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Micro accelerometers are crucial tools for monitoring and providing early
warning of geological disasters. This study focuses on the potential debris
flow in Wangjiayuan, Fang County, Hubei Province, aiming to explore the
relationship between clay content and debris flow motion characteristics.
Physical model experiments were designedwith varying clay content to simulate
debris flow motion, and micro accelerometers were employed to monitor
and record vibration acceleration changes during debris flow initiation and
motion. Frequency spectra were generated using Fourier transform to analyze
the motion characteristics in the frequency domain. The results showed that the
predominant period of debris flow initiation ranged from 15 Hz to 29 Hz, while
the period during motion in the middle section of the flow area ranged from 36
Hz to 54 Hz. Higher clay particle content was associated with a decrease in both
the frequency range andmean of the predominant period, as well as a reduction
in the Fourier amplitude extremum. These findings provide a foundation for
monitoring and predicting debris flows, and the vibration signal characteristics
of debris flow initiation andmotion can be used to infer the clay content, offering
insights into early warning systems for such geological hazards.

KEYWORDS

debris flow, clay content, micro accelerometers, short-time fourier transform,
predominant period

1 Introduction

Debris flows, characterized by their saturation and the carriage of substantial
sediment and stones, are gravity-driven phenomena occurring in steep valleys (Cui et al.,
2005; Hungr et al., 2014). Their formation is predominantly attributed to surface
runoff, rainstorm-induced groundwater level increases, and earthquake-triggered soil
liquefaction, which destabilize loose or weathered earth and rock layers, prompting
rapid movement along the flow path (Cui et al., 2017; Guo et al., 2021; 2022c). Debris
flows are noted for their intense movement, strong destructive potential, and extensive
range of impact (Chen et al., 2010; Guo et al., 2022a; Dong et al., 2023). With
monitoring and early warning equipment assuming a critical role in geological hazard
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warning systems (Otero et al., 2022; Fang et al., 2023a;
2024), effective monitoring and prevention of potential debris
flow disaster sites are essential (Hürlimann et al., 2003;
Faillettaz et al., 2019; Zeng et al., 2023).

Micro accelerometers, a phenomenon where an object
experiences inelastic deformation under external environmental
or mechanical forces, is associated with events such as landslides,
collapses, andmudslides (Hu et al., 2018).These geological disasters
occur when internal fractures, resulting from friction or collision
within the rock and soil mass during deformation and movement,
induce surface vibrations (Huang et al., 2008; Vouillamoz et al.,
2018). The characteristics of these vibrations are influenced by
surface density (Schimmel andHübl, 2016), hence sensor sensitivity,
disaster scale, movement distance, and site conditions significantly
affect the recorded seismic signals (Biescas et al., 2003).The primary
source of vibration in debris flows arises from fluid-substrate
collisions and the interactionwith the ground.Consequently, passive
monitoring of surface vibrations is an effective method for the
monitoring and early warning of geological disasters, including
debris flows (Huang et al., 2007; Najafabadi et al., 2024). Micro
vibration acceleration monitoring, a form of surface vibration
surveillance with relatively low frequency, enables long-distance
vibration acceleration detection, compensating for the limitations
of traditional monitors that require placement on disaster bodies
(Arattano, 1999; Biescas et al., 2003; Lei et al., 2018; Coviello et al.,
2019). For instance, surface displacement monitoring stations must
be situatedwithin debris flow source areas.Therefore, considerations
for reuse and effective protection are necessary (Hürlimann et al.,
2003; Tu et al., 2013; Cina et al., 2019; Faillettaz et al., 2019).
Currently, micro accelerometers for surface vibration monitoring
have been extensively applied in countries such as China, Japan, and
the United States (Lavigne et al., 2000; Suwa et al., 2009), offering
high accuracy and strong timeliness to effectively warn of disaster
occurrences (Hu et al., 2013; 2018). These accelerometers are not
only suitable for monitoring geological disasters like landslide and
debris flow but also for rockfall disaster (Lacroix and Helmstetter,
2011; Coviello et al., 2015; Wang et al., 2019).

