Geographical Science Research MR} 22H 5%, 2025, 14(5), 1119-1133 Hans X
Published Online October 2025 in Hans. https://www.hanspub.org/journal/gser
https://doi.org/10.12677/gser.2025.145107

ETGNSSE 563\ 15 BB IR SER L 3R
S5 2 RITE R

&Y, &g, xEHF, Kok, AR
I S B R S SRR, SR A

PRUIE TR LB TR, = B
oML R 28, “f B

h

Weks H . 20254E8)H29H; FHHM: 20254107 16H; &4 H#H: 20254210 27H

wm B

BRE R IR 5 S PR R R E R G SRR RBE K. AR ERTZE AR Sk
W, SELUE REERE R E REREERE. AXURHEPRFARSCATANSR, WET —EMGER
FHEE KRG (GNSS) 5 AL f& M E R (Fiber Bragg Grating, FBG) K2 RS K TR A Ml 55 P
ARG BNEV X - EE - RBR7 SHEAMERR, KB T AR IR AL 2 HO0L L3 R A4 T
& . AETZHERHEREALNRES BRI TR, REBENR/RSWBEEIELIT
GNSSZXAL B SFBGRRBIEHN EH— SR A B, HEEKEITIZME(LSTM) 5 S EiRBRIEN
Hl, BALTABER. MERRE S EXECH RS ZRERE . RELFRBTRA, ETAROR
BIXIRE FAB EAFEESRMNRRE, TERNIERNT308, FiEHEEHRIEI3%, REFR
B AR TH72% o BUHSE S5 RUEGNSS E LR R & SRR PR F R TE P A RE, AR
PRI T K2 R RM T T SEHEARE,

Xiid
GNSS, o Astarfer, WS, SRERM, FEREE, SRR

Real-Time Deformation Monitoring and
Early Warning of Landslides Using GNSS and
Distributed Fiber Optic Sensing

Jing Fan2*, Junqi Pan3, Shishi Liul, Huang Zhang?, Shicai Zhou!

1School of Geographic Science and Tourism, Zhaotong University, Zhaotong Yunnan
2School of Land and Resources Engineering, Kunming University of Science and Technology, Kunming Yunnan

CHEHAEE

XEDF: L, BRI, MR, SRRk, A, 55T GNSS 5450 2o AR AL IR IR A SNt T AR WA S L TR A ()],
HoFERLEHT 5%, 2025, 14(5): 1119-1133. DOI: 10.12677/gser.2025.145107


https://www.hanspub.org/journal/gser
https://doi.org/10.12677/gser.2025.145107
https://doi.org/10.12677/gser.2025.145107
https://www.hanspub.org/

JLig 2%

3Faculty of Geography, Yunnan Normal University, Kunming Yunnan

Received: August 29, 2025; accepted: October 16, 2025; published: October 27, 2025

Abstract

The early identification and real-time warning of landslide hazards represent critical priorities in
the field of geological disaster prevention and mitigation. Conventional monitoring methods are of-
ten limited by spatial resolution and real-time performance, making it difficult to effectively cap-
ture the multi-scale deformation processes of landslides. This study takes the Xiaolongdong land-
slide in Yunnan Province as a case study and develops an integrated multi-scale real-time deformation
monitoring and early warning system that combines Global Navigation Satellite System (GNSS) and
Fiber Bragg Grating (FBG)-based distributed fiber optic sensing technology. By establishing a three-
level monitoring system, the system achieves coordinated full-section perception from macroscopic
surface displacement to microscopic strain response. Based on real-time acquisition and high-pre-
cision fusion of multi-source heterogeneous data, spatiotemporal unification and joint modeling of
GNSS absolute displacement and FBG strain data are accomplished using an adaptive Kalman filter-
ing algorithm. Furthermore, a multi-level early warning model is established by integrating Long
Short-Term Memory (LSTM) networks and a multi-index threshold mechanism, which incorporates
displacement rate, abrupt strain changes, and spatiotemporal correlation features. System opera-
tion results demonstrate that the system can effectively identify regional background displacement,
main body creep, and local strain anomalies, with a warning response delay of less than 3 minutes,
a historical warning accuracy rate of 93%, and a 72% improvement in disaster identification time-
liness. Field measurements verify the effectiveness of the integrated GNSS and fiber optic sensing
technology in early landslide warning, providing reliable technical support for multi-scale monitor-
ing in complex geological environments.
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TR o DR L 9 R M R AR P R T 5 i B R AR O EE 5 S i [1)-[3]. A g sk 2R T R B2
B2 [F) 78 2630 B A BR S5 R AR AN, MELUSEIH I N2 B 2R shm el . 2 REREGEENE
R, 14 7 RIATUE RE P T [4]-[6]. IEAR, BEELEREARNKE, ZURENEARREG A 5 ih
DTRESEAL TR0 AR . AR EH TR RS1(GNSS) BN IR R SR JOR B X0 A (5 S, (HAEZ
TRERAS TN LR 7 AR AE R BR s 7046 2ROt £74% & (Fiber Bragg Grating, FBG) B A A HeHi o mi 40 . T JEg ikt
AR A N =SSR, wISRBLAE LR RN AR SR E S g . KEERESIRN, & T
TELEIE A R ST A7 [7]-[9]. GNSS 5 FBG F b IR FH Al S i oo — W F B R B, # s “
=R = M AR R ST AAR I X 28, T g T PR N A S MR

