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Seismic signal recognition and interpretation
of the 2019 “7.23” Shuicheng landslide by seismogram
stations

Abstract A systematic study of the physical and mechanical pro-
cesses of landslide development and evolution is important for
forecasting, early warning, and prevention of landslide hazards. In
the absence of on-site monitoring data, seismic networks can be
employed to continuously record ground seismicity generated dur-
ing landslides. However, landslide seismic signals are relatively weak
and inevitably affected by noise interference. Furthermore, system-
atic characterization and reconstruction of the landslide evolution
process remain poorly reported. An evaluation method to recognize
landslide events based on seismic signal characteristics is therefore
important. This study analyzes the 2019 “7.23” Shuicheng landslide
based on data from nearby seismic stations. A landslide seismic
signal recognition method is developed based on short-time Fourier
transform (STFT) and band-pass filter (BP-filter) analysis. Data from
14 stations near the landslide were reviewed and the landslide data
from one station was selected for analysis. The landslide seismic
signal was noise-attenuated by using the empirical mode decompo-
sition (EMD) and BP-filter methods. Fast Fourier transform (FFT),
STFT, and power spectral density analyses were applied to the
landslide seismic signal with higher signal-to-noise ratio (SNR) to
obtain the time–frequency signal characteristics of the landslide
process. Finally, combined with landslide field survey data, the
dynamic process of the landslide was reconstructed based on the
seismic signal, and the landslide was divided into four stages: the
fracture-transition stage, the accelerated initiation stage, the
bifurcation-scraping stage, and the deposition stage. The dynamic
characteristics of each stage of the landslide are presented. The
results indicate that the initial fracture point of the landslide is
located between the bottom of the sliding source area and the top
of the acceleration zone, not as traditionally thought, at the top of the
sliding source area; this would be difficult to determine through field
survey and analysis only. These results provide theoretical guidance
for the study of seismic signal extraction, identification of landslide
dynamic parameters, and characterization and reconstruction of
landslide processes.

Keywords Seismic network . Shuicheng landslide . Signal
extraction and recognition . Signal interpretation . Landslide
process reconstruction

Introduction
Landslides are a geological phenomenon in which the slope rock
and soil body slip along a shear failure surface. Landslides are
classified as major geological hazards by many countries world-
wide and are characterized by extensive damage under difficult
monitoring and control conditions (Aleotti and Chowdhury 1999;
Yesilnacar and Topal 2005; Chen et al. 2013; Hungr et al. 2014; Zhou
et al. 2016; Cui et al. 2017; Ouyang et al. 2017). Landslide hazards
have caused major property damage and safety concerns (Cui et al.

2009; Huang 2009; Zhou et al. 2013a; Schimmel and Hübl 2016;
Sheng et al. 2018; Cui et al. 2019; Ouyang et al. 2019). Systematic
research on the physical and mechanical processes of landslide
evolution and sliding is therefore of great significance for the
forecast, early warning, and prevention of landslide hazards.

It is necessary to conduct on-site monitoring of potential landslides
to understand the motion and deformation characteristics of the var-
ious stages of a landslide (Yamada et al. 2013). However, owing to the
strong destructive nature of landslide hazards, on-site monitoring
equipment is often damaged, which makes monitoring data difficult
to collect (Guo et al. 2020). Direct observation data, therefore, mostly
come from the occurrence of landslides while in situ observations are
relatively scarce. The lack of direct observation data is a key factor
limiting the study of landslide physical processes (Yamada et al. 2013;
Zhou et al. 2013b; Li et al. 2017; Huang et al. 2018). In response to the
above problems, many studies have proposed the use of seismic mon-
itoring to obtain data on landslide evolution. Seismic networks can
continuously record ground seismicity generated during landslide oc-
currence; therefore, seismic signals can be studied to obtain the dy-
namic landslide characteristics (Yamada et al. 2012; Chen et al. 2013;
Petley 2013; Yamada et al. 2013; Lin 2015; Hibert et al. 2017; Li et al. 2017).

In recent years, seismic methods have received increasing at-
tention because of their potential to monitor hazards remotely
(Helmstetter and Garambois 2010; Moretti et al. 2012; Ekström and
Stark 2013; Moore et al. 2017; Guinau et al. 2019). Seismic signal
analysis can quickly determine the time, location, and scale of a
landslide; moreover, the seismic mode and corresponding dynam-
ic process of the landslide can be investigated to provide a basis for
early warning of landslide hazards (Kao et al. 2012; Sakals et al.
2012; Lombardo et al. 2019; Zhang et al. 2019). In recent years,
spectrum analysis of seismic signals has been widely used in the
study of landslide characteristics (Moretti et al. 2012; Levy et al.
2015; Ogiso and Yomogida 2015). These studies found that seismic
signals generated by landslides can be divided into high- and low-
frequency signals, both of which can provide information regard-
ing the landslide dynamic characteristics (Vilajosana et al. 2008;
Chen et al. 2013; Hibert et al. 2014; Li et al. 2017). However, high-
frequency signals are more complex and attenuate rapidly so it is
difficult to analyze the properties of landslide volume, velocity,
and trajectory based on these signals (Huang et al. 2007; Allstadt
2013; Dammeier et al. 2016; Fuchs et al. 2018; Zhang et al. 2019).
Current common practice, therefore, is to invert the long period
signal on the basis of observational data to first obtain the force–
time function of the landslide (Brodsky et al. 2003; Favreau et al.
2010; Schneider et al. 2010), and then quantitatively obtain the
landslide kinematic parameters (Sakals et al. 2012; Feng et al. 2017;
Fuchs et al. 2018; Kuo et al. 2018; Zhang et al. 2019).

