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The study of monitoring and stability evaluation of rocky shore slope
in reservoir area based on microseismicity: a case study of the Giant
Landslide at Jiuxianping, Yunyang

Q. Chen, Q. Zhao, K. Yang, Y. Sun, L. Zhang, F. Wei

Chongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences,
Chongqing, China

Abstract. Extensive distribution of rocky slopes in the Three Gorges Reservoir area poses
risks of sudden landslides, yet traditional displacement and rainfall monitoring lack
effective early-warning capacity. Addressing technical challenges including weak
microseismic signals, noise interference, and low localization accuracy in rocky landslides,
this study innovatively developed a multi-method joint denoising model and an artificial
bee colony inversion localization model. Using Yunyang Jiuxianping mega-landslide as a
case study, we decoded internal damage evolution through microseismic monitoring,
revealed spatiotemporal correlations between microseismic events and slope stability, and
explored a novel instability warning approach. Key findings include: 1) A denoising
method integrating Complete Ensemble Empirical Mode Decomposition with Adaptive
Noise (CEEMDAN) and Singular Spectrum Analysis (SSA) enhanced signal-to-noise ratio
by 10.19 dB and reduced root mean square error by 74.24% compared to EMD and wavelet
threshold methods. Simulation and field tests confirmed effective background noise
suppression while preserving weak signal features. 2) The artificial bee colony inversion
algorithm with layered velocity model and cosine similarity function achieved superior
localization accuracy. Source distribution patterns from Jiuxianping landslide aligned with
deformation features including left-boundary displacement, road cracks, and structural
distortions in cemetery walls and crematorium facilities, validating method reliability. 3)
Comprehensive analysis integrating microseismic data with rainfall and displacement
revealed rainfall-triggered microseismic events with limited energy correlation. Spatial
consistency between localized microseismic clusters and high-displacement zones
supported the development of an unloading-response ratio warning method using
amplitude-frequency variations, providing innovative insights for slope risk prediction.

Key words: rock slope, stability, denoising, seismic source localization, microseismic
monitoring
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MOHMTOPHHI U OLIEHKA YCTOMYHUBOCTH CKAJNCTOr0 0€peroBoro
CKJIOHA B PallOHE BOJOXPAHMJIMIIA MUKPOCEHCMUYECKUMHU METOAaAMH
(Ha npuMepe rUranTckoro onoJi3HA L3ocsaubnul B ye3ae FOHbsiH)

L. Ysns, L. Yxkao, K. SAn, SA. Cyns, JI. Yxan, ©. Baii

YyHyuHCKUL UHCIMUMYm 3€JIeHbIX U UHMEIeKMYaIbHbIX mexHono2u Kumaickou
akademuu nayx, Yynyun, Kumaii

Annotammsi. OOHmMpHOE  paclpOCTpaHEHHE CKAJIHMCTHIX CKJIOHOB B  paiioHe
BOJOXpaHMIMIIA Tpu ymienss co3JaeT PUCKM BHE3AMHBIX ONOJ3HEH, OIHAaKo
TPAIMLUMOHHEIH MOHHMTOPMHI CMEIIEHHS M OCaJKOB He uMeeT 3(PQEeKTUBHBIX
BO3MOXKHOCTEH paHHETo oroBelleHNs. Pentas TexHnueckue npoOieMbl, BKIo4ast cinadbie

82



CereBble NOTOKW: kKaTacTPOdbl, PUCK, NPOrHO3, 3aLuuTa
Tpyab! 8-1 koHepeHuum (Mpyaus)

Debris Flows: Disasters, Risk, Forecast, Protection
Proceedings of the 8t conference (Georgia)

