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The initiation mechanism of
gravel-type debris flow based on
laboratory simulation experiments

Zhengjun Huang™?, Chen Chen, Mowen Xie, Chi Ma, Ziming Chen & Cong Wang

Debris flow is a geological process primarily triggered by factors such as rainfall or earthquakes,
characterized by strong abruptness and significant destructive force. It poses a severe threat to
human life and property. Exploring its formation, initiation mechanisms, and effective early warning
measures is a reliable approach for disaster prevention and mitigation in mountainous regions. An
indoor simulation experiment system was designed to study the initiation process of coarse-grained
gravel-type debris flow under different particle sizes and slope angles. The interplay among the mean
particle size, water flow, the slope angle of the material source, and the onset of debris flow has
been elucidated to assess the dynamic changes in various characteristic parameters. This analysis
formed initiation criteria specific to gravel-type debris flow. The combined particle size and slope
angle of the material source were positively correlated with the water power required for debris flow
initiation. A fitting relationship between the unit width flow rate, mean particle size, and slope angle
was established. The humidity, seepage pressure, soil pressure, slope angle, and vibratory shock
acceleration of the material source had characteristics such as mutability or asynchronism during the
formation and initiation of debris flow. However, humidity and seepage pressure were not used as
initiation criteria. The initiation criteria for debris flow included changes in characteristic parameters
(e.g., soil pressure, slope angle, and vibration acceleration). The research findings can provide a
reference for the characteristic identification and initiation early warning of similar types of debris
flows, enhancing the safety management level of debris flow disasters.
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Debris flow is a rapid and destructive geological phenomenon involving the downslope movement of a mixture
of water, sediment, and rock along mountainous valleys or slopes. It is characterized by sudden occurrence, high
velocity, complex triggering mechanisms, and substantial destructive capacity. Under the influence of earthquakes,
intense rainfall, rapid snowmelt, and human engineering activities, the frequency and intensity of debris flow
events have shown an increasing trend, leading to escalating impacts on socio-economic development and
ecological stability?. As awareness of debris flow hazards continues to grow, studies on initiation mechanisms,
scale evolution, early identification, monitoring, and early warning have gained increasing importance for
disaster prevention and risk mitigation in mountainous towns and major infrastructure zones.

Debris flow is a two-phase solid-liquid mixture flow consisting of components such as clay, boulders, fine
sediment, and water®. Du et al.” proposed that debris flow exhibits two essential characteristics: first, the mass
in motion must display at least a solid-liquid phase or pseudomono phase; second, the movement of the mass
relies on both solid and fluid forces. Takahashi®? classified the mechanical causes of debris flow initiation into
three categories: (1) erosion of debris on the gully bed by water, leading to an increased solid concentration in
surface runoff until the flow transitions into debris flow; (2) transformation of a landslide mass into debris flow
during movement due to internal water storage or external water supply; and (3) the collapse of a debris flow
dam. The initiation of debris flow is primarily influenced by water sources, topography, the physical properties
of loose material, and the corresponding stress state. Takahashi constructed a model of landslide transformation
into debris flow, as shown in Fig. 1, detailing the development of liquefaction layers and debris flow under the
influence of water, thereby elucidating the formation mechanism of debris flows. Furthermore, a numerical
model was developed based on this theoretical framework!?. Takahashi'! calculated that the critical slope
angle for debris flow occurrence is approximately 14.5° under mechanical equilibrium. Some researchers have
observed that rainfall intensities as low as 10 mm/h may also trigger debris flow!2. Hence, the properties of
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Fig. 1. Example of landslide transformation into debris flow.

materials and their stress states are critical factors affecting the initiation mechanism of landslides. The particle
composition of solid materials significantly impacts the porosity and permeability of soil layers. As the fine
particle content increases, the permeability of the soil decreases, resulting in a notable reduction in effective
stress. This condition allows the soil layer to reach a critical state with relatively low rainfall'>!%, Iverson et al.
further found that vibration caused by seismic activity or material movement on slopes reduces the cohesion
of the soil, facilitating the occurrence of debris flow. In summary, rainfall intensity, slope angle, and material
composition are key factors influencing the initiation of debris flow. The impact of vibrations on the initiation
mechanism of debris flow also warrants further investigation.

Some researchers have explored the formation and initiation mechanism of debris flow!>'7. Wu et al.!®
analyzed the formation conditions of debris flow based on the topographic condition, water source condition,
and soil source condition of the Jiangjiagou watershed. Chen!® described the formation process of storm debris
flow by the artificial rainfall test of the debris flow source of Jiangjiagou. Rainfall causes changes in the water
content, structure, and composition of soil. Then, changes in soil strength affect slope stability. Subsequently,
slope debris flow occurs, which forms valley debris flow. Debris flow initiation is a crucial step in the whole
process of occurrence, development, and disaster formation. The initiation mode is the core issue of debris flow
research and the theoretical basis of early warning and disaster prevention. Iverson et al.?° conducted multiple
large-scale experiments using the USGS flume, providing deep insights into the mechanisms by which soil
particle size, porosity, and other factors affect debris flows. Hiroshi?! considered debris flow as a rapid mixing
motion of large-scale solid particles and water. The mechanical behaviors of debris flow in the initiation, flow,
and deposition are explored to quantitatively explain the main characteristics of debris flow by a simple idealized
theory. Cui et al.?? studied the whole process of debris flow initiation to propose the mutation pattern theory. Liu
et al.? divided the evolution of debris flow into three stages: the antecedent rainfall, the accelerated initiation,
and the long-distance movement stage.