Overall, some progress has been made in the study of landslide
seismic signals but many challenges remain in signal identification
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(Zhao et al. 2015; Fuchs et al. 2018). For example, landslide seismic
signals are relatively weak and inevitably affected by noise inter-
ference during signal collection, such as the noise generated by
accompanying earthquake events. Higher-amplitude noise tends
to obscure the landslide seismic signals. Effective identification of
landslide seismic signals is therefore of great importance. Some
recent studies have also explored signal interference (Helmstetter
and Garambois 2010; Feng, 2011; Sheng et al. 2018). These methods
can effectively overcome the challenges introduced by signal noise
pollution. However, systematic characterization and reconstruc-
tion of landslide processes is still inadequate. It is therefore im-
portant to establish an efficient landslide event assessment method
based on the characteristics of seismic signals.

This study is based on the “7.23” Shuicheng landslide that
occurred in 2019. Seismic signal data collected by nearby seismic
stations were initially processed and screened by using the short-
time Fourier transform (STFT) and band-pass filter (BP-filter)
methods to identify and extract the landslide-induced signal. The
landslide field survey data were then processed using empirical
mode decomposition (EMD), fast Fourier transform (FFT), STFT,
and power spectral density (PSD) analysis to obtain the signal
time–frequency characteristics of the landslide. The landslide pro-
cess was reconstructed with the dynamic characteristics analyzed
at each stage. This study provides important information for the
extraction of seismic signals to identify landslide dynamic param-
eters and characterize and reconstruct landslide processes.

Study area

Geologic and topographic conditions
The landslide studied here is located in the town of Jichang in
southwestern Shuicheng County in western Guizhou Province,
China (Fig. 1a and b), situated in the watershed of the Pearl and
Yangtze river basins.

From the perspective of regional tectonics, the landslide is
located at the interface between the southeastern margin of the
Qinghai-Tibet Plateau and the South China Block. Therefore, the
regional structural morphology and lithological combinations are
complex. The geological map of the Shuicheng landslide area is
shown in Fig. 2. The surface strata at the landslide comprise
mainly Permian Emeishan basalts and basalt lavas, interspersed
with volcanic clastic rocks, sunken volcanic clastic rocks, and coal-
containing clastic rocks (Li et al. 2019; Xu et al. 2019). The basalt is
not very weather resistant, and a thick layer of loose volcanic soil
is widespread in the gradually sloping area, providing good con-
ditions for farming. There are more villages at the relatively flat
area at the foot of the slope and intensive farming has increased
the rock weathering in the area, forming a thicker soil layer. This
has led to poor stability of the ground surface and increased
landslide risk. The landslide is located in the Yangtze platform in
the northern part of the Qianbei-Tailong-Liupanshui fault depres-
sion in the middle of the westward tectonic deformation zone, the
north of the Jinan knob tectonic deformation zone and the south-
east of the northeast of the Zongyi fault arch in the Qianbei
platform, along the southwest border of the tectonic deformation
zone. The activity of the fault zone in the late Quaternary was very
strong, with many strong historical earthquakes of magnitude 7 or
higher not showed in the area shown in Fig. 2, but to the west of
the area (Xu et al. 2019). The surrounding faults are mainly Early-

Middle Pleistocene faults, and some have been recently active,
generating moderately strong earthquakes of about magnitude 5
(Fig. 2). However, no active faults have developed near the land-
slide area (Xu et al. 2019). The folds and faults are crisscrossed in
the area, and the strata are strongly affected by structural breaks.
The rock mass is very fragmented, and the geological structure is
complex, characterized by large terrain fluctuations, mountains
with sharp topographic features, and karst development. The eas-
ily weathered surface lithology coupled with tectonic-induced
fragmentation and strong weathering caused by high and steep
terrain in the later stage makes the area more prone to geological
hazards (Si et al. 2012).

Climate and rainfall characteristics
Rainfall in Shuicheng County occurs mainly between May and
September, accounting for 50% of the annual rainfall. Moreover,
78.5% of the hazardous geological events in the area occurred
during this five-month period (Fig. 3), showing a high correlation
between the number of geological hazard events and rainfall.

Meteorological data indicate extensive rain in the month prior
to the Jichang landslide. The accumulated rainfall from the begin-
ning of July in Shuicheng County reached 288.9 mm. During the
six-day period before the landslide (July 18 to 23), there were three
heavy rainfall events of 43.1, 45.2, and 47.8 mm, and a light rain
that started at 8:00 PM on July 23 and ended at 7:00 AM on July 24
with a total precipitation of 5.5 mm (Fig. 3b). The results show that
the rainfall 7 days before the occurrence of the landslide is
70.14 mm.

