AT RE 5 ERAENEKCLEAN
Vi R A & AT T 7 HR AL Ay FE AR AL B B 5

FokFAZRYE O OARDSD FToUERY £ T mBUREYY
(1. /FEKRFLFRE HRIZFE 850000
2. B REXRABIAT L ELEEMELARRAH P BB 850000 3. MK FASKILFR HREFE  850000)

T AR AR M T 3EARE R Y0 8t B 5 A IR AR AR, A& 3R A i L R AR R A R
AR EAEA K, MEETRPNZ A ARE RR, KA M3IC2.E & LA R R BCRF Ll M- g
Yo dr ik A, AR Image) 3R L4 @A b b A 2GR B R E A T EBRER, BE0M AR AT
R G md AR ZREW A B RAL T B, 3@ &5 T X 3R by S BOls KA 32 3 & kAR F 5 2R
TR A By E I & B3R T G R A R R M R AR, M3C2 4t 2 R BT, ik e A A
A7 £ EARE 6.79 mm 3 £ 74.60 mm, P5~P95 1545 X 18] 5% & &7 14.88 mm 3§ £ 247.59 mm, 2 P & 48 B M-
BOESTRBEREERKRANE, KEBBEERBBINK, L @R bk d3.760% 3 £
11.168% , A 3% @R F TR Y, FHEBREORABEK, R @Ak b SHREaT & &
FA T BRAEN, M3C2H LA B A LR EN R T EAABIFONE X R, —F KA
A 4% AR T I Ao B AR R A oy AR R R s i mORa AR

KGR AIAL TN B ARAL AL B E BB AR AL BT B AR B My 3 AR A
DOI:10.16249/j.cnki.2096-4617.2026.03.006

FESES TV223 SCHERFRINED A M ERS 2096-4617(2026)03-056-18

jilll

El

AR AT T I 95 A i R R DR A X5 A2 v S A0 5 DK S K R 00 S 3 7K
AR KA HHT, OB TOE R R M R R, 3 B A A A B S S
(AN A T2 B, FE ] AR L BE D7 T EAT T IRANBIEFES [RII , Ohy o Al % 8 45 firk 2 i U 50 A (B GNSS
TRAER IR AE R AT 545755, Xk RS HE IR 59 =) 8 85 D1 A2 A gt sCmian , BLIE AATUBTR} 5 52 AN 5t 3%
s E O AR AR R R HOR , BT TR A SR 3, SEBL 7 X S LT T S T AR RS 4R AL 1131
BL N TR BOR SR A BT SR, DA B TN T R AR SR S MR R L X SRR v 5 3R R R A

WA H H:2026-05-16

HATE TR P AR5 S H 7 E (XZ2202601YD0017) ; 19 % B 6 X & & #F & 1 %] 75 B (XZ2025012Y0132).
F—EFEN ERK, B, R, THEHA  BRAF TR AL, FEHART O G REHRAKE,
AIREHEN LM, 5,0k, MEEMHA TRAFIFRE SR, FEHE T 005K E,



ERFKR KR, TR, F . AT EZ L HRAE N EXMEMFREE AL EHRRINEYEEA KB R 57

REKMERRRZ RGN EEZE . HAh, B FBARAE— & RR, a1, sl M EARAGE ] TR
WLEEAR T AL AL, M DR AR T B W0 2% — 4 MR AL BEHOR BE A R AR 4% , (H ok = =4k 25 AR AEY .
DRI, 3 57 RS W [F) W AR 5 AL R B ) Rl o3 AT T i+ o3 b 22

FEXT LA 5 — W T BUAE B 350 1t R AR R vh ) SR IR, A SCR =28 15w TR AR i 5 v R
ALERAHEE & B E 73 M7 58 o DA A VL L Y ey M HE RN 2 3 B R Y, R T AR R R 8 Al S B
W& H 8 K4 R 45, A CloudCompare H 1)) M3C2 (Multiscale Model-to—Model Cloud Comparison) 51z L%
%, BRI K AL BN A T R I = 4805 TR AL « 45 6 v 70 P 2R B AL PR 5 R SR U T 2R 4% A5
B A BT RS WY A2 5 AR WL SR ) IR A AR AL, FFPRT 7L B P 5T 00 ) 2 TRk 55 B 354 P #
TR v 72 Sk 3 A 5 SR AR AT RE P R RRE IR, D i /K S AT R 38 T AT IR )5 A o X B
i £