Okuda?*, Ttakura®, and Suwa®® monitored the sound of debris flow by microphones and seismic instruments.
Thus, debris flow initiation is determined in the high-frequency basins of debris flow. Du et al.” summarized
three basic methods for determining debris flow initiation: the safety factor method?, the rainfall indicator
method, and the comprehensive assessment method. Inaba et al.*® proposed a method for monitoring the surface
vector velocity of debris flow based on the spatiotemporal derivative space method. Arattano et al.>® measured
the surface velocity of debris flow using oblique photography based on a method of directly calculating the
mapping between points in a 2D image and points in a 3D space. He et al.** derived the critical conditions of
the sediment rolling initiation mode. The critical stress coefficient in the corresponding state is taken as the
initiation standard for sediment particles. Muste et al.?! applied large-scale particle image velocimetry (LSPIV)
to three water conservancy projects based on the basic principles of traditional particle image velocimetry (PIV),
which verifies the feasibility of LSPIV in large-scale objects. Scheidl et al.*> demonstrated the effectiveness of
using a small-scale modeling approach to study mud debris flows. Shu et al.* initiated their research from the
perspective of force exerted by source particles. The ratio of the shear force of water flow to the critical shear
force required for particle initiation is utilized as the initiation parameter for debris flow. This parameter is used
to establish a discriminant for the initiation of heterogeneous debris flow. Hu** observed the whole process of
debris flow initiation by numerical simulation. The particle motion speed and displacement of the landslide
accumulation body increase when the moisture content exceeds the critical value. The loose debris material
accelerates, which causes the chain destruction of landslide and debris flow.

Substantial progress has been made in understanding the initiation mechanisms of debris flows and in the
development of predictive models, especially for mud-type and sandy-type debris flows®>¢. However, research
on gravel-type debris flows, particularly in terms of experimental investigation and early warning (especially
pre-warning), remains limited. Numerical simulations have been widely applied, but experimental validation is
still relatively scarce. To address this research gap, an indoor debris flow simulation apparatus was independently
developed in this study, aiming to replicate gravel-type debris flow scenarios in mountainous regions. Dynamic

Scientific Reports |

(2025) 15:37482 | https://doi.org/10.1038/s41598-025-21533-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Pump ID | Rated flow | Rated head | Rated power | Rated voltage | Rated current | Pipe inner diameter | Net weight | Application range

65 m3/h 18m 5.5 kW 380V 12.6 A 100 mm 84 kg 0-19 mm

40 m*h 16 m 3kw 380V 72A 80 mm 49kg 0-15 mm

Table 1. Main technical parameters of the water pump.

Flow meter ID | Flow range | Accuracy class | Nominal diameter | Flow velocity range | Power supply
1 30-160 m*h | grade 2.0 100 mm 0.03-12 m/s 24VDC
2 20-120 m*h | grade 2.0 80 mm 0.03-12 m/s 24VDC

Table 2. Main technical parameters of the flow Meter.

monitoring data and Particle Image Velocimetry (PIV) techniques were employed to capture the variation
patterns of key dynamic parameters before and after debris flow initiation. By analyzing the relationship between
relevant indicators and triggering factors, a fitting linkage was established to support early identification and
pre-warning. This discovery aims to provide a reference for early warning, prediction, efficient prevention, and
mitigation strategies against debris flow.

Method

Research area

The Xishan region of Beijing is located in the southwestern part of the city, encompassing Fangshan District,
Mentougou District, and the foothill areas, with a total area of approximately 2,954 km®. Major roads in the region
include National Highways 107 and 108, as well as the Beijing-Shijiazhuang Expressway. The region contains 197
potential debris flow hazard channels, with rainfall concentrated between late July and early August, accounting
for 60% of the annual precipitation. The debris flow source areas predominantly consist of gravel, with a small
amount of soil. The slope angles of the 197 potential debris flow gullies range from 15° to 45°. To ensure the
safety of the mountainous areas of Beijing, it is essential to conduct early identification, monitoring, and early
warning research on debris flows.

Experimental design

A test device providing different hydrodynamics, slope drop ratios, and particle size combinations was built
indoors in the experiment. The changes in relevant source parameters were collected in real time by multiple
sensing devices to determine the fitting relationship and early warning criteria between different factors (e.g.,
the rock-soil particle size of the debris flow source, groove water flow, and the channel slope) and debris flow
initiation. The experimental system consisted of five parts.

(1) The water supply system provided water flow of different magnitudes;

(2) The experiment table provided a catchment area, adjustable source area, and circulation area;

(3) Material source provided different particle size combinations;

(4) The sensing system collected the relevant source characteristics;

(5) The acquisition system automatically collected data from the sensing system and saved them to the
computer hard disk as the experiment progressed.

It should be noted that, due to laboratory constraints, it was not feasible to install pumps with larger flow
capacities. Moreover, as debris flow water sources are typically dispersed rather than concentrated, multiple water
pipes had to be arranged, which further limited both the achievable flow rate and the scale of the experimental
design.