MHUKpPOCEHCMUUECKHE CUTHANBI, NIyMOBBIC TIOMEXH M HU3KYI0 TOYHOCTH JIOKAJIH3aLMH B
CKaJIUCTBIX OMOJI3HAX, 3TO HCCIIEJOBaHNE MHHOBALMOHHO Pa3pabd0oTaIo MHOTOMETOAHYIO
MOJENb COBMECTHOTO IIYMOINOIABICHHS W MOJENb JIOKAIHM3AIMA HHBEPCHH
HMCKYCCTBEHHOW KOJIOHUM IT4esl. Vcnonb3ysl TMraHTCKUi onoJ3eHb L3I0CAHBIINH B ye3/1e
IOHBsIH B KauecTBe IpUMEpa, MbI PacIIU(GpPOBAIN BHYTPEHHIOKO YBOJIIOLNIO OBPEXKICHUI
C TOMOUIBI0O MHKPOCEHCMHYECKOTO MOHHMTOPHHIA, BBISIBHIM IPOCTPAHCTBEHHO-
BPEMEHHBIE KOPPEISIMH MEXIY MHUKPOCCHCMHYECKUMH COOBITHSIMU U YCTOHYHUBOCTBHIO
CKJIOHAa W W3YYWJIM HOBBIM MOJIXOJA K NPEeIyNpPEeKACHUIO HeCTaOMIbHOCTH. OCHOBHBIC
pe3yibTaTthl BKJIOYAOT: 1) Meron NIyMONOAABIEHHS, WHTETPUPYIOIIUHA IOJHOE
aHcaMOJIEBOE OMIIMPUYECKOE MOJAIbHOE pA3JIOKECHHE C aJalTHBHBIM  IIyMOM
(CEEMDAN) u CHHTYJSpHBIA CHEKTPaldbHBI aHamm3 (SSA), yIydIIWI OTHOIIECHHE
curHai/mym Ha 10,19 1b m cHm3WA cpenHekBaapaTuuHyl ommOKy Ha 74,24% mo
cpaBHeHMI0o ¢ Metonamu EMD u noporosoro BeiiBiera. MonenupoBaHUE U IOJIEBBIE
UCTIBITaHMSA TOATBEPAMIHN 3G (HEKTUBHOE MOaBlIeHNE (JOHOBOTO IIyMa IPH COXPAHCHUH
c1abbIX XapaKTEPUCTHK CUTHala. 2) AITOPUTM HHBEPCHU HCKYCCTBEHHOH KOJOHMH ITIET
C MHOTOCJIOWHOH MOJIENIBI0 CKOPOCTH M (YHKIHEH KOCHHYCHOTO TOMOOHUS JOCTHT
IPEBOCXOAHOM TOYHOCTH JIOKANU3auK. Mozenu pacipeieIieHUst HCTOYHUKOB OT OTIOI3HS
LI3tocAaHBIMH CcOBHAIM € OCOOCHHOCTAMHU JedopManuy, BKIIOYAs CMEIICHUE JEBOH
TpaHulbl, TPEHIMHBI HA OOPOTE€ M CTPYKTYPHBIC HUCKAXKCHHUA B CTCHAX KHa}l6I/ILL[a n
KpeMaTopusxX, 4TO TOATBEPAWIO HaJIeKHOCTh MeToaa. 3) KoMriulekcHbl aHamus,
HUHTETPUPYIOIIUN MUKPOCEHMCMMUYECKUE [IaHHBIE C OCAJKAMM U CMEUICHUSMM, BBISIBUII
MHKpOceiicMIUuecKre COOBITHS, BEI3BAHHbBIE 0CAAKAMH, C OTPAHHYCHHON SHEPTeTHIECCKOH
koppemsamuert.  [IpocTpaHCTBEHHass COTVIACOBAaHHOCTh  MEXKIY JIOKQIM30BAHHBIMH
MHUKPOCEHCMUUECKUMH KJIACTEPaMH M 30HAMH C BBICOKMM CMEICHHEM CIIOCOOCTBOBAJIA
pa3paboTke MeToja NPERYNPEXICHUS O COOTHOIICHWM PAasTPy3KH M PEaKIUuU C
HCTIONIb30BAaHMEM aAMIUTUTYTHO-9aCTOTHBIX KOJIEOaHWIM, 4TO Jan0 WHHOBALMOHHBIEC HJICH
JUISL TIPOTHO3UPOBAHUSI PUCKA CKIIOHOB.

Kniouesnvie cnosa: cxanvhwiil CKIOH, YCMOUYUBOCTb, WYMONOOABIEHUe, TOKATUIAYUSL
CeUCMUYECK020 UCTOYHUKA, MUKDOCCUCMUYLECKUT MOHUMOPUHE

Cebuika aas uurupoBanusa: Ysus L., Yxao L., Aun K., Cyns f., Uxan JI., Boii ®@. MOHUTOPUHT U OLEHKA
YCTOMYMBOCTU CKATUCTOTO OEPEroBOro CKIOHA B PailOHE BOJOXPAHWIIMINA MHKPOCEHCMUYECKUMH METOJaMH (Ha
MpUMepe TUTaHTCKOTo onoi3Hs [[3tocsaubnud B ye3ae FOubsH). B ¢6.: CeneBbie MOTOKH: KaTaCTPOQBI, PUCK, TPOTHO3,
3ammra. Tpyner 8-it Mexaynaponnoit koHbepeHuuu (Toumucu, I'pysus). — OtB. pea. C.C. UepHomopen, ['.B.
laBapgamsmmy, K.C. Bucxamkuesa. — M.: OO0 «['eomapkernnry», 2025, c. 82—88.

