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ABSTRACT

Debris flows induced by ice avalanches (DFIs) are unique glacial debris flows formed by ice melt during the movement of a rock-ice ava-
lanche. DFIs consist of ice, water, and soil. DFIs occur frequently in alpine regions worldwide. Soil bed erosion is perhaps the most important
momentum exchange process controlling the destructive potential of debris flows. To mitigate DFI hazards, erosion characteristics must be
studied in depth. However, the effect of ice in fluids on the erosion process has yet to be elucidated. Bed sediments in nature are rarely satu-
rated or fully dry, especially considering that DFIs occur during rainfall and the infiltration of ice melt water. The existing erosion theories
have adopted saturated soil mechanics to describe the failure of bed soil. This study investigated the influence of ice in fluids and the water
content of bed soil on entrainment by a DFI on the basis of flume tests. The results showed that the flow charge after erosion was greater
than that before erosion, with an increase ranging from 34.48% to 84.21%. This demonstrated that the mobility of the DFI was significantly
enhanced after erosion. The erosion depth showed fluctuating variations. A,,, increased and then decreased with increasing ice content.
There was no significant linear correlation with the water content of the bed soil. The maximum pore pressure in unsaturated bed soil showed
positive feedback with erosion. Based on the analysis of the contribution of collisional stresses to erosion, an erosion model for DFIs was
eventually proposed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0256049

I. INTRODUCTION proportional to the solid material is contained in a DFL Therefore, a

2T:6S | GZ0T UdteN 9L

Debris flows induced by ice avalanches (DFIs) are a type of glacial
debris flow with many occurrences worldwide. It can be formed by the
transformation of the movement of rock-ice avalanches. DFIs are
formed when ice melts during the movement of rock-ice avalanches
(Evans et al. 2009) or by the breach of the obstruction formed when
moraines near a glacier are blocked by rock-ice avalanches (Wei ef al,
2018; Wang et al, 2021). Following the work of Guo et al (2023),
Peng ef al. (2022), and Wang ef al (2023), an amount of ice

DFI is a three-phase flow that has different characteristics from debris
flows caused by glacial lake outbursts (Allen ef al., 2016), glacial debris
flows (Chiarle ef al, 2007), and rainfall debris flows. However, the
kinematics and erosion mechanisms of DFIs remain unclear.

When the shear stress imposed by a debris flow on the bed soil
exceeds the resistance exerted by the bed, it leads to erosion
(Pudasaini, 2012). Bed sediment entrainment has been investigated
based on field and laboratory studies. Several erosion models have
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been derived. Two basic types of erosion models include empirical and
mechanical models. Empirical models are derived based on the charac-
teristics of debris flow movement. McDougall and Hungr (2005)
assumed that the increase in the volume of a debris flow with displace-
ment during its movement follows an exponential function. The ero-
sion rate model is therefore a simplified model based on a growth
factor. Other empirical erosion models have been developed in terms
of the material concentration (Shich et al, 1996), stream power
(Whipple and Tucker, 1999), yield stress, and relative density changes
of debris flows (Chen and Zhang, 2015). The shear stress exerted by a
debris flow can be calculated by the model of the steady stream. The
Mohr-Coulomb failure criterion can be used to develop the resistance
forces of bed sediment (Han ef al., 2015; Han ef al., 2018). Derived ero-
sion models of debris flows can be divided into single-phase and two-
phase models. The upper debris flow was regarded as a single-phase
flow in the single-phase model, and the eroding force of debris flow
mixture is determined by its rheological behavior (Li et al. 2024). The
solid and fluid phases and the strong interactions between the phases,
including drag and viscous effects, were considered in the two-phase
erosion model. The total erosion rate comprises two aspects: the solid
erosion rate and the fluid erosion rate (Pudasaini and Fischer, 2020).
Based on the two-phase model, the multiphase models considering the
phases of the coarse solid fraction, fine solid fraction, and viscous fluid
were proposed (Pudasaini and Mergili, 2019). For the extensive ero-
sion velocities, unified mechanical erosion rates, and the advanced net
momentum productions into the mass and momentum balance equa-
tions, a multi-phase model is developed. It makes a complete descrip-
tion of multi-phase erosive dynamics. Currently, debris flow erosion
models for rainfall debris flows and glacial debris flows in alpine
regions, especially the DFI, are lacking. The role of ice during the DFI
erosion process has been simulated (Peng ef al., 2022; Wang et al,
2023). A DFI erosion model that explicitly reflects the role of ice has
not been developed, nor has it been derived based on experiments.

The entrainment of debris flows depends on the properties of the
fluid and bed soil (Roelofs ef al., 2022; Roelofs et al., 2023). The prop-
erties of the fluid mainly depend on the composition of the debris flow
material and the velocity (Li ef al., 2021). The properties of the bed soil
are influenced mainly by its particle composition, particle content, and
shape (Li et al., 2022; Roelofs et al., 2023). In these studies, the bed soil
is generally considered dry or saturated. However, natural channel
beds are unsaturated when debris flows occur (Ng ef al., 2022; Song
and Choi, 2021). The water content of the bed sediment has a signifi-
cant influence on the erosion characteristics of the debris flows.
According to the work of Iverson ef al. (2011), the water content of the
bed soil has a positive feedback effect on the erosion characteristics of
the debris flow and further enhances its mobility. The difference
between rock-ice avalanches and a general debris flow is the presence
of the ice in it. To investigate the erosion characteristics of DFI, it is
necessary to examine the effect of fluid ice content and bed conditions
on erosion. Miniaturized flume experiments are a popular method that
can provide a clear representation of the movement of debris flow (Cui
et al., 2015). Therefore, the erosion characteristics of DFI were ana-
lyzed based on the flume experiments.

This paper is organized as follows: The instrumentation, test pro-
gram, and procedure used in the experiment are introduced in Sec. I1.
Section I1I investigates the changes in the velocity, flow depth, and ero-
sion depth with different ice contents in the DFI. Section IV discusses
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the role of ice and the impact of the ice content of the DFI and the
water content of bed soils on the erosion. Finally, conclusions are
drawn in Sec. V.

Il. PHYSICAL MODELING OF THE EROSION OF AN
UNSATURATED SOIL BED VIA a DFI

A. Scaling considerations

In this study, flume experiments were conducted to determine
the effects of ice content and bed water content on erosion of DFIL
Similitude between model and prototype flows is difficult to achieve in
most physical experiments. The Froude number Fr, which character-
izes the relative importance of the flow inertial and gravitational forces,
was used to analyze the motion characteristics of the DFI to determine
the effect of the experimental scale of the model on the experimental
results. It is given as follows (Song ef al., 2021):

Fr=—" 1)

\/ghcos0’

where v is the flow velocity of the DFI (m/s); h is the flow depth (m); 0
is the slope inclination (°); and g is the gravitational acceleration. The
Froude number in the field ranges from 0.5 to 7.6 (Choi ef al, 2015).
Several preliminary experiments were conducted to determine the
appropriate Froude number of the DFI prior to the formal experi-
ments. The Froude number ranges between 2.2 and 6.4 in this paper,
which is consistent with the movement characteristics of prototype
flows in the field.

B. Experimental setup

The flume consisted of a tank, a straight rectangular channel, and
a tailing pool (Fig. 1). The flume was 4 m in length, including 2 m long
and 0.5 m long non-erodible sections, followed by a 1.5 m long erodible
section between the two non-erodible sections. The bed material was
placed in the erodible section, which was designed to be 0.12 m deep to
ensure adequate room for erosion. The height of the flume was 0.4 m.
The sidewall was made of transparent tempered glass, allowing the ero-
sion process to be observed and the velocity to be measured. The flume
was fixed at an angle of 18° to the horizontal plane. This was deter-
mined based on the critical conditions for the occurrence of DFIs in
Tianmo gully. The mean slope of Tianmo gully is 16°. Erosion
occurred on gradients of 15°-21° (Breien ef al., 2008). Therefore, the
channel slope of the flume was defined as 18°.