System device

Hydrodynamic conditions are significant external driving factors in the formation of debris flow. Although these
conditions are not intrinsic parameters of debris flow, the effects of water, such as wetting, infiltration, and thrust
on the material source, play a crucial role in determining the initiation of debris flow. Therefore, hydrodynamic
conditions played a key role in the initiation experiment of debris flow in this study. A larger mean particle size
in the grain size composition of the material source required greater hydrodynamic force for flow initiation.
Submersible pumps, adjustable valves, porous water pipes, and customized water storage tanks were used to
achieve water flow of different sizes. Two submersible pumps with flow rates of 65 and 40 m*/h and corresponding
diameters of 100 and 80 mm are strategically placed in the reservoir, which is continuously supplied with water
from external sources. This arrangement is designed to fulfill the hydrodynamic requirements for debris flow
initiation. The flanges are welded with the water pump outlets to form two water supply lines. Water flow is
controlled by adjusting valves 1 and 2. The values of two flow meters (where the flow range is 30-160 and 20-120
m?’/h) are collected by computer in real time. The parameters of the water pumps and flow meters are provided
in Tables 1 and 2, respectively. Five pipes with equal spacing and diameter (50 mm) are formed at the rear of the
water supply pipeline and welded behind the customized water storage tank. The customized water storage tank
of 1.8 x 1.6 x 0.6 m is made of stainless steel. A slope baftle is set at the outlet of the water storage tank to ensure
uniform flow output at a certain rate. The designed water supply system provides hydraulic power as illustrated
in Fig. 2, with a total flow rate range of 20-130 m*/h.
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Fig. 2. Water power provided by different gears of the water supply system.
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Fig. 4. Partition of the experiment table: (a) Side view of the three-stage sink; (b) Front view of the three-stage
water tank.

The water storage tank is customized with the galvanized sheet to simulate the water source of the cofferdam
for debris flow initiation (Fig. 3). The outlet holes are composed of equidistant circular holes with a diameter
of 50 mm. An acrylic inclined plate with a slope angle of 20° is placed in the water tank. Water gathers in a
certain amount and rushes out of the tank evenly at a certain flow rate after passing through the outlet hole.
The experiment table adopts a three-stage sink of 6.0 x 2.0 x 0.6 m with an adjustable slope. It is divided into the
catchment area, the source area, and the circulation area (Fig. 4).

The catchment area is the first tank where the customized water storage tank is placed, which can be lifted
vertically with the hydraulic adjustment cylinder. The second tank where the material source area is located
changes the slope from 0 to 45° with a hydraulic regulating cylinder. The horizontal railings and steel wire grids
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Fig. 5. Material source and sensor system schematic.

Fig. 6. Material source and sensing system layout: (a) Material; (b) Sensing system layout.

are laid at equal intervals while the coal cinder is paved as the bottom layer. The third tank where the circulation
area is located moves back and forth with the hydraulic regulating cylinder.

Material source and the sensing and acquisition system

The rock-soil bodies of debris flow gully (e.g., gravel and a small amount of soil) are selected as the debris source.
The material sources with different mean particle sizes are formed and accumulated in the source area of the
experiment table after screening and mixing (Fig. 5). The sensing system consists of Micro Electromechanical
Systems (MEMS) sensors, hygrometers, soil pressure gauges, osmometers, laser rangefinders, and cameras
(Fig. 6). The hygrometers, soil pressure gauges, and osmometers are located at the bottom of the source. The
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Fig. 7. MEMS microchip sensor device: (a) Internal structure; (b) External structure.

Parameter Operating mode Accuracy | Resolution | Measurement range
Tilt Angle Real-time collection | £0.001° | 0.001° 0-180°

Tilt Direction Real-time collection | +0.05° 0.1° 0-360°

Horizontal Tilt Angles X/Y/Z Real-time collection | £0.001° | 0.001° -90-90°

Vibrational Shock Acceleration X/Y/Z | Real-time collection | £0.001g | 20 ug -2-2g

Table 3. Main technical parameters of the monitoring devices.

Device type | Measurement range | Total error | Resolution | Temperature range
JTM-V2000 | 0-0.1 MPa <2.0% F*S | £0.08% F*S | -25°C - +60 °C

Table 4. Main technical parameters of the soil pressure gauge.

Device type | Measurement range | Total error | Resolution | Temperature range
JTM-V3000F | 0-0.1 MPa <2.0% F*S | £0.08% F*S | —=25°C - +60 °C

Table 5. Main technical parameters of the osmometer.

MEMS sensors are inserted vertically into the upper material source in the same direction. Besides, a MEMS
sensor is bonded to the outer wall of the experiment table.

The debris flow material source is stacked in a trapezoidal shape, measuring 2000 mm in length, 200 mm
in height, 800 mm in width at the bottom, and 400 mm in width at the top. The top is positioned 50 mm
above the bottom, and the bottom is 350 mm below the top. The sensors are arranged in a longitudinal and
transverse array along the material source slope. The osmotic pressure gauges are arranged in two lateral rows,
with five units in total: three units on the upper side, spaced 500 mm apart, and two units on the lower side,
with 650 mm between the two on each side and 700 mm in the middle. Seven hygrometers are installed, with
three units located on the upper side in the same position as the osmotic pressure gauges, and the remaining
three units placed at equal intervals of 500 mm below, with one additional hygrometer installed adjacent to the
right osmotic pressure gauge. Two soil pressure gauges are placed along the center of the slope, immediately
adjacent to the hygrometers. Six MEMS sensors are arranged in two lateral rows, with three units placed above
and three below, spaced 500 mm apart. A detailed layout of the sensor arrangement is shown in Fig. 5. The
MEMS sensors, developed by the research team, can collect real-time vibration data at a frequency of 1000 Hz.
The main monitoring parameters include tilt angle, tilt direction, horizontal tilt angles (X/Y/Z), and vibrational
shock acceleration. The device photo is shown in Fig. 7, and the main technical parameters are listed in Table 3.
It should be noted that the osmometer used is actually a pore water pressure sensor, which measures the water
pressure between gravel particles and reflects the internal water accumulation and the infiltration process of the
water flow within the material source.