Introduction

The Three Gorges Reservoir area is a key region for geological hazard prevention in
China, characterized by complex geological conditions. Since the dam's completion, reservoir
bank stability has been significantly affected, with widespread steep rocky slopes posing
challenges for stability assessment [Zhao et al., 2023]. The 660 km reservoir undergoes periodic
water level fluctuations, accelerating rock and soil deterioration in the fluctuation zone and
increasing slope instability risks [Tang et al., 2019]. A notable example is the 2003
Qianjiangping landslide, which blocked the river channel and caused major economic losses
[Xiao et al., 2010]. Annual losses in the reservoir area reach billions of yuan [Chen et al., 2005].
Following the 175 m impoundment, steep rocky slopes—due to their high elevation and
substantial potential energy — exhibit significantly larger disaster impact ranges and surge
effects compared to gentle areas [Li et al., 2020; Zhang, 2020]. Conventional monitoring
methods (surface displacement [Liao et al., 2021], pore water pressure [Zhao et al., 2024],
rainfall [Wang et al., 2024]) have limitations for rocky slopes.

Taking the Jiuxianping landslide in Yunyang as an example, this typical landslide
exhibits continuous deformation influenced by rainfall [4i et al, 2017] and water level
fluctuations [Liu et al., 2025; Zhang et al., 2020], showing stepped displacement characteristics
[Liu et al., 2025; Dai et al., 2022]. The essence of rocky slope failure lies in internal fracture
propagation [Yang et al., 2019]. Microseismic monitoring captures rock fracture signals,
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enabling the inversion of spatiotemporal parameters and geometric dimensions of fractures.
This represents a breakthrough from traditional "point-line monitoring" to 3D spatiotemporal
monitoring. While InSAR [Zhang et al, 2020] and UAV technologies have advanced
deformation monitoring, they struggle to reveal internal rock fracture mechanisms. This study
focuses on microseismic technology, researching seismic source parameter inversion methods,
constructing a multi-factor comprehensive evaluation system, and establishing a microseismic-
based slope early warning model. This provides new theoretical support for risk management
of high-steep reservoir banks.

Methods

The Jiuxianping landslide spans a vast area, making it essential to choose the right sensor
parameters and installation configurations. Rainfall in Jiuxianping landslide is predominantly
from May to October, constituting 79% of the yearly precipitation, with the primary period of
water-level variations occurring between May and November. Consequently, the main
monitoring window will extend from May to December 2024, segmented into three phases for
data collection and equipment replacement. The initial phase will take place from May to July
2024, the second phase from July to September 2024, and the final phase from September to
December 2024.

Fig. 1. Equipment monitoring array

To address the limitations of traditional methods in early detection of internal rock
damage for slope stability monitoring, this study constructs an early warning system based on
microseismic monitoring technology, using the Jiuxianping landslide as a case study. The
system employs a sensor network to capture subtle subsurface vibrations in real-time. It
efficiently identifies microseismic events through the STA/LTA (Short-Term Average/Long-
Term Average) algorithm, enhances the signal-to-noise ratio of weak signals using the
CEEMDAN-SSA joint denoising model, accurately picks P-wave arrivals based on the Akaike
Information Criterion (AIC), and optimizes the seismic source localization inversion process
via the Artificial Bee Colony algorithm. This approach overcomes the hysteresis of traditional
displacement monitoring, enabling early warnings for hidden fractures and landslide
precursors. It achieves holistic technical integration spanning event screening, signal
processing, and localization analysis.
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Microseismic data processing flow
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Fig. 2. Data processing flow and method
Results

1) The denoising results using the combined CEEMDAN-SSA method are shown in
Figs. 3-5. After processing, random noise across different frequencies in the original signal
demonstrates closer approximation to the original simulated signal in both low- and high-
frequency bands. Compared with denoising effects achieved by EMD and EMD-wavelet
threshold methods, the proposed approach increases the signal-to-noise ratio by 10.19 dB,
reduces the root mean square error by 1.47, exhibits smaller deviation from the original signal,
and achieves an energy ratio of 98%, confirming superior processing performance.

