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Key Points:

(1) Flow depth and velocity over a coarse-grained sediment (dso = 2.4 mm) and a
widely graded sediment (dso = 0.9 mm) differed substantially

(2) The coarse-grained bed sediment was eroded by mass movement while the widely
graded bed sediment was progressively scoured

(3) The interaction between the overlying flow and sediment bed controlled the

erosion pattern



Abstract

Debris flows are common geological hazards in mountainous regions worldwide.
The scale of debris flows can be significantly enhanced by basal erosion and bank
collapse in the transportation process, resulting in an increase in casualties and
property losses. However, the mechanisms of this growth are largely unclear. Here,
we conduct a series of experiments to investigate the erosion of two different bed
sediments (coarse-grained and widely graded) by released flows with three different
densities and two different volumes. The erosion mechanisms of bed sediments are
revealed by comparing detailed sensor data for flow level, pore pressure and total
normal stress. A flow nose develops on the coarse-grained bed sediment, resulting in a
high flow depth and low velocity, while a tabular flow develops on the widely graded
bed sediment, leading to a low flow depth and high velocity. The mean erosion rates
of the coarse-grained bed sediment are generally higher than those of the widely
graded bed sediment due to significant pore pressure developed in coarse-grained bed
sediment. The feedback effect of bed sediment on the erosion process strongly
influences the flow depth and velocity, which in turn affects the mean erosion rate of
bed sediment. The interaction between the overlying flow and sediment bed controls
the erosion pattern: coarse-grained bed sediment is eroded by a layer of mass
movement whereas widely graded bed sediment is progressively scoured. The
interaction between debris flow and bed sediment during erosion is principally

attributed to pore-pressure transmission.

1. Introduction

Debris flows generally develop in steep valleys when loose debris and landslides
initiate due to rainfall or snow melting [Costa, 1988; Iverson, 1997; Suwa et al., 2009;
Pudasaini, 2012]. In recent years, the occurrence and scale of debris flows have
increased significantly due to frequent earthquakes, severe wildfires, volcanic
eruptions, and climate change [e.g., Houghton et al., 2001; Pierce et al., 2004;
Dowling and Santi, 2014; Stoffel et al., 2014; Gregoretti et al., 2018; Fan et al., 2019].
Debris flows can cover floodplains, block rivers and deteriorate the regional
ecological environment in the transportation processes [Takahashi, 2007; Shi et al.,
2018; Zheng et al., 2021].

Debris flows can be increased in size by basal erosion and side collapse during
the flow process, enhancing their run-out distances and hazardous impacts [e.g.,
Pierson, 1980; Berti et al., 1999; Gregoretti, 2000; Wang et al., 2003; Breien et al.,
2008; Guthrie et al., 2010; Reid et al., 2016; Simoni et al., 2020]. Some debris flows

grow by several orders of magnitude before deposition on the alluvial fan downstream
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[Jakob et al., 2005; Santi et al., 2008; Navratil et al., 2013; Theule et al., 2015]. By
contrast, other debris flows have been observed to barely erode [Pérez, 2001]. The
mechanisms that govern the growth of debris flows are still unclear, hampering efforts
to assess natural hazards in debris flow-prone areas [Mangeney, 2011; Pudasaini and
Fischer, 2020a].

Different experimental research studies have been conducted to investigate the
influences of flow variables on the erosion potential. The experimental results indicate
that erosion potential has a positive correlation with flow velocity [e.g., Iverson,
2012], flow depth [e.g., Schiirch et al., 2011; Berger et al., 2010], triggering liquid
discharge [e.g., Lanzoni et al., 2017; Simoni et al., 2020], flow volume [e.g., Chen et
al., 2005], bed slope [e.g., Conway et al., 2010; Theule et al., 2015], shear stress [e.g.,
Schiirch et al., 2011; Berger et al., 2011; Han et al., 2015; Zheng et al., 2018] and
grain collisional stress [e.g., Hsu et al., 2008, Yohannes et al., 2012]. Currently, the
research of erosion mechanisms is focused on the invasive overlying flow [de Haas
and van Woerkom, 2016]. The feedback effect of the underlying bed sediment on the
erosion process has rarely been studied [Pudasaini and Fischer, 2020a; Pudasaini and
Krautblatter, 2021]. In reality, debris-flow erosion depends on the interaction between
the flow and bed sediment. This interaction process has been successfully simulated
by a fully mechanical model of erosion-induced growth of volume and mobility
[Pudasaini and Fischer, 2020a; Pudasaini and Krautblatter, 2021]. Experimental
results indicate that the water content of the bed sediment affects debris-flow
propagation during erosion [Iverson et al., 2011]. However, the growth process of
debris flows on bed sediments of different grain compositions has rarely been
explored.

The erosion potential is affected by the debris-flow density due to the combined
consequence of basal shear stress and debris-flow solid concentration [Pudasaini and
Fischer, 2020a]. For the former, erosion potential is commonly considered to increase
with the debris-flow density as a result of a larger basal shear stress [e.g., Quan Luna
et al., 2012; Chen and Zhang, 2015] and grain collisional stress [Stock and Dietrich,
2006; Hsu et al., 2008]. For the latter, the quantity of eroded sediments transported by
debris flow can be reduced with a larger debris-flow solid concentration [Hungr et al.,
2005]. In laboratory experiments, the erosion rate was observed to increase with the
increase of flow density up to 1700 kg/m?, and thereafter decrease with flow density
[Rickenmann et al., 2003]. This trend is possibly consistent with the hypothesis that an
equilibrium volumetric sediment concentration is reached when the erodible bed is
eroded by a flow above [Takahashi et al., 1992]. In addition, a debris flow can be
within the frictional, collisional or viscous regime at the same flow density and the
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erosion rate of bed sediment can be affected by the dominant stress in different flow
regimes [Lanzoni et al., 2017].

Analyses of the erosion process in field and laboratory experiments have
demonstrated that erosion beneath debris flows generally occurs by incorporating the
bed sediments by mass movement and progressive scour [Takahashi, 2007; Berger et
al., 2011; Iverson et al., 2011; McCoy et al., 2012; de Haas and van Woerkom, 2016].
These studies have additionally shown that erosion rates are sensitive to
characteristics of flow behavior such as flow depth and velocity as well as pore
pressures developed in bed sediment as it is overridden. However, the correlation
between the erosion rate and the erosion pattern of mass movement and progressive
scour is unknown.