The main technical parameters of other monitoring devices, including soil pressure gauges, osmotic pressure
gauges, hygrometers, and laser distance meters, are shown in Tables 4, 5, 6 and 7, respectively.

Two video cameras are positioned facing the debris flow material slope, located 5 m directly in front and 2 m
diagonally above the slope, respectively, to monitor the surface deformation during the entire initiation process
of the debris flow. To facilitate postprocessing of the video monitoring data, artificial light sources are used for
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Device type | Range | Measurement accuracy | Protection level | Temperature range
NHSF48AU | 0-99% | 5% P68 —40°C - +85°C

Table 6. Main technical parameters of the hygrometer.

Device type | Measurement range | Resolution | Error | Temperature range
JTM-V2000 | 0.05-50 m 1 mm +2mm | -10°C- +50°C

Table 7. Main technical parameters of the laser distance meter.

Device type | Sensor type
Dome camera | 1/2.8” progressive scan CMOS | 3840 x 2160 60 Hz: 24 fps | F1.5
Bullet camera | 1/1.8” progressive scan CMOS | 2560 x 1440 50 Hz: 24 fps | F1.6

Maximum image size | Frame rate | Aperture

Table 8. Main technical parameters of the MEMS sensor.
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Fig. 8. Particle-size grading curves of material sources.

supplemental illumination, and a calibration board is set up to provide a measurement standard for subsequent
image analysis. Additionally, two laser distance meters are installed below the front-facing camera to monitor
the movement characteristics of the debris flow material source. The main technical parameters of the cameras
are listed in Table 8.

The sensor equipment types include RS485, vibration string, and analog quantity in the test. The automatic
acquisition command is compiled and issued by Python and stored in Excel tables for the convenience of
subsequent data analysis. Besides, the vibrating string type is equipped with acquisition module hardware for
data conversion.

Experimental process and results

Experimental process

Gravel from the Xishan region was used as the material source for debris flow. Six particle size ranges were
selected: <15 mm, 15-25 mm, 25-35 mm, 35-45 mm, 45-55 mm, and >55 mm. These were mixed in specific
proportions to form four particle size combinations: combination 1, combination 2, combination 3, and
combination 4. Statistical analyses of debris flow disasters in the Beijing area over recent decades revealed
that the longitudinal slope angle of initiation gully beds was generally greater than 13°, with a minimum of
approximately 10°. Considering experimental validity, four channel slope gradients of 12°, 16°, 20°, and 24° were
selected for this study.

Four material sources with different mean particle sizes were prepared through indoor screening and
proportional mixing. The mass percentages of various particle sizes were determined based on a curve resembling
a normal distribution (Fig. 8). The specific mass percentage values for each particle size are listed in Table 9.
Ultimately, four material sources with mean particle sizes of 17.75 mm, 25.25 mm, 33.75 mm, and 42.25 mm
were formed. Based on the four slope gradients and the four mean particle size combinations, an orthogonal
experimental design was implemented, resulting in 16 test groups. Details of the groupings are shown in Table 10.
Then, water impounding could be initiated for the simulation test of debris flow initiation (Fig. 9).
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Particle size range | <10 mm | 10-20 mm | 20-30 mm | 30-40 mm | 40-50 mm | >50 mm | Mean particle size (mm)
Combination 1 20% 50% 20% 5% 2.50% 2.50% 17.75
Combination 2 5% 20% 50% 20% 2.50% 2.50% 25.25
Combination 3 2.50% 5% 20% 50% 20% 2.50% 33.75
Combination 4 2.50% 2.50% 5% 20% 50% 20% 42.25

Table 9. Mass percentages of material-source particle sizes.

Group | Slope Gradient (°) | Particle Size Combination
1 12
2 16
Combination 1
3 20
4 24
5 12
6 16
Combination 2
7 20
8 24
9 12
10 16
Combination 3
11 20
12 24
13 12
14 16
Combination 4
15 20
16 24

Table 10. Grouping of debris flow simulation tests.

\ Monitoring point 1 L

T

Fig. 9. Debris-flow simulation test.

