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Abstract. Landslides and debris flows are occasionally explosive and extremely
destructive. In recent years, satisfactory results have been made in studying these
hazards based on environmental seismology and using seismic signals to monitor
and analyze the evolution of hazards. In this study, the quantitative analysis of
landslide and debris flow based on seismic signals is summarized and analyzed.
It includes the analysis of seismic signal characteristics of different hazards, the
reconstruction analysis of landslide, debris flow and hazard chain, and further
combined with the dynamic inversion of seismic signals and numerical simu-
lation method, the reconstruction method system of hazards evolution process
is constructed. In view of the current research progress, the direction of future
research is proposed. These methods provide new ideas for the study of landslides
and debris flows, and provide theoretical guidance for future monitoring and early
warning and hazard prevention and mitigation.
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1 Introduction

Landslide and debris flow, as the most typical and common geological hazards, present
characteristics of sudden and hidden. It is difficult to achieve active monitoring and
early warning, causing the most serious damage and high cost of project management.
(Cui et al., 2019; Shugar et al., 2021). Understanding the physical and mechanical
mechanisms of the evolution, initiation, and movement of landslides and debris flows
is of great significance for building effective hazard prevention and mitigation projects
and improving the level of hazard prevention and mitigation technology.

In recent years, with the development of environmental seismology, the existing
high-precision seismometer can record the seismic signal accompanying the movement
of landslide and debris flow. Seismic signal is gradually becoming a new way to monitor
and analyze the physical characteristics of landslide and debris flow hazards (Chmiel
et al., 2021; Cook et al., 2022). How to quantitatively analyze the characteristics of
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these seismic signals and establish the physical model of seismic source is the key
problem for the rapid identification of hazard. Scholars analyzed the characteristics of
seismic signals of different hazards through the data of seismic signals recorded by
seismometers during the movement of landslides and debris flows (Dammeier et al.,
2015; Loew et al., 2017). The location and duration of landslide or debris flow can
be conveniently calculated according to information such as the start time of hazard
seismic signals, wave propagation speed, and the duration recorded by multiple seismic
stations in different locations (Iverson et al., 2011; Hu et al., 2011; Bugnion et al.,
2012). Furthermore, according to the energy characteristics of seismic signals, scholars
have established a theoretical model for estimating the volume and scope of landslides,
and established a connection between seismic signals and the scale of hazard events
(Kean et al., 2015; Hibert et al., 2017). In recent years, many researchers have devoted
themselves to mining more information about hazard dynamics parameters by using
seismic signals (Cook et al., 2022). Zhang et al. (2019) reproduced the complete dynamic
process of landslide by combining the long-period seismic signal of landslide, force-
time function, and the field investigation, and estimated the dynamic characteristics of
landslide such as friction coefficient and acceleration. By reducing the force of debris
flow on the channel bed to the sum of the impact force generated by particles’ vertical
impact on the channel, the distribution characteristics of the vertical impact force are
calculated, and a power spectral density model is proposed (Tsai et al., 2012), and the
connection between seismic signal characteristics and the kinematic characteristics of
the hazard is gradually explored and established (Lai et al., 2018; Farin et al., 2019).
However, the correlation between seismic signals and hazard dynamic behavior has not
been solved.

This paper mainly summarizes and analyzes the inversion and quantitative analysis
of landslide and debris flow based on seismic signals. Taking physical parameter -
mechanical process - seismic signal characteristics as the main line of the research,
proposes development ideas in view of the existing problems in the current research, to
clarify the direction of further research.

2 Methodology and Data Source

2.1 Methodology

Firstly, STA/LTA method (Stevenson, 1976) was used to extract seismic signals of haz-
ards from the recorded seismic signals, and the signals were denoised by BP-filter.
Then use EMD to separate the main feature components. Finally, using Fast Fourier
transform (FFT), short-time Fourier transform (STFT), power spectral density (PSD),
and other methods to quantitatively analyze the time-frequency of seismic signals, the
characteristics of seismic signals are obtained.

Empirical Green’s function is used to deconvolution seismic signals to reconstruct
the landslide force-time function (Li et al., 2017; Allstadt et al., 2020), and then the
dynamic parameters of the landslide are estimated, and the basic characteristics of the
hazard are inverted by combining the field survey data. The inversion results can then
be used to constrain the numerical simulation of landslide to improve the accuracy of



292 J. Zhou et al.

numerical simulation, and finally realize the reconstruction of the whole hazard process
(Li et al., 2023) (Fig. 1).