We conducted a series of erosion experiments under closely controlled
conditions to analyze the feedback effects of bed sediments on flow characteristics
such as flow depth and velocity, investigate the difference in erosion rates, and discern
the erosion patterns. Following the mechanical model by Pudasaini and Fischer
[2020a] and Pudasaini and Krautblatter [2021], a hypothesis is proposed that the
erosion of bed sediment strongly influences flow behavior, which in turn affects their
erosion pattern and erosion rate. By observing how the type of bed sediment controls
the erosion patterns, we were able to reveal the interaction between a debris flow and
a sediment bed during erosion.

The structure of this paper is as follows. First, experimental flume setup,
debris-flow compositions and the measurement and data reduction techniques are
described. Then, we present observations of the flow characteristics, erosion patterns
and mean erosion rate. Based on these observations, the erosion mechanisms are
revealed from the interactions between each flow and the underlying sediment bed.
Additionally, the effects of pore pressure, flow volume and flow density on the mean
erosion rate are analyzed. Finally, we discuss the erosion pattern and mobility and
show briefly how the experimental results may be translated to natural systems in
terms of scaling.

2. Materials and Methods
2.1. Experimental Setup

The experimental apparatus consisted of a transport platform, mixing tank and
straight-slope flume (Figure 1 and Supplementary Figure S1). The mixing tank with a
volume of 0.7 m*® was used to store and mix the flow. The flume was fixed at an angle
o of 18° to the horizontal plane based on Hsiaolin debris flow [Dong et al., 2011] and
had a height of 0.4 m, a width of 0.3 m and a length of 8.0 m. The flume sidewalls
were made of transparent tempered glass, allowing the erosion process to be observed.
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The bottom of the flume was patterned steel roughened by small bulges with a

roughness height of 1.6 mm to simulate natural channel roughness.
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Figure 1. Schematic diagram of experimental apparatus.

Various instruments were used for investigating the erosion process of debris
flow (Figure 1). Three video cameras (GZ-R10BAC, JVC, 1920 x 1080 pixel), each
with a sampling frequency of 25 Hz, recorded the movement of debris flows from the
top of the flume. A high-speed camera (i-SPEED7, iX Cameras, sample frequency
179 Hz) in the cross-stream direction was used to observe the erosion process. A 3D
laser scanner (ScanStation P40, Leica, measurement accuracy 1.2 mm+10 ppm) was
employed to obtain the thicknesses of the sediment bed before and after the passage of
debris flows. At x = 5.8 m we deployed arrays of electronic sensors to measure the
pore pressure p, total normal stress ¢ and flow level # with a sample frequency of 100
Hz. The pore-pressure sensor was saturated and accommodated in a cavity of the bed,
filled with water and covered with sand (1-2 mm). Calibrations of these sensors using
static water pressures yielded regression line slopes that were both linear
(determination coefficient R?> > 0.99) and reproducible. We used an ultrasonic sensor
(U-GAGE Banner, T30U) with a precision of 1 mm to measure the flow surface level.
This sensor was hung above the pore-pressure and stress sensors and calibrated with a
steel ruler by measuring the distance from the horizontal ground.

2.2. Material Compositions

The grain composition of the released flows was based on Hsiaolin debris flow,
as shown in Figure 2 [Dong et al., 2011]. The fine component (0.001-0.01 mm) used
to prepare the slurry was hydrous kaolin. 78.3% of the fine particles by volume had a
grain size less than 2 um, and 99.8% less than 10 um. The debris composition (0.01-5

mm) was created by mixing silt, sand and gravel.
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Based on the grain composition of the released flow, the grading curves of
widely graded bed sediment (WBS) and coarse-grained bed sediment (CBS) were
derived. The median grain sizes dso of the WBS and CBS were 0.9 mm and 2.4 mm,
respectively. The size distribution of the WBS was the same as that of the debris flow
omitting the fine component. The CBS consisted of coarse sand (1-2 mm) and gravel
(2-5 mm).

Three types of loose sediments were classified by the catchment lithology based
on 1728 debris-flow cases in the Susa Valley [Tiranti et al., 2008]. The sediment
generated by igneous or coarse-grain metamorphic rocks had a size distribution within
the range 0.01-20 mm and median size dso of 0.8—2.7 mm which was similar to WBS
in our experiments (Table 1). The sediment produced by massive carbonate rocks
contained more than 80% coarse grains larger than 1 mm and had a dso of 2.1-7.8 mm

which was similar to our CBS.
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Figure 2. Grain compositions of the Hsiaolin debris flow, released flow, widely graded bed
sediment (WBS) and coarse-grained bed sediment (CBS): a, Cumulative particle-size distribution;
b, frequency distribution.

Geotechnical properties of bed sediments were measured. From constant-head
permeameter tests [e.g., [verson et al., 2010], the saturated permeability coefficients &
of the WBS and CBS at the same dry density in the process of erosion were 0.07 cm/s
and 2.76 cm/s, respectively (Table 1). Considering the large displacement and
deformation of bed sediment in the erosion process, we conducted ring shear tests
(GCTS, SRS-150) to obtain the shear strengths (cohesions ¢ and internal friction
angles ¢).

Table 1. Geotechnical properties of widely graded bed sediment (WBS) and coarse-grained bed
sediment (CBS)

Sediment type  Grain size (mm) dso (mm)  k (cm/s) c (Pa) o (°)
WBS 0.01-5 0.9 0.07 0 27.2
CBS 1-5 2.4 2.76 0 333




2.3. Data Collection

We used three video cameras and a steel tape to infer the flow-front position and

front velocity. The average velocity v of flow on the sediment bed was obtained from

the motion of black-tagged particles on video recordings. One flow sediment sample
was manually collected with a measuring glass when the debris flow front just
reached x = 4.2 m. This sample was dried in an oven to calculate the flow-front
density. The height of flow at the flow front was obtained using the steel tape and
snapshots taken by the high-speed camera. The method adopted for processing the
digital data produced by the electronic sensors is described by Iverson et al. [2010].