The material source was weighed, mixed, and stacked, and then the sensor system was buried. The data
acquisition of each sensor was debugged and zeroed, followed by the initiation of water impounding for the
debris flow initiation simulation experiment. Three data acquisition points were set up in the experimental site.
Point 1 mainly collected real-time monitoring data from MEMS sensors, piezometers, hygrometers, and soil
pressure gauges; Point 2 mainly collected video data and laser rangefinder data; and Point 3 primarily collected
data from two flowmeters and controlled the water supply switch, as shown in Fig. 9. The experiment began with
the material source forming a stable slope body, with an initial water flow of 0. The water flow was gradually
increased to enhance the water power until the material source gravel visibly slid and was eroded to the collection

area, at which point the experiment was stopped.
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In the experiment, Large-Scale Particle Image Velocimetry (LSPIV) was employed to measure the surface
velocity of debris flow. LSPIV was first implemented in Japan and has been widely adopted due to its capability to
accurately measure large-scale flow velocities using conventional video systems, making it particularly suitable
for laboratory applications. This technique is based on image processing technology, which captures objects on
the water surface and calculates surface velocity after undergoing image orthorectification and other processing
stepsl. The movement velocity of the source material can be calculated by capturing the source material itself
as the target in the images.

Experimental results

Gravel particle size combination 1 is taken as the material source of debris flow at the slope angle of 24°. The
material source makes a uniform motion at 16:39:03 based on the video data. This moment can be set as initiation
time. Figure 10 shows the pre-start and post-start states.

Debris flow initiation refers to a critical state where multiple solid particles start to move from rest. The
motion process exhibits the transition from translational motion to layered motion. Translational motion
refers to solid particles transitioning from a stationary state into movement, exhibiting collective sliding either
downward or along the slope as a whole. Layered motion refers to the movement of solid particles being more
stratified, with particles sliding along the ground surface or slope and displaying characteristics of a velocity
gradient during movement. The particles of layered motion have the largest surface motion speed. Therefore, it
is a more scientific method to determine whether debris flow is initiated by the changing characteristics of the
surface motion speed*’. Preliminary experimental research shows that the surface motion speed changes from
the accelerated motion stage to the uniform motion stage when debris flow starts to move from rest. Video data
are processed by LSPIV to obtain the surface motion characteristics and the average surface motion rate, which
determines the initiation time of the material source in this test*®. The initiation time of debris flow occurs when
the average motion speed on the surface of the debris source shifts from the acceleration stage to the uniform
motion stage (Fig. 11).

Figure 12 shows the physical characteristic parameters of the material source initiation of debris flow in the
test. The flow rate required for material source initiation is about 40.866 m3/h under an average particle size of
17.75 mm and a slope angle of 24° (Fig. 12(a)). The count value of humidity increases immediately when the
water source is turned on (Fig. 12(b)). The other positions remain unchanged except for a large fluctuation at
position 2. The seepage pressure value continuously increases, with a maximum of 0.11 MPa and a minimum of
0.02 MPa (Fig. 12(c)). The soil pressure value first decreases and then increases after material source initiation,
with an amplitude of 0.005 MPa. The seepage pressure value gradually increases with the ascending osmometer
numbers. In Fig. 5, the osmometer numbers in the first row (near the catchment area) are 1, 2, and 3 from left
to right, while in the second row (in the origin catchment area), the osmometer numbers are 4 and 5 from left
to right. Based on the source area destruction process shown in Fig. 10, the following conclusions can be drawn:
(1) regions subjected to significant water erosion correspond to higher seepage pressure values; (2) the seepage

Fig. 10. Photos of the debris-flow simulation test before and after initiation (Results of Group #1): (a) Raw
material source; (b) Original material source; (c) Material source initiation; (d) Stop water power.
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Fig. 11. Determination method for debris flow initiation (Results of Group #1).
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Fig. 12. Change curves of physical characteristic parameters in the debris flow simulation experiment (Results
of Group #1): (a) Flowmeter; (b) Hygrometer; (c) Osmometer; (d) Slope angle.
pressure values at the front of the slope are higher than those at the rear, indicating that the debris flow initiated
from the front part of the slope. In Fig. 12(d), monitoring points 1, 3, and 6 were the first to show changes in
slope angle, with values ranging from 60° to 100°. Monitoring points 2 and 5 initially had a slope angle of 0°, but
around the 6-second mark, the slope angles of points 2 and 5 rapidly increased to 99.9° and 73.3°, respectively.
The slope angle at monitoring point 4 remained close to 0° until 71 s, after which it increased rapidly to 83.3°.
Based on a comparison with the destruction process in the source area (Fig. 10), the following conclusions can
be made: (1) regions subjected to significant water flow influence were the first to experience changes in slope
angle; (2) as water mainly flowed along the right side of the slope, the slope angle at monitoring point 6 exhibited
the largest change, with the highest final inclination value; (3) the central part of the rear slope demonstrated
better stability than the left and right sides, not being immediately affected by the initial water flow; (4) since
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only a small amount of water passed through monitoring point 4, the slope angle at this point remained near 0°
for a long time.

Figure 13 shows the time-domain and time-frequency curves of Y-axis vibration acceleration at monitoring
points 2 and 7. The maximum acceleration at point 2 is 3,000 mg (3 g), which is significantly higher than 200 mg
at point 7. The time-frequency curve slightly changes at point 2 and remains unchanged at point 7. In Figs. 11
and 13, the initiation time of the debris flow is determined from the flow velocity and vibration acceleration,
respectively. In Fig. 11, during the acceleration motion phase, the solid particles exhibit collective movement
with relatively stable interactions between particles, which is reflected in Fig. 13 by a stable vibration acceleration.
As the curve in Fig. 11 enters the uniform motion phase, solid particles begin to slide along the slope and show
characteristics of a velocity gradient. At this point, the interactions between the solid particles intensify, which is
reflected in Fig. 13 by the onset of chaotic and rapid fluctuations in the vibration acceleration.