Fig. 1. Hazard process reconstruction flow chart based on seismic signal.

2.2 Data Source

The low-frequency seismic signals generated by landslides in the process of movement
can be recorded by seismic stations dozens of kilometers away from the hazard, which is
the data source. By using the seismometers independently deployed near the debris flow
channel, the relatively high frequency seismic signals caused by the debris flow can be
monitored at close range. And the network can be used to transmit real-time monitoring
seismic signals to achieve rapid analysis of debris flow.

3 Result and Analysis

3.1 Seismic Signal of Landslide and Debris Flow

Time-frequency analysis of a large number of seismic signals from landslide and debris
flow hazards shows that the complete landslide signals are usually presented in the
shape of a double spindle or a single spindle in the time domain, and the time-frequency
characteristics also show a bimodal or unimodal shape (Tsou et al., 2011; Yan et al.,
2020a, 2020b), and the frequency of seismic signals from landslide hazards is usually
low. Compared with landslide, the frequency range of debris flow seismic signal is
mainly high frequency (Huang et al., 2020), and in the time domain, in addition to the
characteristics of the spindle, it is usually accompanied by micro-amplitude seismic
of the tail, and in the time-frequency characteristics, the tail energy is weakened or
the bandwidth is narrowed (Schimmel et al., 2018; Suriñach et al., 2005). Based on
these characteristics of the shape and frequency range of hazard seismic signals, specific
hazard types can be identified (Fig. 2).
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Fig. 2. Seismic signal characteristics of hazards. (a) Xinmo landslide, Sichuan; (b) Ergou debris
flow, Sichuan

3.2 Reconstruction of Hazard Process

Reconstruction of Landslide. According to the seismic signal data of the Shuicheng
landslide (Yan et al., 2020b) recorded by seismic station, the time-frequency charac-
teristics of landslide signal are obtained by weak signal processing and analysis. Here
STFT and BP-filter are used to process and filter the signals to identify and extract the
signals generated by landslides, and then Empirical Mode Decomposition (EMD), FFT,
STFT, and PSD are used for further analysis and processing. Based on field investigation,
combined with the results of seismic signal analysis, which realized the reconstruction
analysis of the Shuicheng landslide process. It is important to understand the complicated
process of starting and moving of landslide.

In the study of the Xinmo landslide (Yan et al., 2020a), the seismic signals of several
stations are jointly analyzed and analyzed respectively from the perspective of time
domain and frequency domain. It is found that the landslide signals are composed of
the first and second main signals, and the frequency ranges of the two main signals
are 0–2 Hz and 0–4 Hz respectively. At the same time, a micro-seismic signal was
detected between the twomain signals, with a frequency of smaller than 1Hz. Combined
with field investigation and numerical simulation, we call it a transition stage in the
landslide process. Therefore, the whole complex process of the Xinmo landslide is
divided into stationary stage (0–18 s), slipping stage (18–30 s), transition stage (30–
65 s), entrainment-transportation stage (65–110 s), and deposition stage (110–150 s).
This is the first time to discover the transition stage between the two main landslides,
which is of great significance for landslide monitoring and warning.

Reconstruction of Debris Flow. Through the seismometers deployed in advance in the
Ergou and Fotangba Gully in theMinjiang River Basin, we recorded two seismic signals
of the debris flows that erupted in the two channels on August 19, 2022. By denoising
and filtering seismic signals, and using STFT and amplitude method for calculation and
analysis, the characteristics of high-frequency seismic signals during the formation and
evolution of debris flow are obtained. Combined with field investigation, the preliminary
identification of debris flow events based on seismic signals is realized. And the cross-
correlation algorithm is used to calculate the velocity of debris flow. Further, based on
the analysis of the gravity acceleration variation characteristics and energy presentation
in the time-frequency domain diagram, the debris flow hazard characteristics and other
information are judged. Combined with the rainfall monitoring data and the real-time
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video of the hazard process taken on site, the quantitative analysis of the debris flow
process in Wenchuan earthquake area is realized. It also lays a theoretical foundation
for establishing the method of debris flow identification, inversion, monitoring and early
warning based on seismic signal.