WEA 0T SR B, PEARK L DR B 2 o038 B 3 7K M PR 7K 132 AP AR S8 A /K B FRAR, AR T T 7
SR 2 AN R AR B I 5 B2 AR A BHE BV A HE A S AR 5200, 354 P 08 7K 20 S8 T 5 A0 ¥ 7K
AAAFAE — 5E I 5 AT BRAN A T e 38R 58 IR A 26 A0 6 S R B P BRCPR HERJ F 38, A K
e A T B 15 e LR ARAR TR , B e AR T3 1 S o s B9 e, O PR BB S T SR SR R A AR T AT BT
B AR 3t s R AE" s 75 BV R, A S PR R 6 R L 2 e U35 7Y T LU R 7K s 0 R
TR, PR e B 7K 1 2 A g R R R SR T AR TR I R A R T 55, B BIR R R T AR /K AL AR
1 M3C2 A #37) J RAE THALS5 AT 70

1 R XA

BIF 78 DXASE T 5 ek ey o R 5 AT L T T T R DU A X Je i TRy L DR A A AR et B, S PR N
29.14°,E93.73° (1) SZENFEVERR RS R AR B KR B2 50 55 e, X AR K 3G 38 S A B R, T 48 2 S 0k
TR BEUA AV 5 R F AT, WFFE X S5 32 2 e BT € iR AR BUA 4L, e 2 DU R FAHOE R , HERZ A
BONE R, EEAFRUOKHERR i AR AR S S8R, S Ve DURE A b D R R ik D 3 JR SR H
JRE LR ARG TE B AL EN T ST R kA R, SRS R BRBON A, S T AR AL

| 93°30E ) 94°E . | 94°30E . 95°E

| 29°30N

29°N

" 0330E " odE " 04930E | " os°E
EZERT AR TR AT A B IR SR 35T 869 F B 5 A GS(2016)2923 5 K S(2024)034 5 w9 47 A 3 B H14E, R A £
152,

Notes: This map is made based on the standard map with review numbers GS(2016)2923 and Zang S (2024) 034 downloaded from
the standard map service website of the Ministry of Natural Resources. The base map has not been modified.

Bl RXXAE

Fig.1 The bitwise analysis diagram of the study area



©58 HER2TE 202646 % 3 MRE36H)

WIS . B HERR R 5 R A 2 18] b o AT AN, 5 T AR S S R R 1 7 DX R 3 (R AR 5, A S 41
AN EE ALK T o T RURE R AN, MER R N B A R B AR R B, HLRCE KB FLRR . IR IR 1) A 6
W AR B A siB B, HAEH AR HUBT 50 (R R 0 o 5 W R A @) YERFAE R/, S BB Hh
KB T35 AW BSIAR A BRURK B 5 e A 5 A

2R FFE

2.1 BRI

A C R H 5 T A D200 0 5 e R I B (B = RO ) S AR S /K R 7K L BB SRV, 45 & e 3 T2
RIS TR M I B S, A Y0 Y 3 ) T R 5 00 2 | T R B A e Ak B R B T, A A
AT VLSRRI 1 2 5 1 AR RRIE S K DR R R BRI, O 5 2 3 N B PL IR SR AR AL R 4R
bR Rk 2 He BRI 2 00 00 A5 e 1 o B AR
2.1.1 HJE 3 = S5 R R A

F 9T X AR IR VI 2 X, Jeg ML 2R () ME AR 2 R 30, % I 3 52 I S ) b T 8 REAE L A R Sk
FERER R 7N, T RIS 2 KA i s 5 A Rl s, B R B . R IR E R
PR ERIBE A  32 BE R UKOKHERRA) 3 5 AR A AR A R, 5 1 DA b AR BR T o R B o . 1
WA ZE Ry 7 T, Z A SR RRA KR 4R RS —, B SR A b . R (A R
FO T B AR B SRR SE 8 AN 78 43 5 A PR 350 4 ) T 1580, S 8 R L RO [ 42 A 7 7 AL RS
B R o XFMRRIR I 3 S50 S EH 2 B R BOR B IE M, HRIRPUBY 50 B, X387k 30 71
W (AR A2 I R P 0 2 R
2.1.2 P 7K AN 3R B 55 s 25 T R AL R AL