Surface vibration characteristics during disaster initiation and
movement are influenced by factors such as the type, mass,
volume, and movement speed of the disaster body, in addition
to the properties of the rock and soil mass itself (Arattano,
1999; Bessason et al., 2007; Abanco et al., 2012; Guo et al.,
2022b; Schimmel et al., 2022). Lei et al. (2018) discovered
through model experiments that debris flows with different fluid
phases exhibit distinct signal frequency ranges and energy levels.
Farin et al. (2019) extended existing models, identifying the
average diameter and average flow velocity of debris flow particles
as the most significant parameters affecting surface vibration
frequency. Solid concentration also impacts the surface vibration
characteristics of debris flows, as determined by Schimmel et al.
(2022) and Yang et al. (2024).

In this study, clay particles are defined sedimentologically as
particles with a diameter less than 0.005 mm (Chen et al., 2010;
2018). The clay content, which refers to the percentage of clay
particles in soil, plays a binding role, affecting the flow characteristics
and shear strength of soil and significantly impacting the formation
of landslides and debris flows (Qi et al., 2016; He et al., 2022;
Hu et al., 2022). The percentage and activity of clay minerals are

related to the yield stress of debris flows (Yu et al., 2012). Clay
content has been identified as a key factor in debris flow movement
and sedimentation by Iverson and LaHusen (1989) and in debris
flow initiation and dynamic model experiments by Cui (1992)
and Takahashi (2014). Iverson et al. (2000) determined that an
optimal clay content significantly diminishes the resistance to debris
flow movement. Furthermore, clay particle content influences both
the travel distance and depositional development of debris flows.
Additionally, the clay particle content affects the transformation and
movement distance of landslides and debris flows. Reid et al. (2003)
found that excessive clay content can inhibit the transformation
of landslide to debris flows. Nishiguchi and Uchida. (2022)
determined that when the clay content in a debris flow exceeds 22%,
increased viscosity reduces the flow’s travel distance. Chen et al.
(2010) found that soils with moderate clay content (5%–10%) are
most susceptible to damage and debris flow initiation following
heavy rainfall.

Clay content’s impact on debris flow movement is well-
established; however, scant research has addressed its effects on
debris flow dynamics and ground vibration signatures. This study
employs physical model experiments to simulate debris flow
movement, monitoring and documenting changes in initiation,
transit time, and vibration acceleration. It further investigates
the correlation between clay content and vibration acceleration,
thereby furnishing a scientific foundation for field monitoring
and debris flow warning threshold establishment. Additionally,
it examines how clay content in the source affects debris flow
vibration signal characteristics and movement duration. Integrating
these findings with prior research on clay content’s role in
debris flow movement allows for a more effective prediction
of debris flow kinematics and impact zones post-occurrence.
The structure of this article is as follows: Section 1 offers an
overview of the research background, current status, and research
content; Section 2 details the research area and experimental
design; Section 3 presents a comprehensive introduction to the
physical model design and experimental procedures. Section 4
applies the short-time Fourier transform to the data, examining the
correlation between start-up time, total duration, and clay content.
Section 5 investigates the correlation between Fourier amplitude
and clay content throughout the initiation and progression of
debris flows. Section 6 offers a comprehensive summary of the
research findings.

2 Materials and methods

2.1 Study area and material

This study focuses on theWangjiayuan debris flow, located in the
northern part of Fang County within Danjiangkou City. The source
of the debris flow originates from a massive ancient rock landslide.
The protolith of the slope is characterized as chlorite quartz schist,
featuring medium-thick layers interspersed with thin layers. The
sliding is governed by structural planes, including foliation and
joints. As depicted in Figure 1, the debris flow source area resembles
a tongue, being narrow at the top and widening towards the bottom.
The material source’s accumulation area measures approximately
370 m in length, 290 m in width, with an estimated volume of 1.1
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FIGURE 1
Location and optical imagery of the debris flow in Wangjiayuan.