The “7.23” Shuicheng landslide event

Pre- and post-landslide characteristics
According to DEMmeasurements, the landslide body is 415 m long
and 207 m wide with an area of about 8.6 × 104 m2 and an average
sliding depth of about 20 m. According to this estimation, the
volume of the landslide body is about 172 × 104 m3.

The orthophoto data clearly indicate that the landslide area is
roughly rectangular, trending NNE. There were three roads (A, B,
and C) on the surface of the landslide mass before the sliding
event, with a gentle platform on the leading edge between Roads B
and C (Figs. 4a and 3b). The front edges of Roads A and C and the
platform are separated by different areas of the landslide section.
Road A runs through the sliding source zone. The front edge and
platform of the source zone are the acceleration zone, adjacent to
the platform and Road C. The area between the scraper area and
Road C is the sediment-impact zone (Fig. 4c).

Sliding source zone (I)
The sliding source area is located above Road A. The landslide
surface has an inclination angle of 37°, strike of 20°, width of about
162 m, and a maximum elevation difference of 74 m. At the top of
the landslide body, basaltic foundation rocks are exposed and have
clear scratches (Fig. 4d). Soil and vegetation from the top of the
sliding source zone have accumulated between the central part of
the sliding source area and Road A. The vegetation in this area is
randomly distributed (Fig. 4e); the roof of a house, originally at the
top of the source zone, is relatively intact, and the sides of the
landslide are inclined towards the landslide center. After the land-
slide, continuous rain fell in the nearby farming town and a
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number of clear water catchments formed on the landslide surface
(Fig. 4d). The catch trace clearly indicates that an unstable zone
developed along the slope direction before the landslide occurred.

Acceleration zone (II)
This area is between Roads A and B. Figure 4a shows that before
the landslide event, a relatively gentle platform is present 80 m
below Road A (Fig. 4a). The gentle platform and Road A are
relatively steep with a slope of about 39°. The slope between the
wide platform and Road B is shallower. The gentle platform grad-
ually evolves downward into a ridge-like gentle slope, joining with
the tail slope of Road B.

Debris motion zone (III)
This area is divided into two parts by a central ridge that did not
undergo significant sliding and is bordered by valleys to the east
and west that were severely affected by the landslide (Fig. 4f). With
its high elevation, the central ridge was not directly affected by the
landslide. The valley to the east of the ridge was the most severely
affected area. The eastern landslide is about 630 m long, straight,

and wide, with an average slope of 19.5° with a gradient of 353‰,
which is favorable for landslide development. The landslide body
is 10–20 m high and strongly eroded. The west side of the valley is
deeper and steeper than the east side, with an average depth of
30 m. No houses are found on either side of the valley. Dry valleys
occur about halfway between Roads B and C where the valley’s
orientation turns eastward 30°. After the slide, the landslide body
piled up over the ridge on the east side of the valley. After depo-
sition of ~ 15 m of sediment, the two houses built on Road C were
completely buried.

Sediment zone (IV)
The accumulation area is mainly located in the gently sloping area
of Road C. It is distributed as adjacent segments. The distance
between the northern and southern edges of the zone is about
220 m, the distance between its east and west edges is about 200 m,
and the area covers about 4.3 × 104 m2. A 6-m-high two-story
house is still standing on the east side of the sedimentary area.
Most of the landslide body was deposited at an altitude of about
1150 m. The elevation of the front end of the sedimentary zone is

Fig. 1 Geologic and topographic features of the Shuicheng landslide. (This figure is based on the standard map of GS (2019) 1651, which is downloaded from the
Standard Map Service website of the National Surveying and Mapping Geographic Information Bureau of China. The base map has no modification.) a Location of the
Jichang landslide in Shuicheng County, Liupanshui City, Guizhou Province. b DEM of the pre-landslide area. c Position of the seismic stations relative to the landslide
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about 1193 m. The toe of the landslide body is claw-shaped with
clear impact marks (Fig. 4f).

Ground-motion records and signals
Evidence from local residents indicates that the start time of
the landslide was about 21:20 on July 23, 2019, Beijing time

(13:20 UTC time) and the event lasted about 3 to 4 min.
Jichang is located in southern Shuicheng County, Guizhou
Province, at the junction of three counties in Yunnan and
Guizhou. There are 14 seismic stations in Guizhou and Yun-
nan Province located within 200 km of the landslide point
(Fig. 1c).

Fig. 2 Geological map of the Shuicheng landslide area
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Methodology
The scale, displacement, and crustal seismicity of the landslide are
relatively small. Residents near the landslide mistakenly thought
that the landslide was fireworks or a small earthquake. The surface
lithology of this area is basalt, which can weather easily and forms
a thick loose surface layer with relatively strong absorption atten-
uation. These factors make the seismic signal of this landslide
recorded by each station relatively weak and its identification
more difficult. For this reason, we developed a weak signal pro-
cessing and analysis process (Fig. 5).

Empirical mode decomposition
In theory, EMD can effectively decompose any type of signal. EMD
can adaptively separate the nonlinear non-stationary seismic sig-
nals caused by a landslide and analyze each component separately,
which can accurately reflect the energy (or frequency) in various
physical scales and space (or time) (Feng, 2011; Lei et al. 2018).