JE KA IR B SR B HE R 2 R 3 R AT 52 1 AN &R . B & S AR I B, 7R A
BURIG R K L R B T 00T, RSB A RS s i S A B 2 R R AR AN o 7KL R B 5 S50 T 5 A P K
DIL)FIRGEIHTT 5 7= A5 2 T [ D SN o (RN, SZHMERR 2950 AR i Ik R, 35 R P S FL R K R 0 1 98
BOS R B L IS T KA R BRI AR, b T ORI AR P ERVB IR T A AT HE R RS 1 R AR AR S
Ik D J3 08 B D) AR T RN A S o 2 3 R LT3 R A o T R R I ST RS R . B IR S T
K RN HE R 35 587 40 A, R R BT U1 AR T X E 3 e ik al  pk R S Y TR . RICAKRE £ %5
R T- AT I Tk b 2468, G B Z Rl 6 M. LR EALFRIER T, R 3 R I 22K A7
PREEIX), B IG 2 THI T R 32 5 it =X 2 51 AR T ARRAE
2.1.3 VBB S A

N AR B AU 56 80 5 U Hb RSO B3 2 5 D 9 [ A 75 208 B R Rl R v 11 g 2 7, T 3%
VAT 2 5, 0 RS LA T A AN HE AR R R 4H AT WAL o B0 B DA SR S TR 28 0 T S e s kAL A
80 m, 3 1 T S FH XA R A 70 ¢ b 38 e ke B 7 B 48° , TR B2 3 B (i /K BO S A B 157, 3k #7119 LK P T
NFEHE IR YE 7 18 A Je = 96 25 L, SRR R (R IR AR B B y B 21.0 kN/m?, e 4R S $
B9 B R 7T /=143 kPa, B A BEHE A ¢'=19.66
2.2 R I R R S RE AL
2.2.1 BoEMEVHFN PR e S T oAtk

FRE TRERASE | 3 e R a SR S Ot i i TR Vit () i, 2 IR R SR 3 TR R AR RE ) (GB 50330
20131 W FLIX HEAR AR R e A S 4% R TR . BTN E KA B B L i v R S5 IR T, AR



TR AR T S, . T 57 b AN IR KRR AT R A L 2k AL A TR R R ©59

MRS E 24 RBON R RS RS AT HIE . 1EH TR E %4 R BB HIE I Fs=1.30; 0 T B 7K Ao B
B AR TR T, FooE 22 4 RBUSHI R IR 1.05. 2T Fokbrit:, A e RS I W 1.
®1BEREMRTSRIS

Table 1  Classification of slope stability states
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Fig.3 Elevation distribution map of the study area Fig.4 Slope distribution map of the study area
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Fig.5 Aspect distribution map of the study area
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Fig.6  The results of geometric attributes of the initial model slope
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Table 2 Quantitative indices for point—cloud deformation and crack evolution
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Notes:m is the number of displacement bins, n; is the number of points in the j th bin, d; is the midpoint of the displacement interval
for that bin.
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Fig.7 Critical slip surface and safety factor calculated by the Morgenstern - Price method
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Table 3 Statistics of displacement in the deformation field during the stages

of high water level immersion and initial water level drop morphology response
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Fig.10 Heatmap of M3C2 Fig.11 Heatmap of M3C2 during the continued
during the early stage of water level decline abrupt decline of water level
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Table 4  Statistics on the displacement of M3C2 deformation field during the stages
of abrupt decline of water level and initiation of trailing edge cracking
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Fig.12  M3C2 heatmap of intensifing instability Fig.13  M3C2 heatmap of instability initiation
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Table 5 The statistical results of M3C2 deformation during the stages
of continued water—level decline and intensified slope deformation

Bl H-g A AR ¥ ik w4 A (W/mm) B AR A £ (o/mm) P5 ~ P95 15.#4% /& B (mm) Pl
KA Am B -25.10 68.85 [-164.30,71.23] AT A B
kB 8.01 60.05 [-99.80,108.96] AR AS B3