× 105 cubic meters. The elevation at the rear edge is 586 m, while
the front edge is at 482 m, yielding a height difference of 104 m
and an average slope gradient of about 16°. The circulation area
extends 590 m fromnorth to south and 220 m fromeast towest, with
a height difference of approximately 290 m between the front and
rear edges and a slope of about 30°. Soil in the accumulation area,
subject to long-term weathering, primarily consists of weathered
residual soil with fragmented stones, the largest of which reach
3–5 m in size. The loose soil in the source area, combined with a
large downstream catchment area and a narrow, steep lower channel,
predisposes the debris flows to overflow, exit the channel, and enter
the river below. This can lead to damage to houses along the river
and on the opposite bank.

2.2 Experimental design

Among numerous disaster monitoring and early warning
devices available today, micro accelerometers stand out for their
precision and timeliness. Typically, the time series data of vibration
signals from experiments are analyzed using the short-time Fourier
transform (STFT), as illustrated by Equation 1:

STFT( f,τ) = ∫
+∞

−∞
X(t)g(t− τ)e−j2πftdt (1)

The vibration signal of debris flow is denoted as X(t), with
g(t) representing the time-domain localized window function. The
movement step size is denoted by τ, and the frequency by f.
The Fourier transform, a ubiquitous tool in signal processing and
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FIGURE 2
Experimental setup for physical model.

FIGURE 3
Micro accelerometer device.

analysis, is dedicated to converting time series into the frequency
domain for spectral analysis (Wei and Liu, 2020). The short-time
Fourier transform (STFT) involves decomposing waveforms into a
sum of sinusoidal curves with varying frequencies (Lei et al., 2018),
implying periodicity in both domains. Consequently, STFT holds
more advantages in processing periodic signals (Huang et al., 2022).

The article commences with preprocessing of the original
waveform by conductingmean and trend removal, alongwith a 1 Hz
high-pass filter to eliminate the DC component and linear trend,
and tomitigate unwanted low-frequency noise.This enables a clearer
analysis of the signal’s high-frequency traits. Thereafter, the refined
waveform undergoes a short-time Fourier transform, facilitated by
SciPy (version 1.0), a fundamental tool for scientific computing in
Python, to extract the frequency spectrum.

Globally, the clay content in debris flow cases has been
statistically found to be around 5% (Institute of Mountain Hazards
and Environment, Chinese Academy of Sciences, 2000). Perez
(2001), in studying a clay debris flow in central Venezuela on 15
December 1999, discovered that the content of particles with a
diameter less than 0.063 mm ranged from 1.3%–14.2%. Chen et al.
(2010), based on records of 42 debris flow sediments along the 318
National Highway and the China Nepal Expressway, found that
the content of silt and clay particles (less than 0.005 mm) varied
between 1%–20%. Thus, five sets of flow channel experiments were
designed with intervals of 1%–20% clay content. Simulating the
initiation and movement process of debris flows with five distinct
particle compositions, the experiments were conducted by mixing
soil compositions with varying powder and clay contents, and
instrument data recording was observed.

Physical model experiments were conducted to simulate the
movement process of the Wangjiayuan debris flow, utilizing loose
accumulated soil in the debris flow source area as the experimental
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FIGURE 4
Monitoring data of rainfall and groundwater level in Wangjiayuan.

TABLE 1 The physical and hydraulic properties of experimental soil.

Clay contant (%) Dry dentisy
(g/cm3)

Specific gravity Volume (m3) Moisture
content (%)

Groundwater
recharge rate

(mm/d)

1 1.30 2.41 6.5× 104 8 21.12

5 1.30 2.41 6.5× 104 8 21.12

10 1.30 2.41 6.5× 104 8 21.12

15 1.30 2.41 6.5× 104 8 21.12

20 1.30 2.41 6.5× 104 8 21.12

material. Soil samples were prepared based on the in-situ soil
moisture content and natural density, followed by the conduct
of five experimental sets with varying clay content. Monitoring
data from micro accelerometers were collected for subsequent
analysis.