The flume bed was made of a stainless steel plate of 5mm thick-
ness. Three pairs of circular holes of different diameters are arranged
in the flume, allowing a triaxial load cell (LH-SZ-02, capacity:100N
and accuracy: 0.01N) and pore pressure transducer (PPT, JUL-P31,
capacity: 10kPa and accuracy: £0.1% F.S.) to be installed in each pair.
The diameters of the holes reserved for mounting the triaxial load cell
and pore pressure transducer were 63 and 10 mm, respectively. The
distance between the centers of these circular holes was 66.5 mm. In
the upstream area of the flume, the circular hole for installing the triax-
ial load cell was 0.2m from the erodible section. In the middle of the
flume, the distance between the circular hole for installing the triaxial
load cell and the upstream erodible section was 0.8 m, and the lower-
most circular hole for installing the triaxial load cell was 231.5mm
from the bottom of the flume.
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C. Instrumentation and measurement

The instrumentation layout is shown in Fig. 1(a). The tank was
located at the uppermost part of the flume. The tailing pool was placed
at the bottom of the flume to collect the debris flow material. Three
monitoring sections were located in the flume. The same types of
instruments were placed in each section, including a triaxial load cell, a
PPT, ultrasonic sensors (U-GAGE T30UX, accuracy: 0.1 mm), and a
high-speed video camera (GoPro hero black 7; 120 fps). The
movement of DFI was measured by the high-speed camera (SONY
FDR-AX60, accuracy: 120 fps) in front of the flume. The data from the
sensors were collected using a data collection instrument [Fig. 1(a)]. It
has a sampling frequency of 500 Hz to ensure data accuracy. The nor-
mal and shear stresses at the flume were measured using a triaxial load
cell. The pore fluid pressure was detected using PPT. When the sensors
were mounted, the triaxial load cell was coupled with a circular force
plate 6 cm in diameter. The gap between the circular hole and force
plate was covered with a thin coating to ensure the reliable measure-
ment of shear stress. The open end of the PPT was threaded and was
screwed directly into the reserved 5-mm-wide circular hole in the
flume. The open end of the PPT was covered by a 2 mm steel mesh,
which isolated the pressure induced by the solid phase. The open end
of the PPT was filled with silicone oil to effectively transmit the pres-
sure of the fluid phase.

Ultrasonic sensors was mounted along the centerline of the
flume directly above the triaxial load cell to capture the flow depth
in each section. The small high-speed video camera was placed to
the side of the ultrasonic sensor, and the photographs were used to

ARTICLE pubs.aip.org/aip/pof

FIG. 1. Schematic diagram of the experi-
mental apparatus. (a) Flume setup and
instruments and (b) plan layout of the ero-
sion columns. All dimensions are in
millimeters.

Triaxial load cell
Pore pressure
transducer

High-speed
camera

calculate the velocity and analyze the debris flow movement
characteristics.

Erosion columns, which have similar working principles to those
of erosion sensors (Ng ef al., 2022; Song and Choi, 2021), were adopted
to measure the entrainment depth. Nine erosion columns were con-
structed at the centerline of the erodible section. Thirty nuts with inner
and outer diameters of 3 and 7 mm, respectively, and a nut with a
mass of approximately 0.8 g were included in each erosion column.
The nuts were threaded through 0.2-m-long rods that were removed
from the base of the erodible section. The columns of nuts were ini-
tially prepared to achieve the same height as the initial elevation of the
erodible bed. The bed material was then prepared. Afterward, the rods
were removed without disturbing the nut columns or the bed material.
The nine erosion columns were installed along the centerline of the
channel at distances of /=0.15, 0.30, 0.45, 0.60, 0.75, 0.90, 1.05, 1.20,
and 1.35m from the interface between the non-erodible and erodible
beds [Fig. 1(b)]. During each test, the nuts near the surface of the erod-
ible bed were carried away along with the bed material. The erosion
depth was deduced from the difference in the height of the columns
before and after the test, which was further used for calculating the ero-
sion rate in this study.

D. Material

The erosion process of the simulated DFI along the channel was
analyzed in this study. The debris flow material used in the experiment
was collected from a typical area to ensure that the results would be
representative. Many destructive rock-ice avalanches and subsequent
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glacial debris flows have occurred in the Tianmo gully on the south-
eastern Tibetan Plateau (Ge ef al., 2014; Guo ef al., 2023; and Wang
et al., 2022b). Large-scale debris flows in this area were frequent and
have recently occurred, and ice blocks sometimes existed in these areas
(Gao et al. 2019). The region has become an important area for the
study of glacial debris flows. Undisturbed samples were therefore
obtained from the deposition area of Tianmo gully for the
experimental.

In general, the width of a flume should not be less than five times
the maximum particle size of the test materials to account for bound-
ary effects (Cui et al, 2015). Accordingly, a maximum test material
particle size of 20 mm was selected for the experiment. The grain size
distribution of the test material was measured through sieving and the
Bettersize 2000 laser particle size analyzer (Fig. 2). The median particle
size was 0.81 mm. The coefficient of uniformity was 63.00, and the
coefficient of curvature was 1.29. The soil samples is the widely graded
sediment with 39.14% gravel, 43.37% sand, 16.01% silt, and 1.48% clay
by volume. The glacial till is dominated by large particles at Tianmo
gully. The average particle density was used as the density of the solid
phase p,, which is 2760 kg/m3 (Zhou et al. 2019). A 0.05m> DFI mix-
ture was used in this study.

According to the work of Wang ef al. (2022a) and Yang ef al.
(2019), in experiments, the size of an ice fragment should be consistent
with the maximum particle size of the debris flow mixture.
Accordingly, a uniform ice cube size of 20 x 20 x 20 mm’ was chosen
for this study. The phenomenon and influence of the related phase
transitions with the generation of meltwater were negligible. The rea-
son is that the ice essentially does not melt within shorter debris flow
distances, so the phase transition plays only a minor role (Wang et al.,
2022a; Wang et al., 2023; and Yang et al., 2019). The density of the ice
was 920 kg/m’. The volumes of the DFI mixture and ice cubes were
kept consistent throughout the experiment. The ice content was deter-
mined based on the volume ratio of ice to debris flow mixture. Zhou
et al. (2024) statistically concluded that the ice content in natural rock-
ice avalanche events was generally 20%-60%. DFIs were formed when

100 o
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FIG. 2. The particle size distribution of the debris flow at Tianmo gully.

ARTICLE pubs.aip.org/aip/pof

the ice melts during the movement of rock-ice avalanche. Therefore,
this can conclude that the ice content in DFI is significantly lower than
that in rock-ice avalanche, especially as they move to the outlet of the
gully. Following the working of Wang et al (2023), water and ice
together accounted for 40% of the initial landslide materials at the
Zelunglung catchment. The ice content of the released glacial deposit
was around 13% when rock-ice avalanches moved to the mouth of the
catchment. Considering the experimental costs, the maximum ice con-
tent was determined to be 20% in this study. Groups of flows with ice
contents of 0%, 5%, 10%, 15%, and 20% were employed. This depends
on the volume ratio of ice and the two-phase mixture.

The erodible bed has the same grain size composition as the DFT
mixture. The loose sediments were placed on the erodible bed. Bed
sediments with different water contents were prepared for hand prepa-
ration. The tests were carried out 24h after the preparation of the
erodible bed to ensure a uniform bed water content. The water content
of the erodible bed w was varied from 0% to 14%, corresponding to
initial matric suctions from 22.0 to 11.1kPa. Table I shows the mea-
sured geotechnical properties of the bed sediments.

E. Test program and procedure

The volumetric solid concentration of the two-phase mixture was
set to 0.3. The ice content of the DFI and the water content of the bed
sediment were changed for different experiments, resulting in five ice
contents and six water contents. In total, 30 tests were conducted. The
test program is summarized in Table II. All the sensors and high-speed
cameras were placed at their specific locations in the flume prior to
experimentation. The sensors were connected to a data collection
instrument to measure real-time data. The preparation of the DFI mix-
ture and filling of the bed sediment were then carried out. The bed sed-
iment with a specific water content was placed inside the channel to
occupy a mold with dimensions of 1500 x 300 x 120 mm? in a loose
state. The erosion columns were buried in the sediment during this
process. After the bed sediment was prepared, the rods were removed
vertically without disturbing the column of nuts or the erodible bed.