Reconstruction of Hazard Chain. Taking the hazard chain of Danba quake Lake in
Xiaojinchuan River in 2020 as the research object (Yan et al., 2021), the seismic signals
recorded from June 17 to 20 by XJI station, which is closest to the hazard point, are
selected, and the signal extraction and noise attenuation of the seismic signal data are
carried out by BP-filter, EMD, and STFT. A program of weak seismic signal recognition
for geological hazards is established.

The whole process of hazard chain is reconstructed by analyzing seismic signals.
The first stage is the debris flow in Meilonggou, and its effective signal frequency is
less than 0.1 Hz. However, we identified the debris flow by the relative magnitude of the
amplitude in the signal processing results, and divided the debris flow into three stages by
combining the time-frequency spectrum, the first stage is the initial stage, the increase of
flow velocity and debris volume by channel entrainment is increased, manifested as the
trend of earthquake amplitude increase. The second stage is the evolution stage, the flow
velocity becomes fast, and the corresponding signal also shows strong amplitude. The last
is the deposition stage, the signal characteristics show weak amplitude. Then there was
the outburst of the barrier lake formed by the accumulation of debris flows, and the signal
frequency range of the flood stage was 0–40 Hz, with typical broadband characteristics.
The flood erosion caused the instability of the ancient landslide downstream, which
triggered the landslide in Aniangzhai. According to the signals of the entire physical
process of landslide, it is divided into three stages: initial stage, continuous collapse
stage, and gradual stabilization stage. The continuous occurrence of landslides led to the
formation of a new barrier dam. However, due to the low stability of the accumulation
body, it caused a second flood. This is the evolution pattern of the whole hazard chain.

3.3 Dynamic Inversion and Numerical Simulation

Taking the Baige landslide as an example (Yan et al., 2022), we put forward the combi-
nation of signal processing, dynamic inversion, and numerical simulation to reconstruct
the hazard evolution process, which can help obtain more reliable landslide simulation
results and provide theoretical guidance for the risk prevention and hazards mitigation.
The seismic signal of the Baige landslide was quantitatively analyzed by STFT and
PSD. The direction of slide and the start and stop time of landslide are determined by
a relatively high signal-to-noise ratio of time domain velocity signal. The PSD curve
can be divided into three stages longitudinally. According to the results, we divided the
landslide into three acceleration and three deceleration stages.

We selected the data from seven stations to invert the landslide dynamic process
and obtained the landslide force-time function. By comparing the DEM before and after
the landslide, the sliding mass was estimated to be 4.2 × 1010 kg. The acceleration
distribution with time was determined, and the velocity distribution with time and the
displacement distribution curve with time were reconstructed. The inversion parameters
are used to provide verification for landslide numerical simulation. In the end, the time
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difference between simulation and inversion of peak velocity of landslide is 2.5%, the
error of peakdisplacement is 0.6%, and the error of peakvelocity and landslide duration is
33.3%. The accumulation characteristics obtained by simulation are basically consistent
with the field investigation.

4 Discussion

4.1 Innovation

Different types, scales and locations of hazards will lead to different seismic signals. The
characteristics of seismic signals, such as long propagation distance, fast propagation
speed and carrying physical and mechanical characteristics information, can realize
long-distance and non-contact monitoring of hazards (Cook et al., 2021). Different from
the traditional analysis of debris flow dynamics based on on-site monitoring (Yan et al.,
2023), this method is based on the principle that seismic signal generated in the process
of hazard initiation and movement and the physical and mechanical characteristics of
the signal carrying the hazard, the signal processing and analysis technology can be used
to extract the hazard attribute information corresponding to the seismic signal and invert
the hazard dynamics parameters, hazard movement, and evolution process.

4.2 Further Research

The impact mechanism of debris flow on the bottom bed is very complicated due to the
two-phase property of debris flow. Therefore, it is necessary to carry out flume test based
on the range of typical dimensionless numbers of debris flow in the field considering the
scale effect (Iverson 2015). To study the influence of the change of physical properties
of debris flow on the bottom impact force, analyze the characteristics and mechanism
of the generation of seismic signals, and to establish the relationship between physical
parameters, bottom impact force, and seismic signal characteristics, for developing a
quantitative model of debris flow excitation source.