3 Physical model experiments

3.1 Experimental device

Based on the actual terrain of debris flow, a flow channel
experimental installation for experimental use was designed and
manufactured. The experimental installation measures 5.30 m in
length, 1.65 m in width, and 1.65 m in height. Each groove’s
corresponding material installation has a uniform width of 0.4 m
and a capacity of 9.51 × 10−2 cubic meters of material. The slope,
which is 2.10 m in length, features a gradient of 32°. Baffles are
positioned on both sides of the slope’s foot stacking area, which
spans 3.00 m.Thematerials at the bottomand sides of the circulation
area are crafted from tempered glass, facilitating clear observation
of experimental phenomena and enabling more precise adjustments
to the slope. A high-speed camera is positioned directly in front
of the slope to capture the experimental process in real time,

recording the landslide’s time and movement phenomena. A water
flow channel is established behind the experimental installation
to simulate groundwater, fulfilling experimental requirements, as
depicted in Figure 2.

Two micro vibration sensors, labeled WZ-1 and WZ-2, are
installed midway on the sliding bed in the source area and on
the left slope of the circulation area, respectively. Both sensors
are securely affixed to the acrylic board, as shown in Figure 2.
WZ-1 is closely attached to the surface of the left slope to
monitor the vibration acceleration changes during the middle
source movement; WZ-2 is situated at the center of the bottom
surface of the acrylic board within the material box and is used to
detect the vibration acceleration changes of the sliding bed during
startup.

This study incorporates a micro accelerometer supplied by
the Chuo Kaihatsu Corporation for debris flow monitoring and
early warning, as shown in Figure 3. Single-axis accelerometers
was positioned near the monitored object to measure vibration
acceleration. The system’s time correction, integrated with a GNSS
receiver, was executed based on the measurement objectives and
the actual bottom surface vibrations. During vibration monitoring,
spectral analysis was conducted to determine the predominant
period, with results wirelessly transmitted to the monitoring center
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TABLE 2 Summarized protocol for a physical model test.

Test aim Vibration signal characteristics of debris flow under different clay content

Basic

Trigger Groundwater

Experimental parameters

Material Gravelly soil

Disaster classification Debris Flow Clay contant 1%, 5%, 10%, 15%, 20%

Prototype location
Wangjiayuan Village, Fang
County, Hubei Province,
China

Dry dentisy 1.30 g/cm3

Specific gravity 2.41

Monitoring tool

Micro accelerometers Vibration acceleration
(CESHMT-S01)

Volume 65000 m3

Digital camera Initiation and motion
process

Moisture content 8%

Software Tera term
Frequency range 0-125 Hz

Groundwater recharge rate 21.12 mm/d

Container

Model type Flume test

Model size Length: 5.3 m; width: 1.25
m; height: 1.53 m

Terrainl

Start slope angle 52°

Preparation Compaction Motion slope angle 32°

Bottom plate material Acrylic Motion height 1.15 m

Side plate material Tempered glass Motion length 2.3 m

via LoRa or FSKmode. So far, the company has successfully warned
of debris flow disasters using this instrument.

The CESHMT-S01 miniature accelerometer was utilized in this
experiment to monitor the onset and progression of debris flows.
The instrument’s vibrationmonitoring bandwidth was configured to
0–125Hz, with Tera Term software facilitating real-time processing
and visualization of the vibration waveforms. Upon initiation or as
the debris flow traverses the mid-section of the flow path, the micro
accelerometer captures data signals, logging the corresponding start
and movement times in real time. Post-experiment, the collected
raw data can be exported in XLS format for further analysis and
processing.

