The experiments in this study, however, also show that the influ-
ence of the abundance and viscosity of the interstitial fluid complicates
the predictability of debris-flow erosion based on either shear or impact
forces, by changing the means and effectiveness of pore pressure
transfer between the debris flow and the bed. Debris-flow erosion, in
our experiments, is enhanced by an abundance of water and is optimal
around a volumetric clay fraction of 0.075 when the total solid volume
fraction is 0.6. Under these conditions, flow velocities and impact
forces are high and, according to literature, large differences in pore
pressure between the debris flow and the bed likely exist, resulting in
large momentum and effective pore pressure transfer and thus large
amounts of erosion despite relatively low shear stresses. Too much clay
(volume fraction > 0.075) increases the viscosity of the interstitial fluid
to a degree of flow immobility, small flow momentum, low impact
forces, diminishing transfer of pore pressure from the debris flow to
the bed and, ultimately, no net erosion. At the same time, absence of
clay also decreases flow mobility and momentum, by rapid draining of
water from the debris flow to the bed. The drainage of water from
debris flow to the bed decreases mobility of the flow quickly, decreases
pressure differences and increases the angle of internal friction
between the grains in the debris flow, resulting in little to no erosion.

We recommend incorporating the nonlinear effects of the abun-
dance and viscosity of the interstitial fluid on debris flow dynamics
and erosional processes in entrainment modelling. Changes in debris-
flow composition as entrainment continues should ideally be

accounted for, as well as how the bed composition itself affects
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debris-flow erosion. For erosion and volume prediction in the field we
advise to account for the nonlinear effects of interstitial fluid when
debris-flow composition differs greatly between events, or when
comparing various debris-flow sites. In these cases, data from load
cells, distance sensors and pore-pressure sensors could be used to
estimate interstitial fluid viscosity and abundance indirectly.

We can also conclude that the forces that dominate internal
dynamics of debris flows are similar to those that dictate erosion.
Thereby, dimensionless numbers used to categorize debris flows can
also be used as indicators for debris-flow erosion potential and erosional

mechanisms when comparing debris flows of different compositions.
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