In the experiment, the high-speed cameras and data collection
instrument were turned on. The two-phase materials were mixed in a
flume storage container to ensure that were uniformly mixed, after
which the ice cubes were poured into the container. This case simu-
lated the failure of a rock mass overlain by a glacier, after which a
debris flow was initiated. The flow was initiated by lifting the container
gate after waiting for five seconds. The sensors and data collection
instrument were turned off, and the experiment was stopped when the
DFI materials flowed into the tailings pool. Each group of experiments
was completed within 10 to reduce the melting of the ice. During the
experiments, the white plastic balls with a diameter of 20 mm and the
density much less than that of water, ice, and DFI were thrown into
the flume. It has no effect on the motion characteristics of the DFI, and
it can move with the DFI due to its low density and mass. The move-
ment of the balls was recorded by the high-speed camera. By analyzing
the video frame by frame, the movement time of the white plastic ball
at a certain distance can be obtained. Then, the frontal velocity of the
DFI was determined.

DFIs generally occur during warmer seasons, and the temperature
are within the range of 10-25°C (Wei ef al,, 2018). Therefore, the
experiments were conducted at room temperature to remain the natu-
ral environment.
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TABLE I. Summary of the experimental program and bed properties.

Bed material properties

Test ID Degree of saturation, Sr., Water content, w Initial matric suction, (u,-u,,), (kPa) Internal friction angle, ¢ (°)
1 0.00 0.00 s 29.6
2 0.06 0.05 22.0 32.3
23 0.10 0.08 13.0 34.4
_4 0.13 0.10 12.1 35.6
_5 0.17 0.12 11.1 36.0
6 0.21 0.14 10.0 41.5

TABLE II. Summary of the test results. The locations of section 1, section 2, and section 3 are shown in Fig. 1. The average erosion depth was the average of the erosion
depths measured by each erosion column. The average erosion rate defined as the ratio of the average erosion depth and the erosion time, which was the time required for the
DFI to move the whole bed.

2T:6S | GZ0T UdteN 9L

Section 1 Section 2 Section 3
Test Velocity Flow Velocity Flow Velocity Flow Average Average
1D (m/s)  depth (m) Fr (m/s)  depth (m) Fr (m/s)  depth(m) Fr erosion depth (mm) erosion rate E (mm/s)
All 2.92 0.039 4.84 2.97 0.056 4.11 3.23 0.043 5.10 40.33 96.03
Al2 2.46 0.036 4.24 3.14 0.042 5.02 2.89 0.042 4.62 27.00 84.38
Al3 2.64 0.037 4.49 2.75 0.039 4.56 3.79 0.039 6.28 26.67 63.49
Al4 2.52 0.037 4.29 2.89 0.037 4.92 3.14 0.038 5.27 28.33 64.39
Al5 2.46 0.035 4.31 2.75 0.030 5.20 3.14 0.044 4.90 30.00 75.00
Al6 2.64 0.036 4.56 2.97 0.039 4.92 3.14 0.038 5.27 37.00 66.07
B11 1.97 0.043 3.11 3.05 0.053 4.34 2.44 0.045 3.77 40.33 56.02
B12 1.80 0.038 3.02 2.82 0.040 4.62 2.44 0.048 3.65 26.33 59.85
B13 1.80 0.035 3.15 2.89 0.035 4.56 3.14 0.044 4.90 33.00 75.00
B14 1.80 0.035 3.15 3.05 0.038 5.12 2.75 0.043 4.34 33.33 69.44
B15 1.80 0.033 3.24 3.05 0.048 4.56 3.14 0.042 5.02 34.00 77.27
Ble6 1.66 0.039 2.75 2.97 0.042 4.74 2.75 0.043 4.34 34.33 85.83
Cl11 1.8 0.040 4.42 3.05 0.040 4.99 3.66 0.047 5.53 40.00 100.00
Cl12 1.8 0.035 4.62 2.97 0.035 5.20 2.75 0.038 4.62 29.33 66.67
C13 1.8 0.045 4.17 3.14 0.050 5.94 2.44 0.050 3.57 29.33 66.67
Cl4 1.44 0.045 4.40 3.05 0.028 5.97 2.33 0.038 3.68 27.33 62.12
C15 2.70 0.035 4.73 3.05 0.040 4.99 3.79 0.038 6.37 34.67 78.79
Cleé 2.70 0.037 4.60 2.89 0.040 4.73 3.05 0.041 493 33.33 75.76
D11 1.8 0.049 2.66 3.05 0.047 4.61 3.14 0.044 4.90 33.33 69.44
D12 1.97 0.033 3.55 3.14 0.039 5.21 3.66 0.040 5.99 31.33 71.21
D13 1.80 0.037 3.06 2.75 0.039 5.69 2.75 0.038 4.62 32.33 73.48
D14 1.80 0.033 3.24 3.14 0.027 6.26 2.44 0.036 421 31.33 71.21
D15 1.97 0.034 3.50 2.89 0.028 5.65 3.14 0.045 4.85 32.00 72.73
D16 1.66 0.043 2.62 2.65 0.031 4.93 2.20 0.040 3.60 19.67 49.17
Ell 1.66 0.040 2.72 2.97 0.040 4.86 2.44 0.043 3.85 43.33 98.48
E12 1.44 0.045 2.22 3.05 0.039 5.06 2.44 0.045 3.77 24.00 54.55
E13 1.80 0.038 3.02 2.44 0.034 3.99 2.75 0.040 4.50 23.33 53.03
El14 1.55 0.037 2.64 2.44 0.038 4.10 3.14 0.036 542 19.67 40.97
E15 1.55 0.039 2.57 2.89 0.036 4.99 2.75 0.050 4.03 27.67 62.88
Ele6 1.97 0.036 3.40 3.14 0.040 5.14 3.14 0.040 5.14 32.67 74.24
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Ill. RESULTS AND INTERPRETATION
A. Erosion process

Figure 3 shows the observed erosion process. When the DFI
propagated to the top of the bed sediment, the liquid material first
seeped into the bed soil. A potential saturated distinct will be
formed, and erosion occurred within this region. Erosion and fluid
infiltration occurred simultaneously. As the subsequent fluids propa-
gate over the bed soil, the liquid material gradually stops infiltrating
the soil at the upstream location of the erodible bed. The bed soil
height becomes lower than the initial height after the bed soil is
entrained.

A significant collision occurs in the middle section of the bed,
where the DFI interacts with the bed surface. The DFI propagates by
ascending and moving erratically, thereby entraining the bed soil. The
ice contained within the DFI moves along as it propagates. A signifi-
cant amount of ice can be observed at the front of the DFI [Fig. 4(a)].

The three erosion patterns were defined in a previous study
(McCoy et al., 2012): progressive grain-by-grain erosion, progressive
failure with slab-by-slab entrainment, and en-masse failures. Ng ef al.
(2022) reported that three erosion patterns were observed. The
observed erosion patterns were consistent with the findings of Song
et al. (2024). The erosion pattern of en-masse failure was observed in
this study [Fig. 4(b)]. The most erosion occurred near the transition
from the non-erodible to the erodible section. A similar spatial erosion
pattern was observed by Song and Choi (2021) and Haas and
Woerkom. (2016). This is attributed to the protective effects of the
deposition layer downstream of the erodible bed (Haas and Woerkom,
2016; Song and Choi, 2021). It resulted in more erosion. Accordingly,
erosion can be categorized into two stages: the upstream and down-
stream phases of the erosion hole formation. The erosion intensity
upstream of the erosion hole was significantly greater than down-
stream [Fig. 4(c)]. After the erosion hole occurred, subsequent DFI
surges continued to scour away the erosion hole to increasing depths,

Erosion

Infiltration of fluid
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FIG. 4. The bed profile during the erosion process. (a) and (b) Profile of the bed
before and after erosion. (c) Schematic diagram of the development of erosion. h; is
the eventual erosion depth. hy, hy, and hy, represent the erosion depths during the
time intervals t;, t,, and t,, respectively.

while the bed soil downstream of the erosion hole experiences en-
masse failure until erosion stops.