3.2 Similarity of model experiment

Based on the similarity ratio experiment conducted by Guo et al.
(2023) in the model experiment, the key of physical quantities in the
model experiment can be written as follows:

f = (l,u,w,q,d,k, t,c,φ,g,ρ,E,v,σ,ε) = 0 (2)

Among these parameters, geometric length l, pore water
pressure u, moisture content w, rainfall intensity q, displacement d,
permeability coefficient k, time t, cohesion c, internal friction angle
φ, gravitational acceleration g, density ρ, elastic modulus E, Poisson’s
ratio ν, stress σ, and strain ε are considered. The geometric length
similarity ratio is established as Cl = 740, while the gravitational
acceleration similarity ratio is set at Cg = 1.

According to Buckingham Pi’s theorem (Buckingham, 1914;
1915), Equation 2 can be expressed as Equations 3, 4 to obtain
dimensionless parameters:

G(π1,π2,π3,π4,π5,π6,π7,π8,π9,π10,π11,π12) = 0 (3)

π1 =
u
lgh
;π2 = w;π3 =

q

l1/2g1/2
;

π4 =
d
l
;π5 =

k
l1/2g1/2
;π6 =

t
l1/2g−1/2

;π7 =
c
lgρ
;

π8 = φ;π9 =
E
lgρ

π10 = v;π11 =
σ
lgρ
;π12 = ε (4)

The model experiment is taken from loose deposits in
the source area, so natural density and moisture content
are used to fill the model. Therefore, the similarity ratio
obtained through Equation 5 is:

Cρ = CE = Cc = Ck = Cv = Cε = Cφ = Cw = 1;Cu = Cσ = Cd = Cl = 740;Cq = C
1/2
l C1/2

g = 27.2;

Ct =
C1/2
l

C1/2
g

= 27.2 (5)

Among them,Cl,Cu,Cw,Cq,Cd,Ck,Ct,Cc,Cφ,Cg,CE,Cv,Cρ,Cσ
and Cε represent the similarity ratios of the prototype to the model
in terms of l, u, w, q, d, k, t, c, φ, g, E, v, ρ and σ.
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FIGURE 5
Pictures of the physical model test for the 1% clay content and the collection diagram of micro accelerometers (a-WZ-2; b-WZ-1; c-WZ-2 instrument
waveform and time-frequency diagram; d-WZ-1 instrument waveform and time-frequency diagram.).

TheWangjiayuan debris flow source area, expansive in size, has
a relatively low likelihood of being triggered by rainfall-induced
runoff. Figure 4 illustrates that as rainfall intensity increases, the
response of the groundwater level is more rapid, suggesting that
the primary activation mechanism of the source area is likely
groundwater recharge. Drawing on the research by Oke et al.
(2015) and Hung and Merkel (2019) into the correlation between
groundwater recharge rate and rainfall intensity, the rainfall
monitoring data from the entire source area is integrated into the
subsequent empirical formula:

R = 0.35(P− 600) (6)

Among these parameters, R represents the groundwater
recharge rate in millimeters per year (mm/year), and P denotes
the rainfall rate in millimeters per year (mm/year). Referring to
the rainfall intensity that elicited the greatest rise in groundwater
level as depicted in Figure 4, the annual rainfall is calculated
and then substituted into the empirical Equation 6. This yields
a maximum recharge rate of 7710.5 mm/year, equating to

21.12 mm/day. The parameters of the model experiment are shown
in Table 1.

Scale the model dimensions proportionally to the prototype’s
dimensions, including length, width and height. Utilize on-
site debris flow monitoring data and empirical formulas to
determine the groundwater recharge rate. Concurrently, leveraging
the prototype’s topography and recharge rate, simulate the debris
flow movement process.