Band-pass filter
When the interference signal and effective signal are in different
frequency ranges, the interference signal can be suppressed by the
band-pass filter. By identifying the frequency range of the effective
signal, the amplitude of the signal within this frequency band
remains unchanged, and the amplitude outside the frequency
band is set to 0.

Short-time Fourier transform
We performed a joint time–frequency domain transform of the
seismic signal using STFT based on the pre-analyzed data. This
process allows both the time domain distribution and frequency
domain information of the seismic signal to be obtained (Yan et al.

2017, 2019). The idea behind STFT is outlined briefly here. Equa-
tion 1 shows the transform equation, x[n] is a discrete time series,
and ω[n] is a time–frequency localized window function. The
analysis window function ω[n] is assumed stationary over a rela-
tively short period (Yan et al. 2017).

STFT x nð Þf g m;ωð Þ≡X m;ωð Þ ¼ ∑
∞

n¼−∞
x n½ �ω n−m½ �e−jwn ð1Þ

For the STFT process, selecting a window function (Eq. 2)
which is the Hanning window with a length of 128 points (Yan
et al. 2017).

ω n½ � ¼ 0:5−0:5cos
2πn
N−1

� �
; 0≤n≤N−1ð Þ

0 ; othersð Þ

(
ð2Þ

Power spectral density
The power of each frequency unit for each frequency band com-
ponent corresponding to a specific moment can be estimated on
the basis of the PSD of the seismic signal in the frequency domain
(Yan et al. 2017). Tsai (2012) proposed a seismic signal PSD esti-
mation model for sediment transport (Eq. 3).

P f ;Dð Þ≈ n
ti

π2 f 3V2
pw

2
i

v3cv2u
χ βð Þ ð3Þ

where vcis the Rayleigh-wave phase velocity, vu is the group velocity
at 1 Hz, Vp is the boulder volume, n is the number of boulders in the

group, ntiis the sediment flux, and χ βð Þ≡∫∞−∞ 1ffiffiffiffiffiffiffi
1þy2

p e−β
ffiffiffiffiffiffiffi
1þy2

p
dy.

Lai et al. (2018) proposed a PSD estimation model for debris flow
seismic signals based on the PSD model of fluvially flows by Tsai (2012)
and simplified it:

Fig. 3 Rainfall characteristics of the Shuicheng landslide. a Relationship between average monthly rainfall and occurrence of new geological hazards. b Hourly
precipitation in Jichang town from July 18 to 23, 2019 (data from the Ecological Meteorology and Satellite Remote Sensing Center of Guizhou Province)
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P f ;Dð Þ≈1:9⋅LWD3u3⋅
f 3þ5ζ

v5cr0
e−

8:8 f 1þζ r0
vcQ ð4Þ

where ξ ≈ 0.25–0.5 is a parameter related to how strongly the
seismic velocities increase with depth at the site (Tsai et al. 2012),
D is per unit grain size, vc is the Rayleigh-wave phase velocity, r0 is

the average distance of the station from the debris slide, Q is the
quality factor for the Rayleigh waves (assumed independent of
frequency within the observed range), and P is the seismic PSD
of the velocity as a function of f and has units of (m/s)2/Hz. u is the
velocity of the flow, L is the length of the debris end of the
landslide mass, and W is the channel width.

The PSD of a seismic signal in the frequency domain can be
expressed as Eq. 5, which is used to analyze the statistical

Fig. 4 Comparison of remote sensing images taken before and after the Shuicheng landslide. a Before the landslide. b Aerial image after landslide. c Landslide survey
profile. d–f Landslide site survey photos. d Upper part of the landslide area. e Sedimentary area in the upper part of the landslide (enlarged area marked by white
rectangle in Fig. 4d), showing a relatively intact roof of a house at the top of the landslide. f Sediment characteristics at the bottom of the landslide area
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characteristics of each component of the landslide seismic signal
and its source (Yan et al.2017).

PSDf min∼ f max
tð Þ ¼ 1

f max− f min

� � � ∑
f max

f¼ f min

S t; fð Þ△ f ð5Þ

Where fmin and fmax represent the lowest and highest frequen-
cies in the band to be analyzed, respectively, t represents time, and
S(t, f) represents the time–frequency power spectrum of the seis-
mic signal calculated using STFT.

In the actual application of PSD, we often use Eq. 6 to calculate
the PSD of the seismic signal, whose PSD is the accumulation of all
particle sizes and all frequencies, and this represents the integral of
the PSD amplitude generated for all granularities. We have to inte-
grate the PSDmodels (Eqs. 3 and 4) along f andD (Eq. 5), which is the
PSD energy of all frequencies and sizes at a single moment.

PSD tð Þ ¼ ∬PdDdf ð6Þ

Results and discussion

Signal selection and preliminary analysis
We extracted seismic data starting from 2 days before the landslide
and conducted preliminary analysis. Clear identification of the

seismic signal of the landslide from the data of each seismic station
was difficult. The signals of the 14 stations can be divided into two
categories. The first type of signal exhibits environmental noise
characteristics and the seismic characteristics related to landslides
cannot be identified from the original records. There is no clear time
spectrum pattern and the frequency range is not uniform (Fig. 6a,
b, c). There are 12 main stations with this type of signal. The second
type of signal shows spindle-shaped characteristics of the landslide
signal over the time–frequency spectrum. There are “peak-like” or
single peaks over the frequency range of 0–45 Hz. Of the 14 stations,
only stations QIJ and GYA contain such signals (Fig. 6d, e).