We measured bed-sediment thicknesses before and after passage of the released
flows by using a 3D laser scanner. To avoid the shadow of the flume sidewalls, three
scans were conducted in different locations for every scanning operation and these
point clouds (more than a million points) were incorporated together using three
targets in black and white. As shown in Figure 3, point clouds of the bed sediment
were first extracted from the overall site. Then, the point clouds before and after
erosion were combined by adjusting the spatial coordinate system. The point clouds
were processed with MATLAB (The MathWorks, version R2018a) using natural
neighbor interpolation to a gridded DEM (Digital Elevation Model) of bed sediment
[Boreggio et al., 2018]. The erosion distribution of bed sediment was determined by
subtracting initial and final elevations. Finally, the total erosion volume V), was
calculated by adding all the volumes of net bed erosion. The spatial morphology of
the bed sediment after erosion was also captured.
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Figure 3. Data extraction of bed sediment: (a) combined point clouds of three scans. The color of
the point clouds does not represent any material property. (b) point clouds of bed sediment before
and after erosion; (c) gridded data of bed sediment before and after erosion; (d) contour map of
bed sediment after erosion. Panels (a), (b) and (¢) are the side views of bed sediment and panel (d)

is the plan view of bed sediment after erosion.



2.4. Experiments and Procedure

The experimental procedure involved each released flow moving downward on
the fixed bed upstream, then eroding the sediment bed and flowing across the fixed
bed downstream (Figures 1 and S1). The relevant parameters varied in the
experiments were the released flow density po, flow volume V5, and bed sediment
type. In total, 16 experiments were performed, as shown in Table 2. To account for the
effects of natural variability, some experiments were repeated twice which are
identified with an asterisk.

After a released flow reached the sediment bed, the flow-front velocity first
decreased due to the interaction of the flow with the sediment bed. The sediment bed
was divided into transition and erosion zones (Figure 1). According to video
recordings, the transition zone was determined to be located between x = 3.7 m and
4.2 m (x = 0 denotes the flow release location), considering that the flow-front
velocity remained stable after this zone. The erosion zone was located between x = 4.2
m and 6.0 m.

The released flow densities from the mixing tank were 1000 kg/m? (water), 1500
kg/m?3 or 1700 kg/m? for producing debris flows with different densities. After the
released flows of density 1000 kg/m?® moved over the transition zone (x = 4.2 m), the
bulk densities of the debris flows at the flow front increased to 1470-1560 kg/m?. For
the released flows of densities 1500 or 1700 kg/m?, the flow-front bulk densities of
the debris flows were 1590-1730 or 1790-1870 kg/m?, respectively, downstream of
the transition zone. The discussion of erosion in the following sections is limited to
erosion in the erosion zone.

The volumes of the released flows Vo were 0.04 m* or 0.07 m*. The released
flows were prepared as follows. First, the masses of debris grains and water in each
flow were calculated according to the required flow density and flow volume. Then,
the debris material was lifted onto the transport platform by a winch and poured into
the mixing tank (Figure S1). Water was injected into the mixing tank. Finally, the
water and debris were adequately mixed using a portable rotary mixer before
releasing the flow.

The CBS and WBS were prepared according to the corresponding grain
composition (Figure 2). The uniform bed layer averaged 12 cm in thickness and
covered the surface of the fixed flume bed. The sediment bed was formed by
depositing debris material in layers of approximately 4 cm thickness on the surface of
the flume slope. After each layer was deposited, it was uniformly compacted by
slightly tapping with a steel trowel to obtain a loose packing. Samples of each
sediment lining the flume initially had dry densities of 1500+50 kg/m3. The bed
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sediments were moistened as much as possible by spraying water until considerable
water was seeping out. The mass water content w was 0.11+£0.02 (saturation degree 6
= 0.37£0.07) for the WBS and 0.06+0.02 (¢ = 0.20+£0.07) for the CBS due to the
difference in their water retention capacities.

Table 2. Characteristics of the different experiments

Experiment ¥ (m®) po (kg/m?) Bed type
Cl 0.04 1000 CBS
C2 0.07 1000 CBS
c2* 0.07 1000 CBS
C3 0.04 1500 CBS
C4 0.07 1500 CBS
C4* 0.07 1500 CBS
C5 0.04 1700 CBS
Cé6 0.07 1700 CBS
Wl 0.04 1000 WBS
w2 0.07 1000 WBS
W2* 0.07 1000 WBS
W3 0.04 1500 WBS
w4 0.07 1500 WBS
W4* 0.07 1500 WBS
W5 0.04 1700 WBS
Wé6 0.07 1700 WBS

3. Results and Analysis

In this section, the erosion process of flows on the CBS and WBS is first
presented with reference to flow depth, velocity, mean erosion rate and erosion pattern.
Then, the erosion mechanism is discussed with the aim of clarifying the flow behavior
on bed sediment.
3.1. Erosion Process

As documented by video recordings, following abrupt opening of the ball valve,
the flow fell into the flume and accelerated within the first 2.0 meters (Figure 4). Then,
shallow flows propagated downstream at a uniform velocity before encountering the
sediment bed. The flow-front paths were clearly divided into two groups based on the
bed typology when solid-liquid mixtures were flowing over the wet sediment beds.
Flow-front velocities slightly decreased in the transition zone of a WBS (W1-W6),
after which these flows maintained their speeds to the end of the flume. By contrast,
flow-front velocities significantly decreased in the transition zone of a CBS (C1-C6)

and these velocities remained nearly unchanged in the erosion zone (x = 4.2—6.0 m).
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Flow C1 in particular had a very low flow-front velocity and it took longer to pass

through the flume than any other flow.
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Figure 4. Measured positions of flow fronts in experiments. The solid and dashed lines depict the
erosion experiments on the WBS (W1-W6) and CBS (C1-C6), respectively. The repeated
experiments are identified with an asterisk.