Fang et al. (2023b) presented a comprehensive plan for physical
model experiments in a tabular format, which offers a detailed
overview of the experiment’s key steps, includingmodel preparation,
instrument setup, testing procedures, and data collection methods.
This structured approach ensures clarity in experimental design
and streamlines the experimental process, ensuring that all
fundamental steps are systematically executed and considered. By
referring to this method, the study detailed various parameters
of the model experiment (Table 2), facilitating understanding and
potential replication of the experiment by others. This transparency
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FIGURE 6
Power function fitting graph of the relationship between the clay
content of five physical model experiments and the first start-up time
and the end time of the experiment.

in recording parameters enhances the study’s effectiveness
and impact.

3.3 Experimental process

The experimental material consists of remolded soil
from the loose source area of the Wangjiayuan debris flow.
Building on prior experimental procedures (Tan et al.,
2020; Lee et al., 2021; Li et al., 2022; Guo et al., 2023),
and in accordance with geotechnical testing standards
(Standardization Administration of the People’s Republic of China,
2019), soil samples with varying clay contents were designed and
prepared as per the experimental protocol. The ratios for each set of
samples are detailed in Table 1.

1. The experimental steps are outlined below.

(1) Sample preparation: Dry the experimental soil samples and
measure their initial clay andmoisture contents. Adjust the clay
andmoisture contents to meet the experimental requirements,
mix thoroughly, then seal the soil samples in a glass jar for 24 h
to ensure even moisture distribution.

(2) Instrument setup: Install micro accelerometers and other
sensors at designated positions within the source and flow
areas, connect the data cables to a computer, and verify
their sensitivity and responsiveness. Concurrently, activate the
groundwater simulation device to check its flow rate, ensuring
all equipment operates correctly.

(3) Model preparation: Outline the slope on the experimental
installation’s side wall based on the designed slope gradient,
and fill it with soil samples. Each layer is filled to a height
of 10 cm and compacted to the specified degree. Scrape the
surface and proceed to the next layer until the designed height
is attained.

(4) Experimental observation: Introduce water into the tank at
the predetermined groundwater recharge rate and activate
the high-speed camera to document the experiment. Cease
collecting vibration acceleration data when more than 90% of
the soil samples in the experimental installation have initiated
movement and accumulated at the slope’s base, marking the
end of the experiment. Record the accumulation pattern at the
slope’s foot.

4 Results

4.1 Changes in ground vibration
acceleration

This research involved five distinct physical model experiments,
each characterized by unique particle size distributions. The
initial data waveforms underwent preprocessing, which included
trend removal, compensation for instrument response, and
application of a 1 Hz high-pass filter. As an illustrative case, the
experimental group with 1% clay content is highlighted, with
the corresponding experimental procedure, data acquisition, and
processing depicted in Figure 6.

Figures 5A, B exhibit the complete waveforms captured by two
micro accelerometers post-processing. The source area experienced
three significant startups, with corresponding waveforms, source
area images, and final stacking morphologies depicted in Figure 5A.
The startups occurred at 14.2 s, 38.7 s, and 48.2 s, respectively. The
times for the flow to traverse the middle section of the circulation
zone were 15.8 s, 44.1 s, and 53.2 s, respectively. During the initial
startup, piping-induced runoff on the slope substantially reduced
the sliding friction force, leading to a relatively short interval of
1.6 s between the startup and the flow’s passage through the middle
section. Subsequent startups, where the material source lodged on
the slope, increased the sliding friction force, thus extending the
movement time. Consequently, the material source required 5.4 s
and 5 s to reach the middle section of the circulation area after
subsequent startups.

Figures 5C, D display the vibration acceleration waveform
changes within the 10–20 s interval of the experiment, along with
the time-frequency plots post-Fourier transform. The extreme
value of the vibration acceleration for the three source startups
recorded by the WZ-2 micro accelerometers sensor was 0.9 cm/s2,
whereas the WZ-1 sensor recorded an extreme value of −9.1 cm/s2.
As the debris flow evolves, a portion of the potential energy is
converted into kinetic energy, resulting in increasing vibration
acceleration.