According to statistics of landslide and debris flow seismic
signals from previous studies, the frequency of landslide seismic
signal is generally lower than 20 Hz (Table 1). Generally, larger
landslide volumes and shorter landslide durations are associated
with wider signal frequency bands. The volume of the landslide
was about 200 × 104 m3. Station GYA with a straight-line distance
of 222 km and station QIJ with a distance of 168 km can receive
high-frequency information up to 45 and 20 Hz, respectively. The
effective frequency ranges show large differences compared with
the statistical features reported in the literature. In addition, the
signal start time at QIJ is about 3 min later than the actual time at
GYA. The bandwidth of the QIJ signal is about half of the frequen-
cy range of the GYA signal. Stations GYA and QIJ are located NEE
and NW of the landslide, but the geological features of the areas

Fig. 5 Seismic signal analysis and processing flow chart
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are similar and the differences in surface features are not sufficient
to cause such a large difference between the starting times and
frequency ranges. The seismic signals recorded at GYA and QIJ
reflect the duration of a single landslide event (“spindle”) of about
1.5 min, which is inconsistent with the eyewitness evidence that the
landslide duration was about 5 min. Furthermore, the stations
closer to the landslide site did not record similar features to those
of stations GYA and QIJ. We therefore conclude that the seismic
signals recorded by the QIJ and GYA stations are not related to this
landslide.

Among the 14 stations, XUW is closest to the landslide site and
received the strongest signal of all the stations. The time spectrum
of the original seismic signal of XUW has a relatively continuous
energy level between 0 and 10 Hz but no continuity in the spectral
band of 10–20 Hz. Between 20 and 50 Hz, the spectral energy
fluctuates as shown in Fig. 6a. On the basis of these time–
frequency characteristics, three band-pass filters of 0–10, 10–20,
and 20–50 Hz were designed and the time domain seismic curves
and time–frequency spectra of these three frequency bands were
obtained. The time–frequency spectra of these three intervals all
show irregular noise characteristics (Fig. 7a, b, c) and the spectrum
of the 0–10 Hz band is weakened at 5 Hz. However, strong low-
frequency energy (less than 1 Hz) appears throughout the time

history (Fig. 7a). To further highlight the continuous energy band
around 5 Hz, the signal was passed through a band-pass filter of
4.5–6 Hz (Fig. 7d). The seismic curve of this frequency range shows
more clear spindle-shaped characteristics, which is typical of land-
slide seismic signals. The continuous energy band around 5 Hz in
the time spectrum is strengthened, which is more in line with the
statistical characteristics of landslide signals (Table 1).

The seismic curve and time spectrum in Fig. 7d show higher noise
levels. To enhance the effective signal and attenuate the noise, the
seismic data in the 4.5–6 Hz frequency range was subjected to EMD
processing. As shown in Fig. 8, the energy of the intrinsicmode function
1 (IMF1) occupies 99.1% of the original energy, which has a similar
spectrum to the undecomposed signal. IMF2–IMF5 exhibit noise char-
acteristics and each IMF component exhibits low-frequency character-
istics. For this analysis, we use IMF1 as the landslide signal recorded at
station XUW. As shown in Fig. 9, the noise of IMF1 is significantly
attenuated and the time spectrum is cleaner.

In the same manner, we obtained the seismic curves of the main
IMF components of the other 11 stations in the range of 0–10 Hz.
Comparative analysis shows that except for the weak amplitude
recorded at station LPS and the strong amplitude at XUW, the
records of the other stations show background noise and no
obvious regularity in the time spectrum. Station LPS recorded

Fig. 6 Time domain seismic curves and STFT-spectrum of five typical stations in this study. a–e Seismic signals before and after the landslides recorded by stations XUW,
LPS, WNT, QIJ, and GYA and their time–frequency spectrum, respectively
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the seismic signal only at the fastest stage of the landslide debris
movement, while the seismic signal at other stages is attenuated by
strong absorption during the propagation process, which is diffi-
cult to separate from the background noise. Therefore, in this
study, only seismic data of from station XUW are used to recon-
struct the landslide process.

Seismic signal characteristics of the landslide
The seismic intensity of the Shuicheng landslide signal recorded at
station XUW of the China Earthquake Administration is relatively
low in the N, E, and Z directions (Fig. 9), showing a low SNR and
the most severe SNR (effective signal amplitude/noise). The am-
plitude is about 2, which indicates that the scale of the landslide is
relatively small.