Significant differences occurred in the erosion process of debris flows on the
CBS and WBS. As shown in Figures 5a—5c, a high flow nose developed when the
debris flow moved over the CBS. The flow velocity in the flow nose was lower than
the velocity of the finer-grained and more dilute material behind the flow nose. As a
consequence, the flow nose moved forwards, pushed by the following flow body. This
phase separation between the coarse grains and slurry material is expected from the
mechanical phase separation model proposed by Pudasaini and Fischer [2020b]. The
nose grew in size as additional sediment grains were incorporated into the flow front.
Coarse grains just behind the nose were recirculated, while those reaching the nose
were overrun and deposited (Figure S2), resulting in a steady flow nose. The bed
sediment behind the nose was eroded in the form of a layer of mass movement. For
flows C3 and CS5, part of the flow nose was deposited on the surface of the bed
sediment whereas the flow nose was transitorily deposited and then carried away by
the subsequent flow body for other flows (Figure 6). Frictional behavior was observed
at the snout in the absence of fluid. The height of the flow nose ranged from 4.1 cm to
8.9 cm increasing with the volume of the released flow.

A tabular flow developed when the released flows moved on the WBS (Figures
5d-5f and S3). The height of tabular flows ranged from 2.0 cm to 3.2 cm: lower than
the flow noses on the CBS. Flow height and velocity from the flow front to flow body

did not display a significant change. The schematic diagram of the tabular flow is
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shown in Figure S4. The tabular flow initially covered the surface of the bed sediment
and then occupied only a fraction of the flume width with a lower height. A sheet of
viscous slurry was deposited on the surface of the WBS for flows W5 and W6. No
deposition phenomena were observed for the other flows (Figure S5). In general, the
heights of tabular flows slightly increased with increased flow-front density or flow

volume.

Figure 5. Snapshots of debris-flow erosion on the sediment bed of experiments C2, C4, C6 and
W2, W4, W6. Debris flow is located in the orange dashed box and the sediment bed is at the
bottom. The black particles above the sediment bed are tracer particles.

The average flow velocity in the experimental runs on the CBS was in the range
0.41-0.66 m/s. Tabular flows had significantly higher flow velocities in the range
1.17-1.48 m/s. The reductions in velocity on the CBS were more than 50%, whereas
those on the WBS were close to 25%. Conversely, the differences in velocity
reduction between debris flows of different densities and volumes on the same

erodible bed were less than 7%.
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Figure 6. Erosion distribution on the erosion zone of (a) CBS (C1-C6) and (b) WBS (W1-W6).
Flows propagate from right to left and thus the scales increase from right to left in the abscissas.
Positive values represent flow erosion and negative values represent flow deposition. Deposition
in our experimental debris flows is treated as negative erosion in accordance with Berger et al.
[2010] and Iverson [2012]. The distribution of erosion depth was similar for repeated experiments;
the volume difference of bed-sediment erosion was less than 9% by comparing C2 and C2*, C4
and C4*, W2 and W2*, W4 and W4*,

The distribution of erosion depth displayed high consistency on the same
sediment beds, regardless of released flow volume and flow density (Figure 6). The
erosion depths of the CBS were relatively uniform in cross-sections of the bed
sediment. By contrast, a strip of channelized erosion along the direction of flow
movement was formed on the WBS.

The erosion pattern of debris flows can be inferred from the distribution of
erosion depth. The flow nose propagated downstream, pushed by the following flow
body. The bed sediment behind the flow nose was eroded by a layer of mass
movement (Figure S2) [Iverson et al., 2011; McGuire et al., 2017]. The erosion depth
had a relatively uniform distribution in the cross-sectional direction as a result of
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erosion in the layer of mass movement. Surficial sediment on the WBS was eroded by
progressively scouring bed sediments (Figure S3). Subsequent flow moved and
eroded within a fraction of the flume width with a lower height. Eventually, an area of
channelized erosion occurred along the erodible bed. The curving channel could be on
the left, right or in the middle of the sediment bed. The stochastic nature of
channelized erosion as regards its location and trajectory may be ascribed to slightly
uneven bed surfaces during the preparation of bed sediment.

As shown in Figure 7, erosion depth at x = 5.8 m was relatively uniformly
distributed in the cross-section of the CBS. The standard deviation of erosion depth
was within the range 0.24-0.67 cm. Conversely, the erosion depth displayed an
uneven distribution on the WBS with a standard deviation in the interval 0.76—4.41
cm. The erosion depth decreased with the increase of flow-front density on the CBS
which was not observed on the WBS. The WBS was partially incorporated into the
debris flow. However, the CBS was nearly completely carried away by flows C2 and
C2*. This is similar to supply-limited erosion by a natural debris flow [Abanco and
Hiirlimann, 2014].
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Figure 7. Erosion depth in the cross-section at x = 5.8 m: (a) flows C2, C2*, C4, C4* and C6; (b)
flows W2, W2* W4, W4* and W6.

To evaluate the growth rate quantitatively during debris-flow erosion, we
calculated the mean erosion rate g as
_V
1BL

q (M

where V} is the erosion volume, # is the erosion time, and B and L are the width (0.3
m) and length (1.8 m) of the sediment bed, respectively. ¢ denotes the value averaged
over the entire flow duration and over the entire erodible bed area. The erosion
volume V and ¢ are summarized in Table 3. Several sources may have contributed to
error in this process. The maximum volume error was less than 1% when the point

clouds of bed sediment were separated from flume sidewalls with a grid size of 3 mm.
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The maximum cumulative error of erosion time ¢ was 0.08 s by using the 0.04 s
resolution of video recordings. We determined error bars for ¢ by propagating the

errors in Vp and ..

a 20 b) 20
2 0 0.04 m* 0 0.04 m:'
B o ©0.07m’ 007 m’
C2 - &
1.5F SN 15k
C4
3 : 2
51of é‘\ 5 1of
s T~ - 3 & w3
e C6 w2 - %Wﬂ -
0.5 Te~e _ R 3 05k w2 .D. W4 T~ gw(,
- wi w5
Q
Cs
1 1 1 0 1 1 1
1470-1560 1590-1730 1790-1870 1470-1560 1590-1730 1790-1870
Flow-front density (kg/m?) Flow-front density (kg/m?)

Figure 8. Mean erosion rates of flows on (a) CBS and (b) WBS.

As shown in Figure 8, the CBS generally had a greater mean erosion rate ¢ than
the WBS for the same released flow except for flow C5, although the shear strength of
the CBS was higher than that of the WBS. For example, ¢ of flows C2 and C2* were
greater than 1.7 cm/s, which were nearly 3 times those of flows W2 and W2* (close to
0.60 cm/s from Table 3). ¢ decreased with the increase of flow-front density for the
CBS. By contrast, ¢ increased first and then decreased with increasing flow-front
density for the WBS. In addition, ¢g increased with the released flow volume for the
CBS whereas ¢ remained almost the same for the WBS. The high consistency in the
erosion pattern and repeatability of the results suggests that the trends obtained here
are applicable for understanding the effects of bed sediment on the erosion process of
debris flow.