Table II shows the measured results of the velocity and flow
depth at different sections in the test. Figure 5 illustrates the

FIG. 3. Snapshots of DF/ erosion process
in the experiments. The white dotted lines
indicate the top and bottom of the erodible
bed. The area outlined in yellow is the
extent of fluid infiltration. (a) Infiltration of
fluid in the erosion process and (b) snap-
shot of bed side after the erosion process.

depth
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FIG. 5. The variation in the velocity with the monitored section. The water content
of the bed soil is 8%.

changes in the velocity of the DFI with different ice contents in
each section when the bed soil water content w is 8%. A significant
increase in velocity occurs after the DFI passes through the top of
the bed soil. The greatest rate of increase in the velocity of 74%
occurs when v; is 10%, whereas the rate of increase in the velocity
is 44%-53% at the other ice contents. The rate of increase in the
velocity increases with increasing ice content. This indicates that the
DFI mobility increases after erosion, similar to the results of
Pudasaini and Fischer (2020). This further demonstrates that the
kinetic energy of the DFI after the erosion increases. This may be
ascribed to the higher erosion volume in the erodible section. The
growth rate of the DFI velocity after erosion was not significantly
correlated with ice content. This is related to the interaction of the
DFI and the bed soils. In general, the velocities of DFI after erosion
are significantly greater than velocities before erosion, indicating
that erosion promotes enhanced mobility.

Figure 6 illustrates the changes in flow depth when w is 8%. The
peak flow depth occurs when the debris flow moves from the tank to
the sensor position. The flow depth is 35 mm in the first section when
the ice content is 5%. Then, the flow depth rapidly decreases to its low-
est value in this section, which is essentially close to zero. The debris
flow passes through the second section after a time interval of 0.158s.
The DFI is in contact with the bed soil. The flow depth decreases to
14.9 mm, after which it stops changing. The initial value of the flow
depth at this section remains the same as the height of the non-
erodible bed. This illustrates that deposition occurs after the DFI passes
through the bed soils, and the deposition depth is the sum of the ero-
sion depth and the residual flow depth. The time interval until the
arrival of the DFI in the third section, which is 0.334s, is longer than
that in the second section (the interval distances were essentially the
same). The DFI also takes more time to move through the third sec-
tion, as deduced from the duration of the peak flow depth. However,
Fig. 5 shows that the velocity is greatest in the third section. This illus-
trates that erosion increases the mobility of the DFI. At the different
sections, the variations in flow depth with time show a similar trend,
and the variations in the maximum flow depth with ice content are
also similar. The duration of the peak flow depth at each section
increases accordingly with increasing ice content, which corresponds
to the variations in the velocity and erosion depth with increasing ice
content.
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FIG. 6. The plot of the variation in flow depth with the monitoring section. (a)—(c)
The ice contents are 5%, 10%, and 20%, respectively. The water content of the bed
soil is 8%.

B. Distribution of erosion depth

Figure 7 shows that the erosion depth measured by the erosion
columns varied with the water content in the bed soil. The distance
from the interface between the non-erodible and erodible beds charac-
terizes the distance of each erosion column along the flow direction
from the non-erodible section upstream. For bed soils with different
water contents, the peak erosion depth generally occurred at a distance
of less than 0.3 m between the erodible section and non-erodible sec-
tion. With increasing the water content of the bed soil, the maximum
erosion depth ranged from 45-72, 27-54, and 30-60 mm, respectively.
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Distance from the interface between non-erodible and erodible within 20-40 mm. The peak erosion depth is 72 mm when w is 0%.
bed (m) Then, the erosion depth fluctuated along the channel. However, the
02 04 06 08 10 12 14 difference in the erosion depth is relatively small. When w is 8% and v;
T T T T T T , is 0%, the erosion depth is 54 mm at the first 0.15m of the erodible
’a‘. 10 [ (a) w=0 bed. The minimum erosion depth of the bed soil is 12 mm for fluids
8 201 with different ice contents, generally fluctuating around 30 mm. When
= 30 the bed soil was saturated (w = 14%) and no ice existed in the DFI, the
& 40 F £ A — maximum erosion depth occurred, and it changes relatively sharply
< . . .
2 50} / w along the channel. The erosion depth decreased with increasing pro-
'z portion of ice in the debris flow at other ice contents, changing steadily
S 60 . . L
s J along the channel. This phenomenon is extremely significant when the
0r ’ DFI moves to the midstream of the erodible bed. Figure 7 shows the
80t linear relationship between the erosion depth and the water content of
00 02 04 06 08 10 12 14 the bed soil was not significantly observed. The nearly saturated dry
T T T T T T T bed soils will be more easily eroded. This is consistent with the work of
/é\ 107 (b) w=8% : Song and Choi (2021). This can be attributed to the large difference
2 20F /_/ﬁ\—_\\\ . between the strength of nearly saturated of dry bed soils and the shear
'*i 30F stresses exerted by the DFI (Pudasaini and Fischer, 2020).
< 40t The spatial distribution of erosion depth is not uniform during
.5 50k the erosion process. Following the work of (Haas and Woerkom,
a2 - 2016), the erosion asymmetry factor (4,,.) was used to characterize the
g eor spatial erosion patterns of DFI. It characterizes the ratio between the
701 maximum erosion depth in the upstream half of the erodible section
8ot and the maximum erosion depth in the downstream half of the sec-
00 02 04 06 08 10 12 14 tion. It has been defined as follows:
fg\ 10F (0)11:':14‘%; /'\ ' A ' A= The max?mum eros.ion depth,_ o5 ‘ @)
8201 / The maximum erosion depth,_ <, _;
% 301 —7 Figure 8 shows the variation of A,,,, with the ice content when the
T 40F > water content of the bed soil is different. A,,, are all greater than 1.
_§ 50+ 0,70.00 This confirms that erosion is greater upstream than downstream of the
§ 60 L 0=0.05 erodible bed, which is similar to the variation of erosion depth in
H 0;=0.10 Fig. 7. A, exhibited a fluctuating pattern with the ice content
dlir 0=0.15 increased. This may be ascribed to the variation of the peak erosion
80 - 0~0.20 (Haas and Woerkom, 2016). Haas and Woerkom (2016) reported that

A, will increase with increasing the fraction of gravel and water con-
tent of DFI. In this study, as the ice content gradually increases from 0,
the water content in the DFI gradually decreases, leading to a decrease
in the peak erosion upstream of the erodible bed. A, will also decrease
based on Eq. (2). This trend will not last all the time. The gravel

FIG. 7. Erosion profile measured by the erosion columns. (a)-(c) The water con-
tents are 0%, 8%, and 14%, respectively.

Erosion holes form at the surface of the bed [Figs. 4(b) and 4(c)]. This
is consistent with the previous studies (Haas and Woerkom, 2016;

2T:6S | GZ0T UdteN 9L

Song and Choi, 2021). Then, the erosion depth decreased gradually 4.0

and reached a basically steady state in the midstream direction. The 35H ® w=0.00 & w=0.05 w=0.08

erosion depth changed within 15-25 mm. The erosion depth along the : e w=0.10 w=0.12 & n=0.14

channel increased slowly in the downstream direction, and its fluctua- 3.0

tion decreased. It may be attributed to the properties of the bed soil. In .25k

general, the erosion depth downstream of the erosion hole exhibited a ,,:5

fluctuating pattern. When bed soil water content increased, it ranged 2.0 e

from 18-60, 12-36, and 9-45 mm, respectively. The flow velocity ini- 15} . 4 © 2 $

tially drops when the DFIs enter the erodible bed, after which a second . ® ®

surge increases flow velocity again further downstream (Haas and == s

Woerkom, 2016). In addition, the erosion hole might deflect the DFI 0.5 L L L L L

against gravity, leaving a reach with less erosion followed again by a 0.00 0.05 0.10 0.15 0.20

reach of more erosion in the lower part of the erodible section, proba- o

bly due to a bed-normal flow trajectory. This results in an inhomoge-

neous distribution of erosion depths. The erosion depth changes FIG. 8. The relationship between the erosion asymmetry factor and ice content.
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fraction of the DFI increased as the ice content increased. The gravel
fraction has a greater effect on erosion, resulting in another increase in
the peak erosion upstream of the erodible bed and an increase in A,,,,.
In addition, the fluctuating changes in erosion depth also induced a
nonlinear variation of A,,, with ice content. The relationship between
A, and bed soil water content was not observed significantly. After
the DFI moved through the location of the peak erosion depth, a
greater erosion depth will also occur downstream of the erodible bed.
It will result in A,,,, not showing a significant correlation with the bed
soil water content.