The seismic curve shows two abnormal amplitudes at 21:18:45
and 21:20, which may correspond to the starting time of the
landslide. In the time spectrum, a distinct band of higher energy
is seen in the E and N components at 21:20 while the Z-component
energy band is relatively weak. The E-component has a slightly
wider frequency range, slightly stronger energy, and a lower fre-
quency. At about 4.5–5.5 Hz, the frequency of the N component is
slightly higher, the energy is slightly weaker, and the frequency
range is slightly narrower (~ 4.8–5.7 Hz). The Z-component has the
lowest frequency, weakest energy, and narrowest frequency range.
The time spectrum of the three components at station XUW is at
21:25:10 where there is a downwardly inclined monoclinic energy
cluster. At this moment, the seismic amplitude of the three com-
ponents in the time domain seismic curve decreases. The energy
level of the ambient noise is small and both the N and Z compo-
nents appear as vertices of a small “inverted triangle.” According
to the site investigation, the landslide began at about 21:20 and
lasted 3–4 min. This information, combined with the time–

frequency characteristics of the seismic curve, indicates that the
start time of this landslide was 21:20, the termination time was
21:25:10, and the landslide duration was 4 min and 10 s.

According to the time and frequency domain characteristics,
the landslide seismic curve can be divided into four segments or
phases (Fig. 9). The characteristics of the E, N, and Z components
of the seismic signal in the first stage are slightly stronger than the
noise level. The second, third, and fourth stages show clear abnor-
malities with respect to the noise, which may correspond to the
main process of the landslide.

The second to fourth stages constitute the main stage of the
signal. The spindle-shaped characteristics of the three components
in the time domain differ. The seismic curve in the E direction
shows a box shape that evolves into a spindle feature. The seismic
curve in the N direction exhibits an inverted triangle characteris-
tic, followed by a spindle shape with a relatively low amplitude.
The Z direction also exhibits a seismic characteristic similar to
noise in the second phase but its energy is slightly stronger than
the background noise. Between the end of the second to the end of
the fourth stage, the seismic curve in the Z direction generally
exhibits an elongated spindle shape.

In the time–frequency domain, the energy peaks of the spectrum
in the three directions form an inverted “W” shape. That is, as the
landslide progressed, the frequency of the seismic signal decreased,
increased, decreased, and then increased again. The E and N com-
ponents of the time–frequency spectra have high energy in the
second and third phases within the frequency range of 5.1 and
6 Hz. The peak energy shifts from 6 to 5.1 Hz and then up to
5.7 Hz. The Z component is weaker in the second phase with only
sporadic energy clusters, and high energy clusters mainly appear in
the third phase. In the fourth phase, the energy in all three directions
is weak, but the frequency is relatively high, within 5.25–6 Hz.

Table 1 Statistics of seismic signal parameters of landslide events

Event/year Duration
(s)

Frequency
Range/Hz

Time domain
feature

Time–frequency
feature

Landslide
volume/104 m3

Reference

Tavanasa
collapse/2002

40 1–10 Single spindle Single peak 9 Dammeier
et al. 2011

Laguna Beach
landslide/2005

35 0–4 Double spindle Double peak 44.5 Richter and
Trigg 2008

Aiguille Dru
collapse/2005

50 1–8 Double spindle Double peak 15 Dammeier
et al. 2015

Monte Rosa
collapse/2007

110 1–18 Single spindle Single peak 30 Huggel 2009

Formazza
collapse/2009

100 1–25 Single spindle Single peak 70 Dammeier
et al. 2015

Shiaolin
landslide/2009

80 0–3 Single spindle Single peak 2500 Tsou et al. 2011

Akatani
landslide/2011

85 0–0.5 Single spindle Single peak 8200 Yamada et al.
2013

Preonzo
collapse/2012

80 1–20 Single spindle Single peak 21 Loew et al.
2017

Xinmo
landslide/2017

100 0–2 Double spindle Double peak 1882 Wen et al. 2017

Piz Cengalo
collapse/2017

130 1–20 Single spindle Single peak 315 Amann et al.
2018
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The PSD parameter changes, which reflect the particle size,
velocity, and number of particles in the landslide debris, can also
be divided into four stages as in the time domain curve and time–
frequency spectrum (Fig. 10). In the first stage, all three compo-
nents start with a single pulse, and the PSD energy then rapidly
decreases to a level slightly higher than the background noise but
still tends to gradually increase in energy with varying gradients.
In the second stage, the energy in the E and N directions rapidly
increases and then begins to oscillate. The Z direction is similar to
the first stage: the energy begins at the noise level but slowly rises.
In the third stage, the energy curves in the three directions have a
peak but the E direction has an additional peak at the end. In the
fourth stage, the energy curves of the three directions all show a
downward trend towards a trough, then rise to a high-energy peak,
which is most prominent in the E direction, while those in the N
and Z directions are of lower energy.

Signal-based dynamic processing of landslide hazard chain
Based on the combined analysis of the precipitation in Shuicheng
County, geological and topographic conditions, geological survey
of the landslide site, and the seismic signal characteristics recorded
at station XUW, the landslide evolution can be divided into four
stages: the fracture-transition stage; accelerated initiation stage;
bifurcation-scraping stage; and deposition stage. These four stages
are the same as the four stages reflected by the seismic signal.