Amplitude
f=]

0 200 400 600 800 1000

Amplitude

0 200 400 600 800 1000
Time/ms

Fig. 3. CEEMDAN-SSA denoised signal

Table 1. Analysis of simulation signal noise reduction effect

Signal SNR/dB RMSE E/%
Analog Signal 11.34 1.98 89
EMD 12.53 1.33 94
EMD-Wavelet 15.06 0.99 95
Threshold

This article 21.53 0.51 98
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2) The Artificial Bee Colony algorithm demonstrates significant advantages in seismic
source localization inversion. Analysis of data from May 23 to December 10, 2024, locates
typical microseismic events. The figure displays the distribution of microseismic sources within
the Jiuxianping landslide area during this period. Source locations (marked by red dots)
concentrate primarily in topographically elevated regions, showing particularly dense
clustering in the central and upper-right sections. This distribution strongly correlates with
elevation variations, indicating concentrated microseismic activity in steeper or less stable
zones.

September 25, | an

May23, 2024~ J|* !’:‘: and July 10, 2024 - :gI:U-ZD:cember )
luly 10, 2024 . o J 3 September 10, "
s 2024 \
(] 3 iéé%
£ 2 . >
: $ i e ¢ /'

Fig. 4. Earthquake source location (May—December)

Microseismic monitoring at Jiuxianping landslide (May—December 2024) further reveals
significant reservoir water-level influence on event distribution: during the water-level decline
phase (May—July), 76 events clustered in the middle-rear section showing spatial coupling with
road cracks; during rapid drawdown (July—September), 38 high-energy events triggered ground
collapse in the central Lingyuan area, highlighting water saturation-unloading coupling effects;
while the gradual water-level rise period (September—December) witnessed 42 events migrating
toward the rear section, reflecting pore-water-pressure-dominated mechanisms. Crucially, the
spatiotemporal evolution of seismic sources demonstrates strong consistency with landslide
deformation fields, confirming microseismic technology's effectiveness in identifying failure
mechanisms of reservoir bank landslides.

Discussion

Microseismic data faces multiple challenges in slope stability analysis: Firstly,
characteristics like amplitude and frequency are significantly influenced by geological
conditions, landslide types, and external interference, requiring complex interpretation with
specialized expertise. Secondly, while microseismic monitoring can indirectly reflect rock mass
damage, it cannot directly provide key mechanical parameters (e.g., shear strength, friction
angle) for stability assessment, and localized damage poorly represents overall stability.
Thirdly, landslide evolution is driven by external factors like water level changes and rainfall;
microseismic data captures instantaneous micro-changes but struggles to quantify temporal
dynamic effects and complex mechanical coupling processes. Therefore, sole reliance on
microseismic signals is insufficient for accurate stability evaluation, necessitating
comprehensive analysis with multi-source data including geological surveys and mechanical
parameter testing.

Conclusion

Addressing the need for rock landslide prevention, this study utilized microseismic
monitoring to investigate weak signal denoising, source location, and stability analysis. Key
conclusions are:

1) Proposed a CEEMDAN-SSA denoising method based on energy entropy: CEEMDAN
decomposes signals to remove low-frequency noise by optimizing IMF components, followed
by SSA-based secondary filtering. Simulations show a 10.19 dB SNR improvement and
74.24% RMSE reduction. This method outperforms traditional EMD and wavelet thresholding
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in high-frequency noise suppression while preserving signal features, enabling precise location
of weak rupture events.

2) Developed an artificial bee colony (ABC) microseismic location model: Using a
layered velocity model, elevation matrix, and cosine similarity objective function for source
inversion. Simulation tests achieved < 1 m location error within 100 iterations, surpassing
conventional linear inversion. Field validation at Jiuxianping landslide showed high
consistency between located sources and actual deformation (left boundary displacement, road
cracks, and cemetery subsidence).

3) Revealed the mechanism linking microseismicity to slope stability: Microseismic
events are triggered by rainfall but show no significant energy correlation. High-energy events
originate from deep rock fracturing. Displacement mutation zones spatially coincided with
source locations, with abrupt displacement phases accompanied by large-scale microseismicity.
An innovative LURR early-warning method using amplitude-frequency parameters was
developed: Ratios > 1.0 indicate accelerating damage, while significantly higher values signal
instability risk. This method identifies hazards earlier than traditional displacement tangent
angle approaches.
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