Fitting relationship and criteria of debris flow initiation

Fitting relationship of the material source initiation

The material sources of different particle sizes are mixed in a certain proportion to adjust the sliding slope.
Water power required for the material source initiation is determined by constantly changing water flow to
obtain the fitting relationship. A total of 16 sets of orthogonal test results are achieved, including 4 particle
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Fig. 13. Change curves of dynamic characteristic parameters at different measuring points (Results of Group
#1): (a) 2-Y; (b) 7-Y.
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Slope angle
Particle size combination | 12° 16° 20° 24°
Combination 1 60.2651 | 41.0759 | 33.444 40.8666
Combination 2 72.2679 | 70.8763 | 72.8948 | 78.9769
Combination 3 113.602 | 78.3926 | 74.4301 | 74.3274
Combination 4 121.9174 | 128.130 | 125.7261 | 126.3443

Table 11. Water flow required for the material source initiation under different working conditions.
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Fig. 14. Relationship curves between the slope angle and initiated water flow.
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Fig. 15. Relationship curves between the material source particle size and initiated water flow.

size combinations and 4 slope angles. Water flow for initiation is significantly different under different working
conditions (Table 11).

Figure 14 shows the relationship between initiated water flow under the same particle size and different slope
angles for gravel-type debris flow according to Table 11. Initiated water flow does not necessarily decrease with
the increased slope angle under the same particle size combination. For example, initiated water flow is 72.2612
m®/h for a gravel source with particle size combination 2 when the slope angle is 12°. Initiated water flow is
78.9769 m>/h when the slope angle is 24°. Required water flow increases. Figure 15 shows the relationship curve
of initiated water flow under different particle size combinations and the same slope angle. The larger mean
particle size formed by the particle size combination of the material source indicates greater initiated water flow
(water power) at the same slope angle.

Figure 16 shows the 2D initiation diagram of debris flow. The material source is provided with water power
at a depth of H under water flow. The accumulated material source with the thickness of 4 initiates when the
resistance of the source’s layer motion is exceeded under water power and the driving shear stress from self-
gravity.

0 is slope angle. Shear stress 7 driving the motion of the material can be expressed as Eq. (1) under stable flow.
Layered motion resistance 7 is expressed as Eq. (2).

7= [Sv (ys =) h + vH]sin6 (1)
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Y3

Fig. 16. 2D initiation of debris flow.

1 = [Sv (vs — ) h] cos O tan o (2

>

where S, is the average solid volume fraction of the material source. s is the unit weight of solid material (kN/
m?). 7y is the unit weight of water. tan « is the internal friction coefficient of the particles. 77, is the critical shear
resistance, determined primarily by internal friction and inter-particle contact forces within the unsaturated
granular mixture.

Debris flow can be initiated when 7 > 71, (i.e., the driving shear stress exceeds the motion resistance). The
condition for debris flow initiation is obtained according to Egs. (1)-(2).

The size distribution and types of gravel particles are selected in the test. The bulk weight is 1.5 t/m?, and the
friction coefficient of particles is 0.6. The fitting relationships among the gravel source particle size, type, slope
angle, and debris flow initiation are obtained according to Eq. (3).

tan6 > Sv (ys — ) tana

= Sy (s — ) + 7 (H/h) )

Equation (4) presents the initiation condition for debris flow under the same particle size and different slopes.

—0.014, d=17.75mm
06 ) —0009 d=2525mm

tant > 7500, AR =4 _0'007. d = 33.75mm (4)
—0.005, d=42.25mm

where A and k are empirical coefficients obtained from experimental fitting, representing the influence of
permeability, slope, geological structure, and frictional resistance on water flow.
Equation (5) shows the initiation condition for debris flow under the same slope and different particle sizes.

—0.437, 6=12°

0.437, 0 =16°

tang > 994 = kB _ 20° (5)

d+(kB/m)Q°> m —0.377,
—0.816,

where B is the width of slope. m is the mass of soil material source.

Equation (3) and Eq. (4) were derived from the fitting of the experimental results. The fitting relationship
among single-width water flow q of debris flow, the mean particle size of the material source, and the surface
(groove) slope can be fitted as Eq. (6) according to Refs!®>"!”. Figure 17 shows the fitting diagram. Equation
(6), derived from an orthogonal experiment, systematically investigates the interrelationship among particle
size, slope angle, and hydrodynamic conditions. Based on 16 experimental groups with different combinations
of particle size and slope angle, the effects of these factors on the water flow rate required for initiation were
quantitatively analyzed, and a fitting equation was established between the unit-width flow rate, mean particle
size, and slope angle. This relationship clearly reveals the coupling mechanism among the three parameters,
providing both data support and a theoretical basis for further understanding the initiation characteristics of
debris flows under different source material conditions.

dl.lS
2
q= 136my R°= 0.88 (6)

Evolution law of physical characteristic parameters of debris flow initiation

The osmometer, soil pressure meter, and hygrometer are used to monitor the relevant physical characteristic
parameters of the material source of debris flow in real time. The example is taken with a mean particle size
of 17.75 mm and a slope angle of 24°. The parameters before and after initiation (Figs. 12, 13, 14 and 15) are
enlarged to obtain the detailed change curves of characteristic parameters including humidity, seepage pressure,
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Fig. 18. Changes in the seepage pressure during the initiation (Results of Group #4).

and soil pressure (Figs. 12 and 18(c)). The seepage pressure at each point gradually increases from the minimum
of 0.02 MPa to the maximum of 0.11 MPa.