1) Fracture-transition stage

This phase corresponds to the signal characteristics of the first
phase, starting with a strong sharp pulse, which corresponds to a
collapse event. The PSD energy after the sharp pulse increases
slowly, corresponding to slow landslide phenomena. Road A ab-
sorbs the surface water, which gradually increases the water satu-
ration of the weathered rock mass (surface soil) on the lower side
of the road. On the upper side of the road, the surface soil
gradually liquefies and the friction between the soil gradually
decreases. When the surface soil liquefies, the accumulated water
continuously penetrates downward, which gradually increases the
soil liquefaction in the deeper parts and causes the coupling force
between the soil and bedrock to gradually weaken, enabling easier
sliding. The increase in water saturation also increases the gravi-
tational force of the soil on the slope. The combination of the three
processes causes a vulnerable part of the slope to begin to collapse
downward, generating the initial seismic signal, which corre-
sponds to the energy spectral peak over a wide frequency band
at 21:20 in the time–frequency spectrum (Fig. 9).

At this stage, the sliding part has a relatively small volume and
cannot directly trigger a large-scale landslide. However, the col-
lapse reduces the stability in the entire area. This instability
causes extensive small-scale continuous sliding that is not

Fig. 7 Time domain seismic curves and STFT-spectra of station XUW data in four frequency bands
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detectable by the seismic station. These small-scale slips allow
higher-weathered layers to accumulate on the underlying soil,
which most likely accumulate on the gentle platform below Road
A and on the gentle slope below the platform (Fig. 11a). The
accumulation of the landslide body changes the original balance
below and the landslide mass gradually begins to slide. The upper
part slides down so that the weathered layer of the sliding source
area loses the support of the lower part and also gradually begins
to slide downward. This sliding is relatively slow overall, which
can be confirmed from the thicker accumulation area in the
sliding source area and the roof that completely retains the house
at the top of the landslide. However, as the landslide progresses,
the overall sliding speed gradually increases, and the PSD curve
shows a tendency to slowly increase in all three directions.

2) Accelerated initiation stage

This phase corresponds to the second phase of the seismic
signal; the main feature of which is opposite characteristics
observed in the E, N, and Z direction curves. The E and N
direction time domain amplitude values are large, the time–
frequency domain energy cluster is strong, the frequency is
high, and the PSD exhibits high energy characteristics, while
the Z direction amplitude is slightly higher than the back-
ground noise and only the weaker high-frequency energy is

observed in the time spectrum. The mass and PSD curves are
slightly higher than the noise level (Figs. 9 and 10), indicating
that the main direction of motion of the landslide body is
horizontal and along the relatively gentle slope.

At this stage, the weathered layer accumulated on the wide
platform and the periphery of the platform gradually destabi-
lizes under the action of the landslide deposits, and the
movement is gentler along the lower part of the platform.
The weathered layer, which slowly slides down during the
fracture-transition phase, accumulates on the steeper slope
of the road (i.e., below the road, at the rear of the gentle
platform), forming a new gentle slope that continuously grows
(Fig. 11b). In the process, its stability gradually weakens and
at some point it loses its balance and moves downward at a
higher speed. Owing to the gentle platform and gentle slope
below it, the displacement of the landslide body during this
movement is mainly in the horizontal direction. The longitu-
dinal motion (in the Z direction) is relatively small and the
movement speed has the same characteristics.

Two valleys develop on both sides of the wide platform to
form a natural debris transport channel. During this process,
the landslide body gradually merges into the two valleys and
its movement speed gradually increases as well as the longi-
tudinal velocity component, which is indicative of entering the
most destructive stage of the landslide: the bifurcation-
scraping stage (Fig. 11c).

Fig. 8 EMD decomposition result of the 4.5–6 Hz band seismic signal and spectrum of the corresponding IMF component from station XUW
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3) Bifurcation-scraping stage

This phase corresponds to the third phase of the seismic data,
in which the three components exhibit the same characteristics in
the time domain, time–frequency energy spectrum, and PSD
curves. The PSD energy in all three directions reaches the maxi-
mum value at this stage, especially the Z direction signal, where
the amplitude of the time domain, the frequency range of the
time–frequency spectrum, the energy, and the PSD amplitude
values are higher than in the other stages.

The landslide at this stage is divided into two sections and
moves along the valley (Fig. 11c). After the landslide body acceler-
ates, the east and west sides of the platform merge into the east
and west valley, respectively. The upper part of the valley on the
east and west side (below the platform) has a large slope, and the
landslide body moves in the horizontal direction after entering the
valley. The movement is dominated by vertical motion and the
speed rapidly increases. The slope of the valley gradually broadens
near Road B and the landslide body collides with the nearby wide
valley with high energy and fast longitudinal speed. The grounding
is reduced and the collision moment reflects the maximum speed
of the landslide body, which corresponds to the spike of the third
phase on the PSD curve in all three directions.

After the impact, the landslide body in the valley on the east
side continues to move downward with greater kinetic energy,
which smothers the vegetation and houses on both sides of the
valley. The landslide at this stage causes the largest human and
economic loss.

The valley on the west side is relatively deeper and steeper and
the central direction of the valley changes. This part has a more
obvious “cross-shore sedimentation”, that is, at the turn of the
valley, the landslide body rushes towards the west slope of the
valley with greater kinetic energy. Part of the landslide debris
crosses the west slope. After crossing the shore, owing to the loss
of the channel constraint, the velocity rapidly decreases and de-
position occurs, forming two debris deposits on the valley slope
(IV-2, IV-3 of Fig. 4c). The “over the shore” that occurs when the
valley is changing may correspond to the second small pulse of the
PSD curve in the third stage.