C. Pore pressure variation during erosion

Figure 9 shows the variation of pore pressure in bed soils at differ-
ent bed soil water contents. In this study, the pore pressure sensor is
located at the bottom of the erodible bed. When the fluid infiltrates into
the bed soil, the water content of the bed soil will change, which causes
the pore pressure of the bed soil to change. The pore pressure will be
obtained using the sensor. The pore pressure is related to the erosion

0.8 [(2) w=0

0.6

Pore pressure (kPa)

Pore pressure (kPa)

Paore pressure (kPa)

Pore pressure (kPa)

Paore pressure (kPa)

Pore pressure (kPa)

T(s)

pubs.aip.org/aip/pof

(Fig. 10). During the erosion process, the dry bed had the highest pore
pressure, which was between 0.201 and 0.599 kPa. When the water con-
tent of the bed soil increased, the pore pressure gradually decreased. As
the water content of the bed soil was greater than 10%, the pore pressure
was stable, between 0.048 and 0.207 kPa. This indicated that the higher
fluid infiltration in the dry bed, resulting in a higher pore pressure. This
is because when the soil has a higher matric suction, its water absorption
capacity is stronger (Chen ef al.,, 2024). As the water content of the bed
soil increased, the large amount of water in the soil slowed down the
rate of fluid infiltration in the bed soils, resulting in less pore pressure.
The linear relationship between ice content and pore pressure was not
significantly observed. It demonstrated that the infiltration of fluids was
not affected by the ice.

During the erosion process, the pore pressure exhibited a
parabola-like relationship with the bed water content [Fig. 10(a)]. The
difference of the pore pressure was higher when DFIs with different ice
contents eroded the dry bed. This may be the result of inhomogeneous
infiltration of fluids in the bed soil. The difference of the pore pressure
was less when DFIs with different ice contents eroded the other water

03

[(b) w=0.05

v,=0.00

v,0.05

v=0.10

v=0.15 v-0.20 |

FIG. 9. Variation of pore pressure in bed soil when the water content of the bed soil increased. (a)—(c) The water content of the bed soil increased from 0% to 14%.
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FIG. 10. Maximum pore pressure, erosion rate E, and Deborah number De: with
increasing the water content of the bed soil. (a) The fitting relationship between
pore pressure and the water content of the bed soils is shown. (b) The relationship
between the erosion rate and the bed water content. (c) The drained behavior of
the bed soils.

content bed soil. This can be attributed to the fact that the water con-
tent of the bed soils was more homogeneous, and therefore, fluid infil-
tration was also more uniform compared to dry beds.

The erosion was related to the pore pressure of the bed soil
(Iverson et al., 2011; Zheng et al., 2024). The relationship between the
average erosion rate and bed soil water content is shown in Fig. 10(b).
The average erosion rate is calculated by using the average depth
divided by the erosion time. The erosion time is defined as the time it

pubs.aip.org/aip/pof

takes for the DFI to move through the entire erodible bed. A box plot
was used to illustrate the relationship between the overall erosion rate
and the water content [Fig. 10(b)]. The erosion rate exhibited a
parabola-like relationship with the bed water content. This was similar
to the relationship between the pore pressure and the bed water con-
tent. High pore pressure led to intense erosion. The erosion rate
decreased with decreasing the pore pressure. After the bed water con-
tent is more than 10%, the pore pressure was gradually stable, while
the erosion rate still increased. This is due to the inconsistent depth of
erosion holes upstream on the erodible bed (Fig. 7). At the location of
the erosion hole, the erosion is caused by the impact stress exerted by
the DFI and is not dependent on the bed water content. High erosion
depth upstream of the erodible bed resulted in an increase in the ero-
sion rate, while the pore pressure was essentially unchanged.

During the erosion process, erosion is also affected by the shear
behavior of the bed (Zheng et al., 2024; Zheng et al., 2023). To investi-
gate this propensity, the Deborah number De: was proposed by Zheng
et al. (2023) to quantitatively evaluate. When the bed soil is saturated,
De; can be expressed by

H2
Der = —. 3
“=p ‘, (3)
When the bed soil is unsaturated, De; can be expressed by
K?t,
er — s 4
© A0’D @

where H (m) is the erodible bed thickness; D = k/(Cy) is the pore pres-
sure diffusion coefficient; k (m?) is the bed permeability; C (m?*/N) is
the drained compressibility of the bed soil; i (Pa-s) is the fluid viscosity
and can be calculated by the methods proposed by de Haas et al.
(2015) and Roelofs ef al. (2023): u/w,, =1 + 2.50fme + 10.050%,
+0.002 7316-6%n | where p,, is the dynamic viscosity of pure water
(0.001002 Pas) and vy is the volume fraction of the interstitial fluid
occupied by fines, which is calculated by the particle size distribution
of the debris flow materials; f, is the timescale during the erosion,
which is defined as the time of movement of the DFI front through the
whole bed; K;= kpg/u (m/s) is the hydraulic conductivity of saturated
bed above the wetting front; and pyis the density of the fluid phase of
the DFI. Following the work of Chen ef al. (2020). C and K; were deter-
mined as 0.0013 and 2.97 x 10 °m/s, respectively. 0, and 0; are the
volumetric water content for saturated and initially unsaturated bed
soil, respectively. A0 is the water-content difference between these two
beds. The volumetric water contents corresponding to the six bed sedi-
ment water contents (0, 5%, 8%, 10%, 12%, and 14%, respectively) in
this study were 0, 0.06, 0.10, 0.13, 0.17, and 0.21, respectively. 6, is 0.19
in this study.

Zheng et al. (2023) reported that the bed sediment overridden by
debris flows can present drained behavior with De; < 1. In contrast,
with De; > 1, it will lead to undrained behavior. Pore pressure dissipa-
tion is relatively limited, and the diffusion front originating along the
shearing layer does not reach the boundaries. In this study, when the
bed water content is 14%, the bed soil is saturated. De; was more than
1000, leading to undrained behavior. This was because a permeable
boundary was located at the bottom of the bed. Pore pressure dissipa-
tion is relatively limited (Zheng et al., 2023). With the bed water con-
tent changing from 0% to 12%, the bed soil is unsaturated. The
relationship between De; and the bed water content is shown in
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Fig. 10(c), indicating the exponential function relation. De; increased
dramatically after the bed water content was greater than 10%, while
all were less than 1. This is ascribed to the sharp increase in the differ-
ence between the volumetric water content and the saturated water
content of the bed soils. The bed sediment exhibited drainage behavior
when it was unsaturated. This is because a permeable boundary located
at the wetting front between an upper saturated zone and a lower
unsaturated zone, where the water content is kept at the initial value
(Zheng et al.,2023). Pore pressure dissipation is effective and can easily
diffuse from the shearing bed to the boundaries within the erosion
timescale.

D. Equation for erosion

The non-uniformity of the erosion depth is also related to the
stresses exerted by debris flow. The collisional and shear stress are the
two driving forces (Jiang ef al., 2023; Roelofs et al., 2022). The colli-
sional stress is less considered in the existing studies. In this study, the
basal stresses were measured by the triaxial load cell. Table S1 shows
the basal stresses measured at the location of section 1. The shear stress
was basically between 0.050 and 0.119 kPa, and the normal stress was
basically between 0.471 and 1.300 kPa. In the previous studies, the cal-
culated erosion rate E is proportional to the difference between the
shear stress exerted by the overlying flow 7 and bed frictional stress 1,
(Iverson et al., 20115 Zheng et al., 2021), which is expressed by

E:I—rb:r—(a—p)tan<p7 5)
pv pv

where ¢ is the normal stress of the DFI, p is the pore pressure of the
bed soil, and ¢ is the bed soil friction angle.