VAR, 22 Y5 MR B A Rl ©0 RSO i 00 408K 1) R LRI 9 ), AR ER S AR R GU(GNSS) 5 4 A
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HOGEL IR (FBG) R & B A 2o H B 035 . Wang S5 70 K I GNSS BEAR BENS SR i R 22K 0K
JEE (R s 3 5% M UK, 17 FBG FEAR HLG I B2 55 AR (1 e AU T LB T D0 B KB s 3 A K g
A BORIUCE LA AR A5 B [10]. Peng S5 70K B GNSS J& i H20i TR A 5 TSI R = R JORs 1
fagans frAg i), RAESTEH . ARSI, JCHE TSR R K K
FEIULIN[11]. 52 AL, Han 27 A0 FBG BORIE T UM K AMAZ L], X A2 5 fid AR (AR 9 BEURK,
FAAGURRL T 58 P A m] SR B 2 7 A QIS5 4T 1L RERE A RRICE LR N EARTRAE 2, #0R
TRERI T AR TEAL[12] 0 A0 58 S5 AE = WRRR IR I I P AT i FBG AR %%, R 2 U i T
FR T BEMABERET I - K - 2R E AT NHLRI[13]; 25— PR, ZHEdRRE 2R
T 5T 9 T P AR 5 TSR R AR LI AR [14] o 28 ) B T BALE = P DX S8 M 00 v A R 5 06 £ D Al
FEFI(UWFBG), W IR Z T8 sl JFISIE 7 M & - TBARMBh A N LHI[15]. FENISERE T 2 - K -
Hy - K7 — AL IHESE, 5 GNSS. INSAR 5 FBG AR, @71 17 ARV W 3 ) ) i 273 HE 2 [16]
EREASETTA T BP MM 2 AL RSB AR, 85 GNSS. WU (XN B THEE, SEIUE O 3h 4
oo RIICEEI T PR AL B S A A A T =Wk P XTS5 PR b, 32 17 &5 /K DX S
FERE[17]. REFREEHTA ) AHFO-FBG 12t i il %% & v] [F 2D I B AE (R 22 11.2%) 53, Rb 7L SE5
A AN AE[18]; 22 IENLIR ) RVME (5 S50 R AR R 71648 VMD b i br e s, 1958 1
LARENE SR HERIPE[19]; BEAh, SKive RS BT IR 95 S M I 28 48 AT RS e A 1 SR A2 AR AL X
BR(Gn 4140 555 mm AT, Bk 1 ER B A U I R AT AT 4 [20]