Table 3 Erosion variables of debris flows in the erosion zone

Experiment Vi (102 m?) v (m/s) q (cm/s)
C1 2.87 0.41 0.95
C2 5.88 0.46 1.79
C2* 5.62 0.45 1.73
C3 0.88 0.66 0.68
C4 4.01 0.62 1.50
C4* 5.05 0.48 1.62
C5 0.41 0.48 0.26
Co 2.05 0.66 0.53
Wil 1.97 1.17 0.48
w2 3.91 1.42 0.64
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W2 3.88 1.43 0.59

w3 1.23 1.48 0.67
W4 2.75 1.22 0.54
W4 2.87 1.38 0.65
W5 1.47 1.45 0.46
W6 2.74 1.47 0.53

3.2. Erosion Mechanisms

Figure 9. Schematic illustration of the equilibrium model during the erosion process.

As shown in Figure 9, the erosion model to analyze the erosion process consists
of a debris flow layer with a free top surface, an erodible bed layer with a erodible
basal boundary, and a fixed bed which cannot be eroded [/verson, 2012; Pudasaini
and Krautblatter, 2021]. Static equilibrium is reached when the total shear stress R.
exerted by the debris flow and the component of weight of the eroded sediment layer
in the flow direction sum to the resistance stress R, of the basal boundary. R, is

expressed as
R =1,+pgH sina (2)
where pp is the density of the bed sediment and H. is the erosion depth. g is

gravitational acceleration. The shear stress 7z exerted on the debris flow is expressed
as [Pudasaini and Fischer, 2020a; Pudasaini and Krautblatter, 2021]

7,=u(pgHcosa—p,) (3)

where p is the flow-front density and H is the flow depth. x is the Coulomb friction
coefficient and pyis the fluid stress in the debris flow.

The basal resistance R is given by
R, =(o—p)tanp+c 4

where o is the bed normal stress, p is the pore pressure and (o—p) is the effective
stress.

As physically modelled in Pudasaini and Krautblatter [2021], a comparison of
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detailed sensor data indicates that erosion mechanisms induced significant differences
in the erosion pattern and mean erosion rate of CBS and WBS. As shown in Figures
10 and 11, the black traces depict flow surface level /(¢), basal total normal stress o(?)
and basal pore-fluid pressure p(f) measured as the released flows C1, C2, C4 and C6
interacted with the bed sediment at x = 5.8 m [Zheng, 2021]. The red traces describe
the analogous data from flows W1, W2, W4 and W6. Taking flows C2 and W2 as an
example, flow C2 had a nose with a thick flow depth (8.9 cm) followed by rapid
increases in ¢. Then 4 and o abruptly decreased, accompanied by significant bed
erosion. Conversely, flow W2 had a low front (2.5 cm) and slight change in ¢. The
pore pressure p lagged behind 4 and o, implying a pore-pressure transmission from
the flow into the bed sediment. Flow C2 demonstrated an obvious increase in p to
almost liquefy the CBS, while p increased mildly as flow W2 passed over the WBS.
In addition, stepwise erosion was obvious for flows C4 and C6, indicated by the
stepped decrease in 4 and o (Figure 11). This erosion was also observed in the debris

flows at the Illgraben catchment [Berger et al., 2011].
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Figure 10. Time-series data acquired at x = 5.8 m in four experiments (flows C1, C2, W1 and W2)
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with contrasting bed sediments. (a), (b), Sensor measurements of flow surface level A(?), (c), (d),
basal total normal stress o(¢), and (e), (f), basal pore-fluid pressure p(t). o(f) was the variation of
the total normal stress induced by flow, not including the initial normal stress of the bed sediment.
The feedback effect of bed sediment on the erosion process strongly influenced
flow behavior. When flows passed over the CBS, a nose of height 4.1-8.9 cm was
maintained by substantial erosion of bed sediment (Figure 5). The pores in the flow
and the bed became connected and significant pore-pressure transmission from the
flow into the sediment bed occurred due to the high permeability coefficient (Figures
10 and 11). This brought about a decrease in the fluid pressure of the flow as a result
of the unsaturated bed and consequently a significant decrease in the flow velocity
[Iverson et al., 2011; de Haas and van Woerkom, 2016]. Moreover, the high resistance
of the nose was ascribed to large internal friction caused by continuous contact and
slip among the frontal grains absent of surrounding fluid. The high resistance also
tended to sustain a low velocity (0.41-0.66 m/s) of debris flow (Figure 4).
Accordingly, flow behavior such as a high flow nose and low flow velocity were
maintained on the CBS. Flow C1 had the lowest velocity (0.41 m/s) due to the high

flow nose (7.8 cm) and limited released flow volume (0.04 m?).
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A tabular flow with a low height (2.3-3.3 cm) and a higher flow velocity (1.17—
1.48 m/s) was developed on the WBS by gradually scouring bed sediment (Figures 4
and 5). On one hand, the fluid pressure in the debris flow was low due to the low flow
height. The pore-pressure transmission from the flow into the bed sediment was
limited as a result of the weak fluid pressure and low permeability coefficient of the
WBS (Table 1). On the other hand, the decrease in flow velocity by bed erosion
adding flow mass with zero velocity was small due to a low mean erosion rate. Thus,
flow behavior such as low flow height and high flow velocity were maintained.

Flow behavior in turn significantly affected the erosion rate of bed sediment. The
high flow nose on the CBS formed a mobile dam which tended to impede subsequent
flow runout, leading to an increase in the flow depth H (Figure S2). The basal shear
stress exerted on the bed by the moving flow was enhanced (Equation (3)). Moreover,

the sustained high pore pressure (320—-1660 Pa) significantly reduced the effective
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stress and erosion resistance stress of the CBS (Equation (4)). In addition, the
protrusion into the flow of the larger grains could enhance the drag force of the CBS
[Gregoretti, 2008; Recking, 2009]. A layer of mass-movement grains was led by the
flow nose, leading to a high q.