Equation (5) is applied for saturated bed soils conditions. Song
and Choi (2021) showed that the shear strength calculated for satu-
rated conditions was still larger than the measured basal shear stress
based on the data from Berger ef al. (2011). Therefore, it showed that
aside from friction-induced shear stresses, there should be other
stresses (i.e., collisional stresses) contributing to the erosion of the soil
bed. The collisional stress was evaluated as a driver of erosion in terms
of mechanical mechanisms. However, the bed soils are unsaturated in
nature. Equation (5) is not applied to be used for this conditions.

The text of Sec. III A showed that the infiltration in bed occurred
during the erosion process. Although there was a parabola-like rela-
tionship between erosion rate and the bed water content, the differ-
ences were generally small. It can therefore be deduced that erosion
was not dependent on the bed water content, while was related to the
saturated layer on the bed surface during fluid infiltration. This is con-
sistent with the work of Song et al. (2024). Therefore, the following
equation can be used to calculate the shear strength for unsaturated
conditions:

T = Oc(p; — py)g9, (6)

where @, is the critical Shields number and can be set to 0.15 following
the work of Prancevic ef al. (2014). ¢ can be denoted by Dsy,.
The model of erosion rate can be expressed by
-1 T Oc(p, — pr)gD

E . (7)
pv pv

The collisional stress can be expressed by
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FIG. 11. The relationship between the erosion rate and collisional stress.

0 = vp,0°7?, ®)

where vy is the solid volume fraction of the flow, p; is the density of the
flow particles, J is characteristic grain size equal to Dsg, and 7 is the
shear rate calculated by v/h.

Figure 11 shows the relationship between the erosion rate and the
collisional stress. The solid volume fraction v, and characteristic parti-
cle diameter ¢ decreased with increasing the ice content, while the col-
lisional stress increased. The fluid and bed conditions jointly control
the erosion, leading to a non-significant linear relationship between
erosion rate and collisional stress. We can conclude that Eq. (8) cannot
be directly used to represent the contribution of the collisional stress to
erosion.

To determine the contribution of the collisional stress to erosion,
Eq. (7) can be transformed as the real stress ° inducing erosion. It can
be expressed by

° =15, + Epv. )

The difference between ¢ and the measured 7 can represent the
contribution of the collisional stress to erosion.

Mesoscopic scaling was used in this study to ensure dynamic sim-
ilarity between the front of a real debris flow and model flows. This
type of scaling considers the grain-scale interactions, which ultimately
gives rise to the macroscopic behavior of a debris flow (Iverson, 1997;
Jiang et al., 2023; and Song and Choi, 2021). The Savage number N,
which characterizes the relative importance between collisional and
frictional interparticle stresses, can be used for scaling the collisional
flow fronts in this study,

P87

N=——"7-—""—",
(ps — py)ghtan ¢’

(10)
where p; is the fluid phase density and ¢ is the effective friction angle
of the solid grains in the flow.

Based on the measured data, the relationship between the dimen-
sionless shear stress and Savage number Ns can be obtained, indicating
a strong correlation between them (Fig. 12). With increasing ice
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FIG. 12. Relationship between dimensionless shear stress and Savage number.

content, the gravel fraction increased, leading to an increasing in Ng.
The flow regime of the DFI was collisional stress dominated. However,
the increase in the ice content has also led to an increase in the charac-
teristic grain size of the particles. (t°—1)/p,gd decreased with
increasing ice content. It can be expressed by

(1 —1)/p.gd = aNb. (11)

Both a and b are fitted constants.
Then, Eq. (9) can be transformed as

™ =aNlpgd + 1. (12)

Therefore, the erosion model considering the collisional stress
can be expressed by

-1, (aNspgd + 1) — O(p, — p;)gD
=R ~ ‘

E

13)

Equation (13) indicated that the contribution of the collisional
stress to erosion can be expressed by

b g0
aNJpgd = a R e 14
(ps — ps)’g"'h*(tan ¢')
when b=-1 —-1= %, that is, (°—71)

(pe—py) g H(tan /)2
~ (ps — py)ghtan @'. When b=0, t° — = ap,dg, indicating that
the erosion comes from the frictional stress and the collisional stress,
that is, (t° — 1) ~ p,0. Therefore, the contribution of the collisional
stress to erosion is dependent on the value of b. When b was any other
values, it indicated that erosion was affected by friction stresses and
collision stresses together.

To evaluate the applicability of the model proposed in this study,
a comparison of erosion rate calculated by Eq. (13) with the measured
erosion rate was conducted. The results showed that the calculated val-
ues were in agreement with the measured erosion rates. A few devia-
tions existed in some data. This may be attributed to the unstable flow
regime during the erosion process.

In summary, the relationship between the erosion and the colli-
sional stress was investigated in this study. The new erosion rate model
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was proposed by considering the effect of collisional stress. There were
some errors in the calculated and measured erosion rates. The contri-
bution term of collisional stress in the erosion model was treated as
dimensionless. The relationship between the dimensionless contribu-
tion term of collisional stress and the flow parameters of the DFI was
established. This approach is physically significant. Therefore, the
model proposed by this study is applicable.

IV. DISCUSSION

The DFI is a unique type of glacial debris flow that contains ice. It
is essential to investigate the effects of ice content in the fluid on the
erosion. Considering the unsaturated characteristics of bed soil, the
effect of its water content on erosion resistance needs to be studied. In
this study, the erosion characteristics of DFIs along channels at differ-
ent ice contents in the fluid and water contents in the bed soil were
investigated.

A. Impact of ice on the erosion process

The impact of ice on the mobility of rock-ice avalanches has been
reported. The mobility of rock-ice avalanches can be enhanced when
ice is present. Ice is a low-friction material that can reduce friction
within the propagating mass. The friction coefficient at the interface
between the rock-ice mixture and the bed sediment decreases continu-
ously with increasing ice content, and the distance that the flow moves
increases accordingly (Yang et al., 2019). The frictional heat induced at
the sliding surface results in the melting of ice. The melting of ice fur-
ther induces the fluidization of the fluid bed (Schneider ef al., 2011;
Yang et al., 2019). The density of the fluid decreases with increasing
ice content, and the normal stress exerted on the bed decreases accord-
ingly (Dong and Su, 2024). As the ice melts, the saturation of the bed
soil increases, inducing lubrication of the sliding surface. The pore
pressure increases accordingly. This consequently reduces the shear
resistance of the bed sediment, resulting in the bed soil being easily
entrained by the flowing material. It also contributes to facilitating the
movement of rock-ice avalanches (Pudasaini and Krautblatter, 2014).
The impact pressure increases with increasing ice content (Wang ef al.,
2022a). This illustrates that the ability of the flow to produce a cata-
strophic event will be enhanced when ice exists. This is the reason why
ice-rock avalanches in alpine mountains pose a significant threat.

The ice content in a DFI is generally less than that in rock-ice ava-
lanches. The maximum ice content is defined as 20% in this study
according to the work of Wang ef al. (2023). The methods proposed
by Wang et al. (2023) are used to calculate the energy produced by the
phase transition below.

When the bed water content is 8%, the ice/water phase transition
was quantified. The potential energy that can be supplied to the melt-
ing of ice comes from two sides: the gravitational potential energy of
the fluid and the entrained material (i.e., P, and P,, respectively), which
can be expressed by

P, = —eV(v,p, + vip; + ywp,,)gAh, (15)

P, = —&V'(v}p, +,p,)gAN, (16)

where V (m?) is the released volume, defined as 0.05. v,, v;, and v,, are
the rock, ice, and water fraction inside the released volume, respec-

tively. ¢ is the fraction of gravitational potential energy of the initial
landslide used on the heating and melting. p,, p;, and p,, are the
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TABLE Ill. The energy used for ice melt; P, is the gravitational potential energy
used for heating and melting, Pen; is the gravitational potential energy of the
entrained material, and Q; is the energy used for ice melt.
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When the ice is considered to be the solid material, the solid
material concentration and the solid volume fraction are weighted
averages of the volume fractions of the rock and ice (Dong and Su,
2024; Pudasaini and Krautblatter, 2014). The gravel fraction of the DFI

Al3 B13 C13 D13 E13 . i1 . . . L. .
will increase with increasing the ice content. This is equivalent to
P, (N'm) —1880.70 —1743.47 —1600.34 —1449.69 change the material composition of the DFI. The composition of debris
P, (Nm) 72555 —969.89 _597.11 —791.75 flow can affect the erosion (Haas and Woerkom, 2016; Roelofs ef al.,
Q. 0) o 772 800 1545600 2318400 3091200 2022). This is also a crucial factor contributing to the variability of DFI

density of the rock, ice, and water in the DFI, respectively. Ah is the
height difference between the mass center of the released volume and
the alluvial fan. The value of Ah is 3.80 m, representing the height dif-
ference between top and tail of the flume. V’ is the entrainment vol-
ume. v, and v}, are the phase fraction of rock and water in the
entrainment material. Al is the height difference between the mass
center of the entrainment material and the alluvial fan. The value of
AH is 1.90 m, representing the height difference of the erodible bed.
The energy used for ice melt Q; is shown as follows:

QL - VUipiL7 (17)

where L= 3.36 x 10° J/kg is the latent heat of fusion of ice.