CAERT SN 2 VS B R I SOE 1 3R 5 N SR, DA W I EORAE S b BE 5 R ey 2
JIHAAFAE R RS 2 RIERAAE B R A UL R (4, DX SeArig s IR ArRg 5%
SEEAR AL AN A2 2 [A] Bk Z A RN S SRR Y, BTV R AL RE VUL 2E; GNSS 5 FBG 45 7Y il
Bl 2 A AE R S RAEA B SRR 50 R A LRSS H AR, 120 7 Bl 1 SEmt il & 5 sh S @R
[21]-[23]. H:T-2tt, ST LAHIE A e B R AR B A BT SBON AT 70 5, i SR B GNSS b 58 o R 4%
55 FBG LIPS, A 3" [XIIEME R (GNSS) - 13 - 7R (GNSS 5 FBG Ik &) - K 11 (FBG #&Aiik)”
M= IMAZR, SEBL 10 K& 1 20 LV B A K5 ROBE T AR5 JE A3 B U ff ol 22 Y5 S 0 i o = DL
BT RIRGPEB BN A LA A B DAL 25 A KB HEIZ 48 (LSTM) 55 22 48 b BRI 1A 88 e T A 7R 28 G
e, RPN RN IRAE, ARG PR E XS B RS e S AL S it T DR
s

2. MREXMEEH

73 48 T T R DN eI XA T 47 7 R pa 2 (1] 1), R ARG i SR A g — i il S iy, b
FOAER DL 2 RGBS A E I & IR . DX P9 R 3R DU AR R IR thoe i v ., )
RZJZ L WE LE AT, AEHERR, et iiEREE . Wig L, S T/MNIREIEBR
M3 SRS, 22 KA IE I 3 B INBOETE AL T LA NE 29 NW R OB R R 2% . 32 ity
Z oIS HVEE SRR, TR R i B KA R, L R I XA RS M AR E . AR K
B RHE S E T E IR BRI AR RS, IR B TE R T S T BRI %
FECAMBBA N IR AR B S & . EWRAT SR N, AR R R R, TR
PR, MR K RSt T OCBIEIE, A AR e B BEE MBI, TR A KL A, KO
JREEH 2 MR —A W ARG 10, SR WAy F) DX skt /K T AR RIS, R 2R R A I % NI 4%
R ERIB I 0 AT S BN AL, X — T ORI B R KR A R T A AR

AN AR AL R LAy X, Ja MR R R - B, AL 1200 V33007 K . IR MAA
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Figure 1. Location of Xiaolongdong in Zhaoyang District, Zhaotong City, Yunnan Province, and distribution of GNSS and
fiber optic monitoring points
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Figure 2. GNSS and distributed optical fiber sensing acquisition system
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Figure 3. Early Warning Workflow of the GNSS and Distributed Optical Fiber Monitoring System
3. GNSS M AR A F AR N ARG INERIE

GNSS H#m HE AWM 77 FE w05 A
®=p+c(dt, —3t°)+ T—1+AN+¢, (1)

X, O NEBAICIWINE, p AT RESEBILE R JUTIES, c AGE, ot F1 8t° 7 Hl UL T2
PR, T AL 3 A RE M E RAEIR, L N ERAS, N OB RO B Gl S E), e TR I
P I ZE A FE R AR, AR AT B SR B ALK .
FBG H4 5 T A M KA Fe Ahg 5 R & FIURFE AT BIZRMEC R
Ahyg

=K, -Ae+K, AT @)

B
A, K, 29(1.2 pm/pe)Fl K, (29 10 pm/°C) ks 580 il sk KAt & Abg M EZ 712, BRI
RBINARE . W HER 0.0CORIE T IR AME I HERAYE, AT 23 55 H 4l S AR AR,
TRONFHEREL, AARRHE, BRI D, BB I R .
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A, Ad A IS ZIARRR R, IR AL bR 1)
PR R V, RIATE I SRITEE, AL O TUE T
Ad

t A_t (4)
A, At P THEIN ) (A 1 /e 1 R)
TS JE SR AR T A5 IEAE IR, 2 N T 1 B B A o
AV,
Ac=—t ®)
ARREAE, RN €, ELHEH FBG f& /&AM =13 5.
JRAR 2 & [ WS AR AR R PRAE
_Ae
CT At ©)

FEAF RGN K FH 71N A% 3 (Wavelet Transform) iR 5145 5 o I A1 57 o B T A5 5 5 — AN/ N R £ (n
Mexican Hat /M) IR, FREME B s, FEXT R T RIARE 5 1 AR Z1)

W, (a, b):%Tf(t)\y* (%jdt @)

X, a ARERT, b PRI T, v/ ikEEREL.