4) Deposition stage

In the vicinity of Road C, the restraining effect of the valley on
the landslide body gradually weakens and the lateral movement of
the landslide body gradually strengthens. Especially at the mouth
of the west and east valleys, the lateral movement causes the two
landslide masses from the east and west valleys to converge into
one body. The whole landslide body is then deposited at the
bottom of the gorge, resulting in a large accumulation of landslide
mass and debris. Large slope deposits were laid in the sedimentary
areas below the two valleys and Road C (Fig. 11d). The lateral
migration caused the lateral velocity to rapidly increase; thus, the
small increase in the frequency, amplitude, and PSD of the E-
component corresponds to the sharp pulse of the E-component
seismic record during the onset of the fourth phase. At this stage,
the components of the landslide velocity in all three directions

Fig. 9 Time domain signals and STFT-spectrum of the E, N, and Z components of the landslide seismic signal recorded at station XUW. Four stages can be easily
distinguished along the time domain signals and time–frequency spectra: ① low-energy state and the beginning of the high-amplitude stage; ②–④ relatively high-
energy stages, the time–frequency spectrum of the three stages is W-shaped, which may correspond to the high-energy stage of the landslide. The amplitudes and time–
frequency spectrum of stages ②, ③, and ④ in the three directions reflect different characteristics, corresponding to the different landslide elements at the different
stages
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weaken rapidly, and the time domain seismic characteristics, time–
frequency spectrum characteristics, and PSD energy curves in the
three directions are all weakened. Similar to a river delta front, the
main deposits are fine-grained sandy particles. The small and
medium-sized debris of this landslide may move further down
the valley in the future (Fig. 4c).

Conclusions and discussion
This study investigates the characteristics of seismic signals caused
by the “7.23” Shuicheng landslide by using EMD, BP-filter, FFT,
STFT, and PSD analyses. Combined with field investigation results,
the following conclusions were drawn.

1. Our analysis indicates that the Shuicheng landslide is a surface
weathering shell landslide caused by rainfall. The landslide
body is 415 m long and 207 m wide, with an area of about
8.6 × 104 m2, an average sliding depth of about 20 m, and a
volume of about 1.72 × 106 m3.

2. Based on the characteristics of a weak landslide seismic signal
and low SNR, a set of processes for separating the landslide
seismic signal from the signal with low SNR is developed.

Among the 14 seismic stations near the landslide site, only
station XUW clearly captured the entire landslide process. The
seismic signal has weak energy and low frequency. The three
components of the seismic curve in the time domain exhibit
spindle-shaped features and the energy spectra of the time–
frequency plots of the three components exhibit a “W” shape
which differs between the components.

3. The landslide process can be divided into four stages: the
fracture-transition stage; accelerated initiation stage;
bifurcation-scraping stage; and deposition stage. The landslide
has a distinct feature that the initial fracture point of the fracture-
transition stage is not the slip source of the landslide. The area is
located in the upper part of the landslide surface, that is, the
slope part near Road A begins to slide first. The main body of the
landslide is the middle and upper part of the landslide surface.

4. The seismic interpretations in this case study are useful for
calibrating numerical simulations for future analysis of the
dynamic behavior of the Shuicheng landslide. The signal pro-
cessing methodology developed in this study provides theoret-
ical guidance for a quick way to characterize and reconstruct a
landslide process.

Fig. 10 Seismic PSD curves of the Shuicheng landslide recorded at station XUW, showing the various stages of the landslide progress. ① Starting stage; ② horizontal
high energy and low vertical energy; ③ the unimodal PSD curve corresponds to the maximum value of landslide energy; ④ deposition stage—the decreasing PSD
energy curve corresponds to the decrease in landslide energy
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The limitations of the current study are as follows: station LPS,
which is 67 km from the Shuicheng landslide, only recorded the
signal of the strongest stage, and the signal was transformed so
strongly that the data of this station could not be applied to the
landslide analysis. This makes the weak signal identification meth-
od proposed by the current study only applicable to a single
station, and we could not use the analysis results of other stations
to further verify the identified signals. If landslide data from

another seismic station located about 20 km from the landslide
were available for analysis, we would be able to test the rationality
of our analysis method and verify whether the XUW landslide
signal was indeed generated by the landslide. However, due to
cost limitations, the China Earthquake Administration cannot
deploy seismic stations at such high density. Therefore, future
work needs to establish a scientific evaluation system after study-
ing multiple landslide cases.

Fig. 11 Schematic diagram of the slopewash at the beginning of the four stages of the landslide process
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The principal seismic direction of the landslide process can be
obtained through the analysis of the three different components of a
single station. For example, in the 2017 Xinmo landslide study, Bai et al.
(2019), based on the joint analysis ofmultiple stations, determinedmore
definitely the principal seismic direction. At the same time, by analyzing
the wavelength properties of multiple stations such as frequency, wave-
form, and energy, we can clearly obtain the absorption and attenuation
characteristics of the landslide’s seismic signal during its propagation in
the earth’s crust (Feng, 2011). These characteristics also help to further
verify the accuracy of the seismic signals we obtained. Relate the seismic
signals to soil properties such as particle size distribution (Guo and Cui
2020; Shi et al. 2020) are also recommended in future research.
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