The value of osmometer 3 remains unchanged when debris flow is initiated. The point is the initial instability
position combined with video image data. The hygrometer reflects the water coverage condition around the
material source. Debris flow is easily caused when the material source is eroded by water for some time. The
force of the material source on the bottom changes with water power. The value of the soil pressure meter
significantly decreases, with an amplitude of 0.005 MPa. Different points of the material source exhibit different
deformations during the overall initiation process (Fig. 10). The first position subjected to water power firstly
changes at a certain slope angle. However, the slope angles of the relevant points change concentratedly with the
overall motion of the material source.

Particle materials typically exhibit various characteristics (e.g., dilatancy, separation) that significantly
influence the movement of debris flows®. Yang et al.** found that the particle composition has a considerable
impact on the properties of debris flows, and when particle size distribution is uneven, higher pore pressures
are more likely to occur. Additionally, there exists a feedback mechanism between the movement of the debris
flow and the overlying coarse particle layer. Due to limitations in experimental equipment, this study did not
analyze the motion characteristics of solid particles and the interaction mechanisms from a micromechanical
perspective. Li et al.*! conducted a study on the influencing factors and dynamic development processes of
debris flows based on numerical simulations. Dai et al.*? investigated the dynamic characteristics of debris flows,
including flow velocity, runout distance, and energy, using numerical simulations. A combination of physical
experiments and numerical simulations for further analysis of the initiation characteristics of debris flows
should be a key focus for future research.

Evolution law of the dynamic characteristic parameters during debris flow initiation

The stress state of the internal structure of the debris flow material source changes with increased water
power. The motion is generated to change the vibration characteristics (i.e., dynamic characteristics) when the
driving force of the material source exceeds the resistance of particles. Therefore, the kinetic indicators reflect
the changes in stability during the initiation process. The vibratory-impact acceleration intuitively reflects the
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Impact acceleration X (mg)

Impact acceleration Z (mg)

vibration characteristics of the material source in the time domain according to the kinetic theory. The power
spectral density can reflect the corresponding probability under a horizontal vibration response in the frequency
domain®. The vibration observed during the debris flow process is induced by energy dissipation, primarily
resulting from the impact of solid materials on the channel bed or the interactions among particles. Studies
have shown that different particle compositions and motion states (e.g., sliding, collision, and rolling) generate
distinct vibration frequency distributions and energy dissipation patterns, which reflect the dynamic evolution
of the material source during the initiation process**. The energy ratio of the corresponding frequency range
can be obtained to reflect the vibration characteristics of the material source. The vibratory-impact acceleration,
vibration frequency, frequency band energy, and center-of-gravity frequency are taken as the dynamic
characteristic parameters to discuss evolution law and the indicator criterion for the early warning of debris flow
based on the preliminary results.

The result under a mean particle size of 17.75 mm and a slope angle of 20° is taken as an example. Figure 19
shows the changes in the acceleration and slope angle during the material source initiation. The impact
acceleration changes greatly in the X-, Y-, and Z-axes before material source initiation. Point 6 begins to slide
at first according to the video. The corresponding acceleration reaches 2,000 mg on the X-axis. Then, motion
occurs at point 3, where the amplitude of the corresponding impact acceleration reaches 15,000 mg. The impact
acceleration at point 2 reaches 2,000 mg. A sudden increase in the acceleration occurs on the Y- and Z-axes.
Therefore, the change in the stable state of the material source near the point can be preliminarily judged by
monitoring the change in the vibratory-impact acceleration at the point.

Figure 20 shows the Y-axis vibration data at point 2. The frequency with the highest energy is the vibration
frequency in the time-frequency domain. The frequency domain curve can be obtained by selecting the time
domain curve of a certain distance for a fast Fourier transform. Then, the peak is selected to determine the main
frequency.

Figure 21 shows the main frequency characteristics and stage division of the material source. The main
vibration frequency of the 19th group is between 6 and 7 Hz before initiation. Nevertheless, the frequency
experiences a rapid decline after 150 s, ultimately coming to 0. Debris flow is divided into the stabilization and
initiation stages according to the changing characteristics. The main frequency remains unchanged within a
certain range in the stabilization stage. Debris flow enters the initiation stage when the main frequency drops
sharply to a minimum. Whether debris flow initiates is determined based on the changes in the main frequency
characteristics (Table 12).

Figure 22 shows the change curves of the third frequency band energy and center-of-gravity frequency based
on the spectral density and monitored time domain data at point 2. The third frequency band energy ranges
from 0.15 to 0.2 with increased water power in the stabilization stage of the material source. The center-of-
gravity frequency is between 25 and 40 Hz. However, the third frequency band energy and center-of-gravity
frequency plummet below 0.05 and 5 Hz when debris flow initiates at 150 s. Low-frequency band energy is
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Fig. 19. Changes in the dynamic characteristic parameters during debris flow initiation (Results of Group #3):
(a) X-axis acceleration; (b) Y-axis acceleration; (c) Z-axis acceleration; (d) Slope angle.
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Fig. 21. Main frequency characteristics and stage division during typical debris flow initiation (Results of
Group #3).