IFF 5 SIS TS A ., PTS53N (8) b SEPAMABI  §  j p
AN 1] A1) S, 1S, 19 B AR AL
c - cov(Si,Sj) Z:—:ll:(si (-5, )(SJ‘ (t)—§j)] (8)

ij— - T —\2 T =

O, Os; \/Zt:l(si (t)_Si) \/ZH(S] (t)—Sj )2
Ko, C, HIREIT 1, BRI RS EG, BEERTI S T RERE K . OB, it
TERUN S LSTM T 7 o 328K 0] 22 12 BRI (0) A L 0 27 A FE S ik i FUIRES 2 7% o i S A i 22 A 1

v, = [nd ©
ph

X, ¢ NI LR Ji(kPa), NMESS(), p MR EEE(kg/m?), h AT ARER@m). ZAXIET
WRPRPH 8T, V,, R A B SR AR R R T RS o M IR RIEE > 859}, AR 2 B T i 30%.
VU N T R A, WARGEIR <30 &, J@id AP HERXR =N T 6.

LSTM Tl fiw %=, LSTM A5 RIAR -4 77 S g P s U AR ok — BURF 18] (U0 6 /NF) R A2 A% BN AR {EL §, o T
TR E g » THETRINE S ESAE AR E oy = |V, — Y| - AT 2EZELE 2 2 (G 5 )RR 3 fbx
HEZE E g > 30 N, KW AT CCVAMERM AR T P, AR50 A s AR AN 25, R o &k
Yo SOBT LSTM AL, SEELE G AL

3.3. ZEMERIFERTE

AR GNSS 57041 AOCLAL O R R B E SR bn A &, L2 RIERRE B MG 0,
FHIRALAE HURAR AL LS 2 HES K. GNSS HOR L ESR A0 G188 MR IR, AR RIHI &R, AR
BN, AR 4% 5 1 L5 ) AR A B P o T S BUPE AR IR DR B e B A o AR 2O 2T A%
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TR AR N AR AT NEAR R N RARE S, KRS I A B V) AR S R R IR .

RNATITAG GNSS 573 A0 SO i 5] FRUEASE R 1R A5 R0, A SO TRV HE A 26 5 T b s 1k £
BN AIZ Y BE AT BV

(1) TiZevEHE 2 (Prediction Accuracy, PA)

PA = Ne . 100% (10)
N[
o, Ne R G0 H B IR T R (B -5 Sl v 3 O A8 A AR W) & B TIUE), Ny 9 R G0 TR EL .
AR A T B R G EL S EAE IR B R R
(2) T R4 T+ 2 (Timeliness Improvement, TI)
TI=To=Ts 1000 (11)
TO
X, ToRREGTE T MR IEAS ML 2 RKATA BOE PR, T RoNA ST H R G HIF- 1400
I o AR AR T S B T 2R G A 9 T AR AR JEL R AT 7 TR RS AR B
ARAEGE IR A R IR AR T DI I Bt 77 I S B 11 A %) e S i BB 15 4
N CHESZEAR” U, B R O S, HE ROV IEMTIE . BT AR T 2024
6 AZ 2025 4F 6 FIESHEAT S, EE 12 R E PR IS AR R E R AR T I . 4
BRI, KRG IEMENRIET] 93%, FImiN IR/ T 3 4358, ML AN T RS % — GNSS Ml
JIE R RESR T 72%.

Table 1. Multi-level early warning indicators and thresholds
F# 1. ZRMEERSEHE

S (NREZ L7 RIAZFEBR PN SSEEN

yeh Dy, =5mm £€>10pe/h 2 MR C > 0.7

H V,210mm/d Ae > 50pe AT e > 20%
ARG A, 20.5mm/h2 Epoea = 1000pE AN AR R X B > 80%

etk RS IR IR A, R - DA SRR R 2 )R, aLbl “H - W -1
- 47 ARER 2 HIERERRCE 1), Kb, EOBERL TR RS E Sk, )RR
H 10 pe/h BRARHALRERERT 5 mm; S TUES ROINEAR TR B, WA D i i A i Sk it 10
mm/d B8 AR RAZER L 50 e 48 €05 21 ¢ T U 2T 1 RS B TR, ZERALAS N g B 0.5 mm/h2,
SR AN AT 1000 pe, H 2RSS BRI 2 L 2R Y FEE.