The tabular flow had a low flow depth and exerted a low basal shear stress on the
WBS (Equation (3)). Pore pressure (80—180 Pa) was weak compared with the CBS.
The effective stress and resistance stress were preserved during the process of erosion
(Equation (4)). The surficial bed grains concentrated in the channel were
progressively scoured away by the shear flow above, resulting in a low g¢.

The erosion depth H. could be calculated from measured data. Considering the
erosion process was dynamic, the maximum erosion depth was calculated from the
maximum flow-front depth and pore pressure throughout the measurement. Taking
flows W4 (W4*) and C4 (C4*) as an example, the flow density p was taken as 1700
kg/m?, and flow depths H were 3 cm and 6 cm on the WBS and CBS, respectively.
The pore pressures p were 180 Pa and 800 Pa for the WBS and CBS, respectively.
Considering the flow-front velocity on the erosion zone of a sediment bed is nearly
steady, the shear stress of debris flow is approximately equal to the stress applied by
the downslope gravity [Han et al., 2015; de Haas and van Woerkom, 2016]. The
erosion depths H. were 0.5 cm and 4.5 cm for the WBS and CBS, respectively, from
Equation (2). This disparity is consistent with the experimental observation that the
CBS was eroded by mass movement and the WBS was progressively scoured.

The interaction between the overlying flow and sediment bed during erosion is
principally attributed to pore-pressure transmission. Debris flow and coarse-grained
sediment were interconnected in the erosion process and capable of pressure
transmission, while most air bubbles in pores were probably entrapped by surrounding
fluid. Sustained high pore pressure in the bed sediment induced substantial erosion
and a high flow nose, which in turn maintained the high pore pressure. By contrast,
the transmission of pore pressure was weak between flow and widely graded sediment.
This was partly caused by the low permeability. In addition, the air bubbles in pores
were possibly difficult to expel during the erosion process [[verson et al., 2011].

4. Discussion

In this section, we discuss the effects of pore pressure and flow density on
bed-sediment erosion, compare the experimental erosion pattern with debris flows
measured in the field and in large-scale experiments, and show briefly the translation
of these experimental results to natural systems.

4.1. Effects of Pore Pressure on Bed Sediment Erosion
A sensitivity analysis was performed to assess the effects of pore-pressure
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variations on the erosion depths of the WBS and CBS using equilibrium analysis
(Equations (2-4)). All the initial parameters were kept the same as for flows W4 and
C4 but the pore pressure varied from -30% to 30%. Erosion could not occur if the
calculated erosion depth was negative. As shown in Figure 12, the erosion depth
varied linearly with pore pressure for the WBS and CBS. This is consistent with the
observation of debris flows in the field [Berger et al., 2011; McCoy et al., 2012] and
theoretical analysis [[verson, 2012] that erosion rate is sensitive to pore pressure in the
bed sediment. The erosion depths H. were in the range 1.1-7.9 cm and 0-1.6 cm for
the CBS and WBS, respectively. As a result of the high flow nose and pore pressure,
the erosion-depth variation of the CBS with pore pressure was approximately three

times that of the WBS.
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Figure 12. Sensitivity analysis of pore-pressure variation on the erosion depth.

The mean erosion rate increased with flow volume for the CBS whereas it was
scarcely affected by flow volume for the WBS (Figure 8). As shown in Figure 13, the
maximum flow depths of flows C1, C3 and C5 with released volumes of 0.04 m* were
7.8 cm, 5.9 cm and 4.1 cm, respectively. These were lower than the values for the
corresponding flows C2 (C2%*), C4 (C4*) and C6 with released volumes of 0.07 m?.
The maximum pore pressures of flows C1, C3 and C5 were 1390 Pa, 380 Pa and 200
Pa, respectively, which were enhanced for flows C2 (C2%*), C4 (C4*) and C6.
Compared with released flows of volume 0.07 m?, flows of 0.04 m? on the CBS had a
slightly lower flow depth at the front, and the basal shear stress and pore pressure
were reduced. As a result, mean erosion rates were smaller for the released flows of
volume 0.04 m? on the CBS than for flows of the same density with volumes of 0.07
m?. By contrast, for each WBS, the maximum flow height was limited to 2.3-3.3 ¢cm
and pore pressure was merely 80—180 Pa, so ¢ remained nearly the same for flows of

different volumes because of progressive downward scour.
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Figure 13. Maximum pore pressure p,, and flow depth H (at x = 5.8 m) during flow erosion.

The conspicuous effects of the pore pressure on changes in the erosion rate and
erosion pattern raise a question about the mechanism of pore-pressure development.
Pore pressure in the erodible bed originates from flow transmission and bed sediment.
For the former, the fluid pressure of the flow could be translated into pore pressure in
the bed sediment through downward transmission [de Haas and van Woerkom, 2016].
The fluid pressure can be higher than hydrostatic pressure by small volumetric
contractions or grain collision of coarse debris, and persist due to the low permeability
of debris-flow mixtures with slurry [/verson, 2005; Lanzoni et al., 2017]. For the latter,
direct compression of pores by flow weight is probably responsible for pore-pressure
changes in the bed sediment. Moreover, shear contraction of bed sediment in the loose
state induced by moving debris flow can also increase pore pressure [[verson et al.,
2000; Iverson, 2005].

The maximum pore pressure in the CBS decreased with flow-front density, while
it was scarcely affected by flow-front density for the WBS (Figure 13). For the
experimental debris flows presented here, the pore pressure in the erodible bed with a
relatively low water content is mainly attributable to the flow pressure in the debris
flow. The slurry volume decreased with increasing released flow density. Moreover,
the flow depth at the front significantly decreased with flow-front density as a result
of the erosion volume of the CBS (Figure 13). The maximum pore pressure was thus
reduced with the flow pressure of debris flow. By contrast, flow depth at the front was
merely 2.3-3.3 cm for different released flows on the WBS and the permeability

coefficient of the bed sediment was low. The maximum pore pressure did not have an
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obvious relationship with flow-front density.
4.2. Effects of Flow Density on Bed-Sediment Erosion

The mean erosion rate g had a negative correlation with flow-front density for
the CBS under the same released volume, whereas g on the WBS initially increased
with flow-front density and then decreased (Figure 8). As the flow-front density
increased, flow nose height and pore pressure on the CBS were reduced (Figures 13a
and 13b), leading to a lower basal shear stress and a higher basal resistance. For the
WBS, the basal shear stress increased with flow-front density and thus ¢ first
increased. Thereafter, ¢ decreased over the erodible bed area when the viscous slurry
of flows W5 and W6 was deposited on the surface of the bed sediment (Figure S5).