4.2 Start and end times of physical model
experiments

Data from the physical model experiments were utilized to
statistically analyze the initial and final occurrence times of debris
flows across five experimental groups. A power function was then
fitted to these data, resulting in Figure 6.

An increase in clay content correlates with a power function
trend of increasing for both the initial start-up time and the total
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FIGURE 7
Spectral analysis of five sets of model experiments after short-time Fourier transform ((A)-data from the WZ-2 sensor, (B)-data from the WZ-1 sensor).

FIGURE 8
Corresponding graph of clay content and predominant period
frequency in five sets of model experiments.

experimental duration. The source with a 10% clay content exhibits
the longest time interval from the initial start to the experiment’s
conclusion, as observed in the figure. Decreased clay content results
in reduced self-cohesion of the source soil and lower shear strength,
making it more susceptible to initiation under the influence of
water flow erosion. Consequently, the source with a 1% clay content
initiates earliest and concludes most rapidly, with the shortest time
interval from the initial start to the experiment’s end. As clay particle
content rises, the initial start-up time, end time, and intermediate
intervals also increase.However, at a clay content of 15%, the interval
between the initial start-up and the experiment’s end begins to

FIGURE 9
Summary of predominant periods for this experiment and others.

decreasewith further increases in clay content. On-site experimental
analysis reveals that with higher clay content, the volume of source
material initiating each time increases, necessitating fewer start-up
instances to conclude the experiment and consequently shortening
the debris flow duration.

The physical model experiment, designed to replicate actual
debris flow terrain, incorporates the initiation and cessation timing
patterns observed in the model. Utilizing the relationship between
clay content and the timing of these events, it is possible to deduce
the onset, conclusion, and duration of real-world debris flows.
Consequently, timely public evacuation and emergency response
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FIGURE 10
Correspondence between Fourier amplitude extremum and clay
content during the predominant period of each experimental group.

measures can be implemented to mitigate the risk of disaster to the
populace and safeguard their lives and property.

5 Discussion

5.1 Predominant period

The predominant period is defined as the interval during which
the frequency component within a debris flow’s vibration signal
exhibits the greatest prominence. It denotes the period of the most
significant periodic fluctuations in the signal, aligning with the
frequency component that possesses the maximum energy and
extends over the longest interval (Zhao, 2006). Within the scope
of the physical model experiment, a Fourier transform was applied
to the vibration acceleration data corresponding to the initiation
and motion phases of debris flows with varying clay contents, as
illustrated in Figure 7. This analysis enabled the extraction of the
predominant periods associatedwith these phases. Subsequently, the
salient cycles for each clay content were compiled, with the findings
presented in Figure 8.

The predominant period of debris flow initiation was found to
range from 15 to 29 Hz, with the 1% clay content group exhibiting
the broadest predominant period range and the 5% clay content
group the narrowest. The movement to the middle section of the
circulation zone showed a predominant period frequency range
of 36–54 Hz, with the 1% clay content group having the largest
predominant period range and the 20% clay content group the
smallest. Based on previous research on the excellence cycle, as
shown in Figure 9, the frequency range of debris flow is between
2 and 120HZ. (Lai et al., 2018; Schimmel et al., 2018; 2022;
Marchetti et al., 2019; Belli et al., 2022; Huang et al., 2022). This
study diverges from its predecessors by amalgamating the optimal

cycle frequency ranges from five model experiments, thereby
enhancing the discrimination of the superior cycles associated
with debris flow initiation and movement. This approach furnishes
empirical evidence for the monitoring of debris flow vibration
acceleration in the field.This experiment utilized a single debris flow
source material, neglecting to examine the effects of diverse source
materials on debris flow vibration signal characteristics. Future
studies should address this gap.