The results are shown in Table I1I. The sum of P, and P, was less
than Qy, indicating that the influence of phase transition on the
dynamics of the DFI is minor. In the experiment of this study,
the flume experiment was used to study the erosion characteristics of
the DFI on a shorter spatial and temporal dimension, where the fluid
lasted for only a few seconds and melting the ice by frictional heat gen-
eration alone is very challenging. In our experimental setup, the ice
was treated as a low-friction solid material. This assumption was vali-
dated by the findings of Ren et al. (2021), Wang et al. (2022), and
Yang et al. (2019), who reported that the average mass loss due to
melting was less than 0.1% in each experiment. This indicates that sig-
nificant melting of the ice did not occur, and the mixtures remained
nearly dry after each experiment. Therefore, the effects of ice melting
on erosion were deemed negligible in our study, and the ice was treated
as a low-friction solid material in DFI.

velocity, flow depth, and erosion depth during erosion (Figs. 5-7). In
addition, the ratio of ice and water content in DFI has a significant
effect on the erosion. The higher mobility can be obtained as the water
content of the DFI is high (Wang et al., 2023). When the water content
increased, the flow discharge after the erosion will be enlarge. Table II
shows that the velocity and the flow depth of the DFI were not influ-
enced by the ice content. However, the flow discharge decreased with
increasing the ice content. This is consistent with the work of Wang
et al. (2023). It indicated that the influence of the water content in the
DFI on its mobility was significant. The flow discharge after the erosion
was more than it before the erosion, which showed that the erosion
enhanced the mobility of the DFI (Pudasaini and Fischer, 2020). This
is attributed to the interaction of the DFI with bed soil. When the total
of the frictional stresses and collisional stresses was greater than the
shear strength of the bed soil, erosion occurred. The particle velocity of
the bed is not equal to zero until it is completely eroded. The kinetic
energy of the fluid enhanced as the eroded bed materials entered into
the fluid. In addition, the mass of the fluid increase induced an increase
in its the kinetic energy. This was equivalent to the effectively reduced
frictional stress (Pudasaini and Fischer, 2020). The mass production
further enhanced the flow mobility, because the erosion-induced added
mass implied added potential energy into the system.

The DFIs with a lower ice content have a higher mobility, while a
closer flow discharge compared to other ice contents, which is related
to entrainment of the bed sediment. This is also demonstrated that as
the ice content increased, the more significant the contribution of ero-
sion to the mobility of the DFI. Figures 5 and 6 show that a higher ice
content of the DFI can significantly induce an increase in velocity or
flow depth after the erosion, which resulted in an increase in the flow
discharge (Fig. 13). We can be seen that the average flow rate increased
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FIG. 13. The variation of the flow discharge Q with increasing ice content: (a) before the erosion and (b) after the erosion.
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FIG. 14. The variation of Fr with increasing ice content: (a) before the erosion and (b) after the erosion.

from 0.019-0.029 m>/s before erosion to 0.035-0.039 m’/s after ero-
sion, representing an increase of 34.48%-84.21%. The relationship
between Fr and ice content before and after erosion was similar to the
relationship between flow discharge and ice content. The average
value of Fr ranged from 2.76-4.45 before erosion, while it ranged from
4.34-5.24 after erosion. The specific data are shown in Table II. The
data in section 1 and section 3 represented the values before and after
erosion, respectively. The DFIs with a lower ice content have a higher
Fr, indicating a higher mobility as well (Fig. 14). As the ice content
increased, Fr changed less after erosion. This demonstrated that the
mobility of the DFI was controlled by the entrainment.

B. Effect of bed sediment wetnhess on the erosion

The bed conditions are the important factor influencing the ero-
sion. The pore pressure will be changed when debris flow moved the
erodible bed. The pore pressure correlated with the bed water content.
Erosion of the DFI was accompanied by the process of fluid infiltration
in the erodible bed (Fig. 3). Therefore, the pore pressure of the bed soil
is dependent on its permeability characteristics.

Figure 10(a) shows that peak pore pressures were significantly
greater in the bed soils with low water content than with the high water
content during erosion. This demonstrated that the infiltration rate
was greater in the bed soils with low water content during the DFI
moved through the erodible bed, which resulted in a significant change
in the pore pressure. This is also dependent on the water retention
capacities of the bed soils. Table I shows that the bed soils with low
water content have the higher matric suction, and then, they are more
absorbent and the fluid can be easily infiltrated. However, this is not
consistent with the work of Iverson et al. (2011) and Zheng et al.
(2024). There may be two reasons for this: First, the composition of
the bed soils was different. In this study, the composition of the bed
soil and two-phase mixtures remained consistent. In the previous stud-
ies, the grain size of the bed soils is mostly homogeneous or lacks fine-
grained material, resulting in different water retention capacities.
Zheng et al. (2021) showed that the pore pressure of the bed soils with
the higher water content was less when debris flow eroded the widely
graded bed sediment. Second, it may be attributed to the differences

caused by the location of measurements of the pore pressure in this
study. In the different location of the erodible bed, the erosion depth
was different (Fig. 8). It indicated that the infiltration phenomenon of
the bed soils at different locations was also not uniform, resulting in
differences in the pore pressure. This can be proved by the work of
Iverson ef al. (2011), who have reported that pore pressure measured
downstream of the erodible bed was greater than upstream.

The erosion influenced by the pore pressure of the bed soils.
Figures 10(a) and 10(b) show that the relationship between the pore
pressure and the bed water content was similar to the relationship
between the erosion rate and the bed water content. The high pore
pressure can reduce basal friction between particles and contribute to
entrainment (Iverson ef al, 2011; Li ef al, 2024; and Roelofs et al.,
2022). The higher pore pressure led to a reduction in the shear
strengthen of the bed soil. The difference between the stresses exerted
by the DFI and the shear strengthen decreased. Therefore, the higher
erosion rate occurred when the bed soil was nearly dry or saturated.
The pore pressure was influenced by the drainage behavior of the
bed sediment overridden by debris flows (Zheng ef al., 2024; Zheng
et al, 2023). The Deborah number De; proposed by Zheng et al.
(2024) was used to evaluate this propensity [Fig. 10(c)]. The unsatu-
rated bed soils all represented the drained behavior. It demonstrated
that the bed soils were easy to be eroded as shear contraction
occurred. In contrast, the saturated bed soils represented the
undrained behavior. It demonstrated that the bed soils were difficult
to be eroded as shear dilation occurred. Theoretically, pore water
pressure was lower when the bed sediment exhibited a drained
behavior, in contrast to an undrained behavior (Zheng ef al., 2024).
This is not consistent with the result of this study. This was attrib-
uted to the fact that pore pressure was influenced by the saturated
layer at the bed surface (Roelofs ef al., 2023; Zheng et al., 2023). The
bed soil has the high permeability under unsaturated conditions. The
bed boundaries were easy to drain. However, the penetration depth
of the fluid in the bed soil will increase. This undoubtedly increased
the difficulty of drainage and led to a rise in pore pressure. Under
the saturated conditions, the bed soil has the low permeability. The
bed boundaries were difficult to drain. The pore pressure will also
increase.
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FIG. 15. Schematic illustration of two mechanisms of erosion: (a) friction-induced erosion stress = and (b) collision-induced erosion stress a;. (Jiang ef al. 2023).