We experimentally show that ¢ decreased with flow-front density on the CBS.
This trend is consistent with the findings of Hungr et al. [2005]. ¢ on the WBS
initially increased with flow-front density whereas the erosion rate decreased above a
flow-front density of approximately 1700 kg/m3. This is consistent with the
experimental observation of Rickenmann et al. [2003]. The effect of flow density on
the erosion rate can vary with the grain composition of bed sediment. The reason is
that bed sediments with different grain compositions have a significant effect on the
flow behavior and erosion pattern during erosion.

4.3. Erosion Patterns and Mobility

Our finding that the erosion pattern of the CBS was mass movement does not
preclude the possibility that mass movement might exist in the WBS. In the
experimental debris flows presented here, a flow nose developed in the erosion
process of the CBS, which is similar to that of natural debris flow containing boulders
[Takahashi, 2007]. According to Iverson et al. [2011], debris flows already having
such a nose flowed across wet WBS. The flow nose was maintained and sustained
high pore pressure generated as wet bed sediment was overridden, resulting in bed
erosion by mass movement. This erosion process is consistent with that of the CBS in
our experiments. Conversely, the flow nose gradually diminished and pore pressure
increased minimally as the same debris flows flowed across dry WBS. The slurry of
debris flow was gradually consumed in the dry sediment and pore pressure was weak
which contributed to a low erosion rate.

Our experimental results show that the CBS with high shear strength has a
greater mean erosion rate than the WBS with low shear strength. This seemingly
contradictory conclusion is consistent with the observations of natural debris flows in
Sedgwick Reserve and Acquabona [Berti and Simoni, 2005; Gabet and Mudd, 2006].
The reason is that the hydraulic conductivity of the CBS is high, contributing to a
significant pore pressure developed in the CBS.
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The flow velocity and mobility were reduced on the erodible beds for debris
flows with different densities and volumes, compared with flows on the fixed bed
upstream. This is consistent with experimental observations of de Haas and van
Woerkom [2016]. However, debris flows grow in size and speed on wet bed sediment
as reported by Iverson et al. [2011]. The reason for the difference may be that the
saturation degree of bed sediments in our experiments is smaller than the values in
Iverson et al. [2011]. As rigorously proven by Pudasaini and Krautblatter [2021],
erosion and entrainment are mechanically fundamentally different processes: erosion
results in entrainment, which in turn may lead to the enhanced mobility of mass
movement when bed sediment is mechanically weaker than the flow itself. This is
because the effective resistance of bed sediment is reduced, resulting in increased net
momentum production of the flow [Pudasaini and Krautblatter, 2021].

4.4. Translation to Natural Flows

The flow behavior of our experimental debris flows was largely similar to that of
natural debris flows. A high flow front, followed by more dilute material, developed
on the CBS and tabular flow developed on the WBS which are typical characteristics
of natural debris flows [e.g., Liu and Huang, 2006; Iverson et al., 2010]. The erosion
patterns of mass movement and progressive scour are consistent with the observation
of debris flows in the field [Berger et al., 2011; McCoy et al., 2012; McGuire et al.,
2017] and in large-scale experiments [[verson et al., 2010]. In particular, stepwise
erosion of flows C4 and C6 also occurred in the debris flows at the Illgraben
catchment [Berger et al., 2011]. The mean erosion rate of the CBS and WBS ranged
from 0.3—1.8 cm/s, which is within the range of mean erosion rates (0.2—14.0 cm/s)
for dry and wet bed sediments measured in Chalk Cliffs [McCoy et al., 2012].

Dimensionless parameters estimated for natural debris flows and physical
models were compared, in order to evaluate quantitatively the similarity in flow
regimes of experimental and natural debris flows. Four dimensionless parameters —
the Bagnold number Nz, Savage number Nsu, Friction number Nr., and grain
Reynolds number Nz, — have been proposed to describe the relative importance of
collisional, frictional, and viscous forces [[verson, 1997; Parsons et al., 2001; Iverson
and Denlinger, 2001]. A debris flow tends to be dominated by grain collisions (inertial
regime) when Ns,,>0.1 and collisional forces dominate over viscous forces for
Npag>200 [Bagnold, 1954; Savage and Hutter, 1989; Iverson and Denlinger, 2001].
Frictional forces begin dominating viscous forces at Nr>250 for the debris flow front
[Parsons et al., 2001]. Generally, debris flows with respect to grains begin to show
inertial effects and deviate significantly from ideal viscous behavior when Ngg>1
[Vanoni, 1975]. The calculations of these dimensionless parameters see Text S1 in the
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supplementary document.

As shown in Figure 14, collisional forces are dominated by viscous forces and
frictional forces dominate over viscous forces for experimental flows during erosion.
The debris flows on the WBS have a larger grain inertial effect than those on the CBS
by comparing Np.e and Ns.,, due to a higher flow velocity (Table 3). The effect of
frictional forces becomes more important in the debris flows on the CBS than on the
WBS by comparing Nr,; as a result of higher flow depth (Figure 13). The grain inertia
always plays a more important role than the fluid inertia for all debris flows because

of the interactions of dense debris grains.
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As shown in Table 4, the dimensionless numbers representing flow behavior for
our experimental debris flows vary within the ranges of values that developed in the
large-scale USGS flume and in natural debris flows [Iverson, 1997; Iverson and
Denlinger, 2001; Zhou and Ng, 2010]. An uncertainty associated with the translation
of our experimental results to natural debris flows is that bank collapse might fortify
erosion volumes in natural debris-flow torrents. Whether our finding that the CBS
(maximum grain size 5 mm) tends to be eroded by debris flow are suitable for natural

boulders with median diameters up to tens of centimeters remains to be verified.
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Table 4. Physical and dimensionless parameters estimated for the present laboratory experiments

during erosion and large-scale, natural debris flows

Symbol USGS Flume Natural Debris
Parameter (Unit) Present tests Debris Flows *  Flows ® ¢
Typical grain diameter  d, (m) 0.001-0.002 0.001 107°-10
Flow depth H (m) 0.02-0.07 0.1 0.1-10
Flow shear rate y (1/s) 5-74 100 1-100
Solid density ps (kg/m®) 2700 2700 2500-3000
Fluid density pr(kg/m®) 10001207 1100 1000-1200
Solid volume fraction G (o) 0.3-0.5 0.6 0.4-0.8
Fluid viscosity wr(Pas) 0.001-0.0015 0.001 0.001-0.1
Friction angle ¢ (deg) 27-33 40 25-45
Savage number Nsay 0.0003-0.09 0.2 107-10°
Bagnold number NBag 22-87 400 10°-108
Friction number Nrvi 950-78612 2000 10°-10°
Grain Reynolds number N, 17-67 100 0.01-2

verson (1997).