Figure 8 illustrates the average frequency size and range of
the predominant period for each experimental group. It shows
a generally decreasing trend with increasing clay content and an
increasing frequency range and mean as debris flow movement
progresses. Huang et al. (2007) found that the peak frequency
of ground vibrations generated by larger rocks is lower. This
experiment corroborates that as debris flows progress, soil with
lower clay content experiences stronger shear forces, leading to the
breakdown of large rock and soil masses into smaller particles with
decreasing average sizes and increasing frequencies. The vibration
frequency generated by particles of varying sizes differs; as the
rock and soil mass disintegrates, the expanding range of particle
sizes broadens the frequency range of the predominant period. The
fragmentation and disintegration of rock and soil consume energy,
affecting particle size and leading to variations in the predominant
period and amplitude of vibration acceleration.

5.2 The relationship between Fourier
amplitude and clay content

Based on the predominant period of each experiment in
Figure 7, the maximum amplitude values within the predominant
period of each experiment were statistically analyzed, and
an exponential function was used for fitting, as shown in
Figure 10.

Initially, the Fourier amplitude of vibration acceleration within
the predominant period trends upward, with all extreme values
exceeding 0.1 cm/s. Upon reaching a certain point within the
circulation area, this trend becomes significantly pronounced, with
extreme values surpassing 0.3 cm/s. The Fourier amplitudes from
two instruments were fitted to a viscosity relationship graph using
a power function, allowing direct calculation of particle viscosity
content within the debris flow using the Fourier amplitude.

Figure 10 also reveals that the amplitude extremum decreases
with increasing clay content. As the motion progresses, the disparity
in Fourier amplitude extremum for debris flows with lower clay
content increases.The higher the clay particle content in the soil, the
greater the shear strength, leading to increased energy consumption
during rock and soil fragmentation.This results in a reduced Fourier
amplitude of vibration acceleration.

A link established between debris flow source clay content and
vibration signal characteristics allows for the differentiation of debris
flow movement states via dominant periods and the prediction
of clay content from dominant period amplitudes. Experiments
by Malet et al. (2005) indicated that increased clay content in
debris flows correlates with reduced movement distances and
significant effects on accumulation morphology. By correlating clay
particle content with mobility and accumulation morphology and
integrating vibration signal attributes of debris flow movement,
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predictions of clay content, movement distances, and accumulation
patterns can be made. These predictions enhance risk assessment,
risk level categorization, and the mitigation of casualties and
property damage.

6 Conclusion

This experiment, using the Wangjiayuan debris flow as a case
study, employs physical model experiments to replicate its initiation
and movement processes, monitored and recorded with a micro
accelerometer. The records indicate that the micro accelerometer
clearly captures the initiation and transit times of the debris flow
to the middle section of the flow zone. An increase in clay content
correlates with an increasing trend in both the initial initiation time
and the total experimental duration.

The five experimental datasets underwent a Fourier transform,
yielding a frequency spectrum. From the spectrum, it can be
observed that the dominant period of vibration acceleration during
the initiation of debris flow is 15HZ-29HZ, and the dominant
period of vibration acceleration when moving to the middle section
of the flow zone is 36HZ-54HZ. As clay content increases, the
range and mean of the predominant period exhibit a decreasing
trend, while the frequency range and mean of the predominant
period increasewith debris flowmotion progression. Post-initiation,
the Fourier amplitude within the predominant period also trends
upward, with lower clay content debris flows showing a more
pronounced amplitude increase during movement. Consequently,
increasing the clay particle content in the debris flow source area
leads to greater energy consumption due to shear action during
movement, resulting in a significant decrease in Fourier amplitude
and enhanced stability of the rock and soil mass during the
movement process.

Drawing from the findings presented, future experiments could
incorporate a broader range of rock and soil types, yielding more
extensive research outcomes through the analysis of substantial
experimental data. The scope of disaster types examined in these
experiments need not be confined to geological hazards like
mudslides and landslides; advancements can also be made in
related research areas. Progress in research predicated on ground
vibration characteristics can establish a foundation for disaster
monitoring, thereby safeguarding the wellbeing and assets of
the populace.
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