Stabilization stage | No large-area surface motion ensures overall security. The main vibration frequency of the material source is unchanged.

The main vibration frequency of the material source suddenly

Initiation stage There is an obvious surface motion with increased speed. L PR
drops to a minimum, which is equal to or close to zero.

Table 12. Mass percentages of material-source particle sizes.

suddenly released to sharply reduce the proportion of the third frequency-band energy due to the loosening of
the overall structure during the initiation process of the material source. Meanwhile, the sensor deviates from
the center-of-gravity position to a greater extent, and its center-of-gravity frequency value drops sharply.

Early warning criteria of debris flow initiation

The soil pressure, the slope angle of the material source, and the vibratory impact acceleration have the mutation
or asynchronism characteristics before and after the material source initiation of debris flow according to the 16
groups of gravel-type test results (Figs. 12, 13, 14 and 15).
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(1) The material source with coarse particles is surrounded by water before and after material source
initiation. Besides, the osmotic pressure continues to increase. Debris flow is easily caused when the hygrometer
is maintained near 100%. Larger osmotic pressure indicates a higher probability of debris flow initiation.
However, it cannot be used as a deterministic basis for judging debris flow initiation;

(2) The soil pressure meter is affected by the gravity of the material source and water power during material
source initiation. The soil pressure drops abruptly, showing an exponential downward trend. It slowly rises to a
certain extent in the initial stage after initiation. Therefore, the change characteristics of the soil pressure value
can be used as a deterministic judgment basis for debris flow initiation;

(3) The slope angle of each point of the material source varies from 0 to 90° during material source initiation.
The change of each point is mutant, within a few seconds. The mutability and asynchronism of slope angle
change at multiple points can be used as the early warning criteria before debris flow initiation;

(4) The amplitudes of vibration impact acceleration at different monitoring points change greatly during
material source initiation. The vibration acceleration reaches 2,000 mg in the areas where surface deformation is
generated or nearby. The vibration acceleration also reaches 1,000 mg in distant or undeformed areas;

(5) The time-frequency spectrum is obtained after the short-term Fourier transform of the time domain
curve during the material source initiation. The time-frequency spectrum at the monitoring point with surface
deformation steps up and down in low-frequency and high-energy regions in the direction perpendicular and
parallel to the surface of the material source, respectively. However, some sources have insignificant change
characteristics of the time-frequency spectrum during debris flow initiation, which is closely related to the
initiation process. The material source with larger particles has less obvious changes of the time-frequency
spectrum;

(6) The variation patterns of parameters such as soil pressure and vibration acceleration at the moment of
material initiation were obtained based on indoor experiments. It was determined that changes in soil pressure,
slope angle, and vibration acceleration can serve as criteria for initiation of debris flow. However, due to the
complexity of engineering practices, specific early warning thresholds need to be further established through
extensive on-site monitoring and experiments.

(7) Although the time difference between the abrupt changes in pre-warning indicators and debris flow
initiation is small, the variation patterns of multiple indicators can be used to determine whether an area is in
a high-risk state. In large-scale regions, real-time monitoring of numerous potential debris flow areas can be
achieved at relatively low cost, demonstrating substantial practical and engineering value.

Conclusion

An indoor simulation experiment system was designed to study the initiation process of coarse-grained gravel-
type debris flow under different particle sizes and slope angles. The interplay among the mean particle size,
water flow, the slope angle of the material source, and debris flow initiation has been elucidated to assess the
dynamic changes in various characteristic parameters. This analysis formed initiation criteria specific to gravel-
type debris flow.

(1) The slope angle was positively correlated with water power required for debris flow initiation under the
same material source and the same combined particle size. The combined particle size of the material source
had a positive correlation with water power required for debris flow initiation under the same material source
and the same slope angle. Water power required for different material source types was different under the same
combined particle size and the same slope angle;

(2) The physical characteristic parameters such as humidity, soil pressure, and osmotic pressure had certain
characteristics during the material source initiation. Such law could be used as a reference for the early warning
and discrimination of debris flow initiation. The initiation of coarse-particle debris flow required the moisture
content to reach a saturated state, approximately 100%. The osmotic pressure steadily increased with increased
water power. It remained unchanged or decreased when the point was activated. The soil pressure plummeted
exponentially and then stabilized before and after debris flow initiation. This value might have a certain upward
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trend, not exceeding the initial soil pressure value. The slope angles at different positions varied from 0 to 90°. A
closer distance to the initial position indicated a greater angle of change;

(3) Monitoring the dynamic characteristics of the material source through vibration phenomena was the
most effective way to provide early warning for debris flow initiation. The amplitude and frequency domain
characteristics of the vibration acceleration changed significantly at the initiation stage. The vibration acceleration
changed from 2,000 to 6,000 mg during material source initiation. It also reached 500 mg at the position far
away from the initial deformation point. Besides, the frequency characteristics of the material source remained
unchanged at the stabilization phase. The vibration acceleration plummeted to near 0 in the initial stage of debris
flow. The frequency band energy and center-of-gravity frequency had simultaneous plummet characteristics.
Therefore, dynamic characteristic parameters such as the vibratory impact acceleration and main vibration
frequency were used as early warning indicators for identifying debris flow initiation.
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