FETRUE BB I SE T3 T, ASCBLS A 2 S BER - FECHENDYBARIRE, 45 S iAa e v #r
Lot LSRR S c MAES S ¢), HET HIRFALAZE R Vo IHEIRRIE

v, = /2c-tan¢ (12)
ph

X, p AEMEE, h AT . 20 S A A 2 15 i NI A2 FE B B = 2 B e v,
I 2 2 bR I M B 5 BB S 4 RIEAT BB IE, I TIEY BN 5 HUCHE B3l X7 TH DR B T3 i A 1)
A 5 EEE

FEN BRI G, HLEs2 2] J5E o 2 IR B i o dr 5 P S 44 1 B0 Rr . ASCIIAK
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FLHHCAZ N2 (LSTM) X GNSS 5621 A% IR AT BN PP L 78 S AR B dEAT I 2 55 T, Sl aed o SR T4
5 S M N 2 1] ) i 22 (R F9000 i 22) , SR R IRDAR A (R SE IR TP Al o 24 TUI A 2 88 1o D S b 72 =
s, ARG SR, ) B T 5 dfs SR X 2% A, DA 5 X R M AR TR AR
ILREST o

4. IZNFTE GNSS S5HAFAR IR 54
4.1, BiFEBERMEAESH RS

TR IR P O T M5 O T U B 42 A R TP O S BREIA Y, oA R R B AR T 2R 2 R
AR SR AT SR A RE T . ASCER R GNSS 570 A1 SO LR EOR, K - iy Py ] (Y S
&, 2 REEHE & TR R MR 58 AR NI AT N AR RN AT HLEE S, TR K
FHAE MG AR o AZHESR IR T AL gt i — MM D7 VA7 AE B0 R R )L, A fE TS 1N
BRI . BdE AT B RS PR SE R BE A%, DO S T BREHE TIUE AN SRR Bt T E AL F)
FACHI K -

e A ER g 1 IESURI TS S A5 . B0 GNSS M A AR SHEIR . 2 #2
BNAFRZER, RGUR AL = SRR OSCOUEE AL, (RS T I Ea sk 5 e B ks e
T A IR B WU 3o P R P A SRR S SIE IR B M, AT M) DG A5 5 S B, P 51 1 ) 2 ffv
ZEo BUHME TREEBIEEE R AEEDRE .. NSRS RETGR R, Rgidagishs
HIENIRIERE S . AR TEM T, REW RO FRSWEAR B 30E DA Wi, Rl X%
WA RVEE A, IR il 4 P . 280G BLRIS AMGRTT T I R GRSkt thasfl 7 oE
IR TR 55 BRI A0 5 ) BEARARSF - 9 B SRR SR A i P A5 BRI 2 T A5 RS (5 2).

Table 2. Evaluation dimensions of multisource monitoring data quality and their governance functions

2. ZIREMNBEE R BTG E S5IaIR TR

PR HARSH 5 R i 4 N AN

Ha [FfE2R > 98% WU IE TU A LRI I 0 18] e
R FfiRZE <+3mm NS HHE <+2ue  FIEREMEEIE TR T B B R
B HEE I & R—20°C ~+60°C Bl 7K 45 4% 1P68 AR TR R 2 PRI A SR IB AT
B 2501 FARAFRAEIR <10 G E UL e JX R 2 B[]
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Figure 4. Spatial distribution of reference points for multi-source monitoring data
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Figure 5. Spatiotemporal evolution maps of displacement, strain, and temperature measured by FBG sensors
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Figure 6. Spatiotemporal evolution map of GNSS displacement-temperature
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Figure 7. Correlation modeling of multi-scale deformation indicators in landslides
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Figure 8. Multi-scale “Cloud-Edge-Terminal” three-tier architecture for landslide monitoring
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