®Iverson and Denlinger (2001).
“Zhou and Ng (2010).

5. Conclusions

We experimentally investigated the erosion of bed sediments by flows at a fixed
to erodible bed transition. In particular, we calculated the erosion rates of
coarse-grained (1-5 mm) bed sediment (CBS) and widely graded (0.01-5 mm) bed
sediment (WBS), discerned erosion patterns and verified the proposed hypothesis of
the interaction between overlying flow and bed sediments.

(1) Flow-front velocity slightly decreased on a WBS, whereas a significant
reduction in flow-front velocity occurred on a CBS. A high flow nose developed when
the debris flow moved across the CBS, but a tabular flow developed on the WBS.

(2) The distribution of erosion depth on the CBS was relatively uniform in the
cross-stream direction. Driven by the nose, the CBS was eroded by a layer of mass
movement. A strip of channelized erosion developed on the WBS. Surficial sediment
was eroded by progressively scouring bed sediments. The CBS generally had a
greater mean erosion rate than the WBS for the same released flow.

(3) The feedback effect of bed sediment on the erosion process strongly
influenced flow height and velocity, which in turn affected the mean erosion rate of
bed sediment. The interaction between debris flow and a sediment bed during erosion

is principally attributed to pore-pressure transmission.
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(4) The mean erosion rate increased with flow volume and decreased with the
increase of flow-front density for the CBS. However, the mean erosion rate was
scarcely affected by flow volume for the WBS and initially increased with flow-front
density and then decreased.

These results suggest that grain composition of bed sediment has a significant
influence on the debris-flow characteristics and erosion pattern during the erosion.
Further research will focus on the erosion process of debris flow on beds with
different slopes. The data obtained from these experiments can serve in further
validating other experiments and the multi-mechanical, multi-phase, mass flow
models [Rosatti and Begnudelli, 2013; Cuomo et al., 2016; Gregoretti et al., 2019,
Pudasaini and Mergili, 2019] that have already been applied to many complex natural
flows including the bed erosion process.
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Figure S1. Experimental apparatus of debris-flow erosion. Inset photo (a) shows the
flow nose of flow C4 encountering coarse-grained bed sediment. Inset photo (b) is the

pattern steel on the fixed bed.






Figure S2. Erosion process of coarse-grained sediment by flow C2 (x = 4.2-5.8 m).
The flow nose is located in the dashed orange box and the flow body is located in the
black and white dashed box. The flow nose was higher than the flow body. The flow
nose moved downstream, pushed by the following flow body. The coarse-grained
sediment behind the flow nose was entrained by a layer of mass movement above the
white dotted line. 7o is the time corresponding to the first frame. The number of

frames between two successive snapshots is 38 and the time interval is 0.21 s.






Figure S3. Erosion process of widely graded sediment by flow W2 (x = 4.2-5.8 m).
Debris flow is located in the black dashed box. The flow height and velocity from the
flow front to flow body did not display a significant change. The flow height was
significantly smaller than that of flow C2. The white line at 7= 75+0.67 marks the
boundary of the sediment bed before erosion. 79 is the time corresponding to the first
frame. The number of frames between two adjacent snapshots is 10 and the time

interval is 0.056 s.
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Figure S4. Schematic diagram of flows on the coarse-grained and widely graded bed
sediments. A high flow nose developed when the debris flow moved over the
coarse-grained bed sediment, while a tabular flow with a low flow height moved on
the widely graded bed sediment.
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Figure S5. Widely graded bed sediment after erosion for (a) W6 and (b) W4.

Photographs look from the sediment bed upstream. A sheet of viscous slurry was
observed to be deposited on the surface of W6, whereas this did not occur on the
surface of W4.



Text S1

Dimensionless parameters estimated for natural debris flows and physical
models are compared, in order to evaluate quantitatively the similarity in flow
regimes of experimental and natural debris flows. The following dimensional
quantities at the flow front on the development zone have been considered to derive
these dimensionless parameters: flow depth A, volume concentration C,, grain density
ps, mean diameter ds of the debris sediment, slurry density py, slurry viscosity ur and
mean flow velocity v.

Collisional, frictional, and viscous forces are considered to resist motion in
debris flows (Iverson, 1997; Parsons et al., 2001; Iverson and Denlinger, 2001).
Inertial forces result from short-term collisions between sediment grains, frictional
forces are related to continuous contacts between grains, and viscous forces are
controlled by the slurry viscosity. Three dimensionless parameters describe the
relative importance of these forces. The Savage number Ns., describes the ratio of

collisional to frictional forces,

2. 2
Ny, = — 8247 (S1)
(ps —pf)gHtango

where ¢ is the internal angle of friction.

The Bagnold number N, defines the ratio of collisional to viscous forces,

C pyd’
— sl s S2
o (I_Cv)iuf .

where y is the flow shear rate (1/s),

r=4 (83)

The interstitial fluid viscosity urwas estimated as (Iverson, 1997)
!, =1+2.5C + l0.0SCff + 0.00273exp(16.6Cvf) (S4)

where p,, is the dynamic viscosity of pure water (0.001 Pa s) and C,ris the volume
fraction of the interstitial fluid occupied by the fine component.

The friction number Ng,; defines the ratio of frictional to viscous forces,

_C(p-p)stang
P Cm

The effects of particle collisions and slurry viscosity could be indicated by the

(85)

grain Reynolds number Nk, (Iverson, 1997), which is defined as the ratio between the

solid inertial stress and the fluid viscous shearing stress:
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