C. The applicability of erosion equation

The collisional stress is the important force to drive the erosion.
Unlike friction-induced erosion, collision-induced erosion is caused by
instantaneous and discrete impacts on a soil bed (Song and Choi,
2021). The ice content of the DFI induced the increase in the gravel
fractions, which resulted in an increase in the collisional stress. The
previous studies have shown that erosion induced by collisional
stresses led to the formation of irregular protrusions on the bed sur-
face, making it uneven (Fig. 15) (Jiang ef al., 2023). This also caused
the erosion depth to exhibit fluctuating changes. This is consistent
with the result of this study. McArdell et al. (2007) demonstrated that
coarse particles at a debris flow front do not exhibit enduring contact
with each other. Therefore, the effects of frictional stress are limited.
This further illustrates the important contribution of collisional stress
to erosion. The segregation phenomenon will occur during movement
of the DFI (Zhou et al., 2024; Zhu et al., 2024). In addition, the ice den-
sity is less than the density of solid particles and fluid. The solid mate-
rial comprising the ice and rock will also not exhibit enduring contact
with each other. Therefore, collisional stresses are also the driving force
behind DFI erosion.
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The shear stresses exerted by debris flows in the existing erosion
rate models dominated by frictional stresses and collisional stresses are
not considered. The model based on the contribution of collisional
stresses was proposed by this study [Eq. (13)]. This is applicable to the
erosion process of the DFI. The collisional stress and frictional stress
induced the erosion together. Therefore, the two erosion mechanisms
shown in Fig. 15 all existed in the erosion process of the DFI. The
model in this study is related to the Savage number Ns. It demonstrates
that Eq. (13) is of physical significance. This indicated that erosion is
related to the physical state of the fluid. Physical erosion mechanisms
of DFI were elucidated.

A comparison was conducted between the proposed model and
those proposed by Pudasaini and Fischer (2020) and Choi and Song
(2023); the results are shown in Fig. 16. For the calculations of these
models, see Text S1 and Table S2. The model proposed by Pudasaini
and Fischer (2020) is a two-phase model, which comprises two aspects:
the solid erosion rate E; and the fluid erosion rate Ey.

The results showed that the erosion rate calculated by the model
in this study was basically close to that calculated by the two-phase
model [Fig. 16(a)]. The contribution of collisional stress was
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FIG. 16. Comparison between the proposed model and those proposed by Pudasaini and Fischer (2020) and Choi and Song (2023): (a) comparison between the measured
erosion rate and the erosion rate calculated by the proposed model and Pudasaini and Fischer (2020) and (b) the relationship between the erosion rate and the strength nor-

malized collisional stress.
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considered in the model proposed by this study. Therefore, the model
in this study was significantly applicable. However, the model pro-
posed by Song and Choi (2021) and Choi and Song (2023) was not
reliable to the erosion of the DFI [Fig. 16(b)]. The correlation between
erosion rate and the strength normalized collisional stress Ngycs was
low (R*=0.17). This is because the physical significance of the propor-
tional coefficients K in the model was not clear.

The equation of the unsaturated shear strength used in this study
can reflect the infiltration phenomenon during the erosion process.
This is consistent with the research of Song ef al. (2024). Although
some errors existed when the model is used to calculate the erosion
rate of the DFI, it is still applicable.

D. Uncertainty analysis

The effects of ice content and bed wetness on erosion of DFI were
analyzed in this study. The erosion model considering the contribution
of the collisional stress was proposed. This contributed to the under-
standing of the DFI dynamics. However, the applicability of the results
to natural events in the field needs to be further investigated.

The similarity between the experiment and the real event is cru-
cial (Iverson, 2015). The Froude number Fr was used to determine the
effect of the scale discrepancy between laboratory debris flows and nat-
ural events. The value of Fr ranged from 2.2 to 6.4. It is within the
range to be controlled by the experiment. Therefore, the experimental
results in this paper are reliable. Miniaturized debris flows exhibit dis-
proportionately large effects of viscous shear resistance and cohesion
as well as disproportionately small effects of excess pore pressure that
is generated by debris dilation or contraction. This may induce the dif-
ference between the experimental results and natural events in the field
(Iverson, 2015).

In addition, the applicability of the proposed model needs to be
further evaluated. Figure 17 indicates that the calculated erosion rate
was close to the measured erosion rate. To further validate the applica-
bility of the model, the three dimensionless numbers were used (the
mean average of the relative error MARE, the Theil inequality coefficient
TIC, and the prediction accuracy factor PAF) (Wang et al., 2018). The
MARE and TIC indices ranges from 0 to 1, and lower values of them
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FIG. 17. Comparison between the calculated erosion rate E,acyateq and measured
erosion rate Epeasured-
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denote better performance of the model. A PAF value of 1.00 indicates
the predicted values are closer to the measured value. The values of
MARE, TIC, and PAF for the proposed model are 0.33, 0.06, and 1.35,
respectively. Therefore, the proposed model is applicable. The solid vol-
ume fraction of the DFI was lower in this study. Whether the model can
be applied to a higher solid volume fraction of the DFI requires further
evaluation with additional data samples. In addition, numerical simula-
tion methods are also an effective method to validate the applicability of
a model. Due to the lack of information on natural events in the field,
the values of the dynamic parameters of DFIs need to be obtained in the
future based on field investigation, monitoring and numerical simula-
tion methods to further validate the reliability of the proposed model.

The experiments in this study were conducted on a shorter spatial
and temporal dimension, and the phase transition was not considered.
However, there are complex heat exchange phenomena during the
long-distance movement of the DFIs (Pudasaini and Krautblatter,
2014; Pudasaini, 2024; and Schneider ef al., 2011). Heat generation due
to shear between the fluid and the bed soils will lead to melting of the
ice, thus changing the flow regime of the fluids. The new experimental
instruments that can observe the movement of ice and the resulting
melting phenomena are need to be designed in the future.

V. CONCLUSIONS

The effect of fluid ice content and bed wetness on the erosion of
the DFI was investigated in this study, and the following conclusions
were drawn:

(1) The spatial distribution of the erosion depth is asymmetrical
during the erosion. Maximum erosion depth occurred within
0.3 m upstream of the erodible bed, up to 72 mm. The erosion
depth downstream of the bed fluctuated, basically ranged from
3 to 60mm. A,,, increases and then decreases with increasing
the ice content. The erosion pattern of en-masse failure was
observed in this study. Erosion and fluid infiltration occurred
simultaneously during the erosion process. The erosion rate
exhibits parabola-like relationship with the bed water content.

(2) The linear relationship between the velocity or the flow depth
before and after the erosion and the ice content is not observed
significantly. The velocity after the erosion is enhanced, and the
growth rate ranged from 10.6% to 103.3%. The mobility of the
DFI is not affected by the ice content, while is related to the ice/
water ratio in the DFI.

(3) The pore pressure of the bed soils shows a decreasing trend with
water content, which is basically consistent with the relationship
between erosion rate and water content. It demonstrated that the
erosion is influenced by the pore pressure. The bed sediment over-
ridden by the DFI all represents drained behavior under unsatu-
rated conditions. This propensity indicates that shear contraction of
the bed soil occurs during erosion and that the soil is easily eroded.
While the bed soil is saturated, it represents undrained behavior,
indicating that shear dilation of the bed soil occurs. The bed soils
are difficult to be eroded.

(4) The erosion rate model proposed is based on the contribution
of the collisional stress. A comparison erosion rate calculated by
the model in this study with the measured erosion rate showed
that the two are in agreement. This indicates that the model in
this study is applicable.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the following: Table S1 show-
ing the data of the basal stresses measured at section 1 in this study,
which can be available through the journal’s designated website; Table
S2 indicating that a comparison between the proposed model and the
model proposed by Pudasaini and Fischer (2020) and Choi and Song
(2023) was conducted; and the erosion model proposed by Pudasaini
and Fischer (2020) and Choi and Song (2023) in Text.S1.
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