The near-field monitoring of debris flow is usually characterized by the magnitude
of the seismic wave propagation distance and debris flow evolution distance, which
approximates debris flow as a “point source”. This hypothesis is inconsistent with the
actual situation (Gabet et al., 2008; Lee et al., 2012). Therefore, it is necessary to further
take the “line source” model as the basic assumption, consider the path effect of seismic
signal propagation (Allstadt et al., 2015, 2020; Huang et al., 2020), and quantitatively
analyze the calculation error caused by the seismic signal propagation attenuation during
hazard motion process. Then improve the empirical green’s function to establish a debris
flow dynamics inversion model based on seismic signal.

5 Conclusion

With the development of environmental seismology methods, the seismic signal char-
acteristics of landslide and debris flow are obtained by processing the recorded seismic
signals. The motion state and key dynamic parameters of landslide and debris flow are
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calculated in reverse, and the connection between seismic signal and hazard dynamic
process is established. The reconstruction of hazard process is realized by combining
field investigation and numerical simulation. At the same time, the direction of further
research is pointed out, which provides a new idea and method for studying the initia-
tion mechanism and dynamic characteristics of geological hazards by using the relevant
theories of seismology and realizing the identification and early warning of hazards.

Acknowledgments. This study was financially supported by the National Natural Science
Foundation of China (Grant 42120104002,42271075, and U21A2008).

References

Allstadt, K.E., Shean, D.E., Campbell, A., et al.: Observations of seasonal and diurnal glacier
velocities at Mount Rainier, Washington, using terrestrial radar interferometry. Cryosphere 9,
2219–2235 (2015)

Allstadt, K.E., Farin, M., Iverson, R.M., et al.: Measuring basal force fluctuations of debris flows
using seismic recordings and empirical Green’s functions. J. Geophys. Res.: Earth Surface
125(9), e2020JF005590 (2020)

Bugnion, L., McArdell, B.W., Bartelt, P., et al.: Measurements of hillslope debris flow impact
pressure on obstacles. Landslides 9(2), 179–187 (2012)

Chmiel, M., Walter, F., Wenner, M., et al.: Machine learning improves debris flow warning.
Geophys. Res. Lett. 48(3), e2020GL090874 (2021)

Cook, K.L., Dietze, M.: Seismic advances in process geomorphology. Annu. Rev. Earth Planetary
Sci. 50, 183–204 (2022)

Cook, K.L., Rekapalli, R., Dietze, M., et al.: Detection and potential early warning of catastrophic
flow events with regional seismic networks. Sci. (New York, N.Y.) 374, 87–92 (2021)

Cui, Y., Cheng, D., Choi, C.E., et al.: The cost of rapid and haphazard urbanization: lessons learned
from the Freetown landslide disaster. Landslides 16(6), 1167–1176 (2019)

Dammeier, F., Guilhem, A., Moore, J.R., et al.: Moment tensor analysis of rockslide seismic
signals. Bull. Seismol. Soc. Am. 105(6), 3001–3014 (2015)

Farin, M., Tsai, V.C., Lamb, M.P., et al.: A physical model of the high-frequency seismic signal
generated by debris flows. Earth Surf. Proc. Land. 44(13), 2529–2543 (2019)

Gabet, E.J., Burbank, D.W., Pratt-Sitaula, B., et al.: Modern erosion rates in the high Himalayas
of Nepal. Earth Planet. Sci. Lett. 267(3–4), 482–494 (2008)

Hibert, C., Malet, J.P., Bourrier, F., et al.: Single-block rockfall dynamics inferred from seismic
signal analysis. Earth Surf. Dyn. 5(2), 283–292 (2017)

Hu, K., Wei, F., Li, Y.: Real-time measurement and preliminary analysis of debris-flow impact
force at Jiangjia Ravine, China. Earth Surf. Process. Landforms 36(9), 1268–1278 (2011)

Huang, X., Li, Z., Fan, J., et al.: Frequency characteristics and numerical computation of seismic
records generated by a giant debris flow in Zhouqu, Western China. Pure Appl. Geophys. 177,
347–358 (2020)

Iverson, R.M.: Scaling and design of landslide and debris-flow experiments. Geomorphology 244,
9–20 (2015)

Iverson, R.M., Reid, M.E., Logan, M., et al.: Positive feedback and momentum growth during
debris-flow entrainment of wet bed sediment. Nat. Geosci. 4(2), 116–121 (2011)

Kean, J.W., Coe, J.A., Coviello, V., et al.: Estimating rates of debris flow entrainment from ground
vibrations. Geophys. Res. Lett. 42(15), 6365–6372 (2015)



Quantitative Analysis of Landslide and Debris Flow 297

Lai, V.H., Tsai, V.C., Lamb, M.P., et al.: The seismic signature of debris flows: flow mechanics
and early warning at Montecito. California 45(11), 5528–5535 (2018)

Lee, C.H., Huang, C.J.: Kinetic-theory-basedmodel of dense granular flows down inclined planes.
J. Fluid Mech. 24(7), 043307 (2012)

Li, S., Tang, H., Peng, C., et al.: Sensitivity and calibration of three-dimensional SPH formulations
in large-scale landslide modeling. J. Geophys. Res.: Solid Earth 128, e2022JB024583 (2023)

Li, Z., Huang, X., Xu, Q., et al.: Dynamics of theWulong landslide revealed by broadband seismic
records. Earth Planets Space 69, 27 (2017)

Loew, S., Gschwind, S., Gischig, V., et al.: Monitoring and early warning of the 2012 Preonzo
catastrophic rockslope failure. Landslides 14(1), 141–154 (2017)

Schimmel, A., Hübl, J.,McArdell, B.W., et al.: Automatic identification of alpinemassmovements
by a combination of seismic and infrasound sensors. Sensors 18(5), 1658 (2018)

Shugar, D.H., Jacquemart, M., Shean, D., et al.: Amassive rock and ice avalanche caused the 2021
disaster at Chamoli, Indian Himalaya. Science 373(6552), 300–306 (2021)

Stevenson, R.: Microearthquakes at Flathead Lake, Montana: a study using automatic earthquake
processing. Bull. Seismol. Soc. Am. 66(1), 61–80 (1976)

Suriñach, E., Vilajosana,G., Biescas, B., et al.: Seismic detection and characterization of landslides
and other mass movements. Nat. Hazard. 5, 791–798 (2005)

Tsou, C.Y., Feng, Z.Y., Chigira,M.: Catastrophic landslide induced by typhoonMorakot, Shiaolin.
Taiwan. Geomorphol. 127(3–4), 166–178 (2011)

Tsai, V.C., Minchew, B., Lamb, M.P., et al.: A physical model for seismic noise generation from
sediment transport in rivers. Geophys. Res. Lett. 39(2), L02404 (2012)

Yan, Y., Cui, Y., Guo, J., et al.: Landslide reconstruction using seismic signal characteristics and
numerical simulations: case study of the 2017 “6.24” Xinmo landslide. Eng. Geol. 270, 105582
(2020a)

Yan, Y., Cui, Y., Tian, X., et al.: Seismic signal recognition and interpretation of the 2019 “7.23”
Shuicheng landslide by seismogram stations. Landslides 17, 1191–1206 (2020b)

Yan, Y., Cui, Y., Liu, D., et al.: Seismic signal characteristics and interpretation of the 2020 “6.17”
Danba landslide dam failure hazard chain process. Landslides 18(6), 2175–2192 (2021)

Yan, Y., Cui, Y., Huang, X., et al.: Combining seismic signal dynamic inversion and numerical
modeling improves landslide process reconstruction. Earth Surf. Dyn. 10, 1233–1252 (2022)

Yan, Y., Tang, H., Hu, K., et al.: Deriving debris-flow dynamics from real-time impact-force
measurements. J. Geophys. Res.: Earth Surf. 128, e2022JF006715 (2023)

Zhang, Z., He, S., Liu, W., et al.: Source characteristics and dynamics of the October 2018 Baige
landslide revealed by broadband seismograms. Landslides 16(4), 777–785 (2019)


	Quantitative Analysis of Landslide and Debris Flow Based on Seismic Signal
	1 Introduction
	2 Methodology and Data Source
	2.1 Methodology
	2.2 Data Source

	3 Result and Analysis
	3.1 Seismic Signal of Landslide and Debris Flow
	3.2 Reconstruction of Hazard Process
	3.3 Dynamic Inversion and Numerical Simulation

	4 Discussion
	4.1 Innovation
	4.2 Further Research

	5 Conclusion
	References