B VOB B - B RSB 5 HE AR AR E M B
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Fig.14 M3C2 heatmap of overall instability damage Fig.15 M3C2 heatmap of overall accumulation stability
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Table 6  Statistics on displacement of M3C2 deformation field
during the overall instability failure and overall accumulation stability stages

isllingzd HaA - 3 % E AL A (w/mm) A AT £ (o/mm) P5~P95 4545 36 B (mm) K &R A
FEAR K ARBT 12.22 61.66 [-95.31,114.92] HARBR R 3D
AR -20.20 74.60 [-165.94,81.65] PR T A BT

3.2.2 M3C2 TR A it #2 5E BXT L
RSB B AR T AR L, 73R 3~ 3R 6 Guith 25 SR LAl b, 6 8 /N W W B B (R IS T 3503 vy 62 % L
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Table 7 M3C2 histogram—weighted statistics over the complete deformation process

W5 - AeA ¥ ik @A A (Wmm) AR AE £ (o/mm)  P5(mm) P95(mm)  P5~P954%A4% X 4] 5% & (mm)

FHAKALE K (HW) -1.13 6.79 -9.01 5.87 14.88
KA 4E B (DO) -1.50 7.66 -15.54 12.86 28.40
KAz A1 B (ED) -6.33 19.46 -44.73 18.92 63.65
BRIEH % (RD) 10.27 27.08 -29.41 73.61 103.02
% #2Am](1D) -25.10 68.85 -164.30 71.23 235.53

* A8 (1) 8.01 60.05 -99.80 108.96 208.76

HAR X FHIR(OF) 12.22 61.66 -95.31 114.92 210.23

HARIEARAEZ (TA) -20.20 74.60 -165.94 81.65 247.59

E:PS~POSALAS R A SEE A PIS 5 PSZ %,
Notes: The width of the displacement interval between P5 and P95 is the difference between P95 and P5.
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Fig.16 Weighted mean displacement and standard deviation Fig.17  P5~P95 displacement interval width
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Fig.18  Orthophoto of crack initiation

(OOREFIREMER

Eiaeis (B)—fE ket R (C)BILEB R ENLE R
E19 TS

Fig.19  Crack images during the initial deformation stage
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Fig.20  Point—cloud volume density distribution during crack initiation and initial deformation
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Fig.21  Orthophoto during crack propagation
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Fig.24  Point—cloud volume density distribution during crack propagation
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Table 8 Image] statistics of thresholded crack regions
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Experimental Study on the Mechanism of Yarlung Tsangpo River
Bank Slope Instability Induced by Reservoir Water Level Fluctuation

Based on Point Cloud and Image Processing
WANG Zhaosen'> ZHANG Gen'*’ YU Wenkang'? AN Yang" XIANG Qiyuan'”

(1.Engineering College, Xizang University, Lhasa 850000, China;
2.Plateau Major Infrastructure Smart Construction and Resilience Safety Technology Innovation Center, Lhasa 850000, China;
3.School of Ecology and Environment, Xizang University, Lhasa 850000, China)

Abstract: To investigate the progressive deformation and failure characteristics of accumulation—layer bank
slopes under conditions of rapid reservoir drawdown, physical model tests were conducted using a typical
accumulation—layer bank slope along the Yarlung Tsangpo River as a prototype. To comprehensively analyze the
surface deformation and crack evolution processes of the bank slope, a close—range photogrammetric automatic
data acquisition system was developed, and an M3C2 point—cloud comparison algorithm was employed to obtain
the normal displacements of the slope surface at different monitoring stages. Moreover, ImageJ was used to ex-
tract the proportion of crack area, the number of effective connected components, and the average connected-
component area. The results show that, as the reservoir water level declined, areas of high deformation on the
slope surface gradually expanded from the slope toe and the water—facing side toward the middle and rear parts of
the slope. The model bank slope exhibits progressive failure characteristics, evolving a transition from localized
deformation to global sliding. The M3C2 statistical results indicate that the weighted standard deviation of normal
displacement generally increased from 6.79 mm to 74.60 mm.In comparison,the width of the P5—P95 displace-
ment interval generally increased from 14.88 mm to 247.59 mm, with the spatial dispersion of displacement in-
creasing most significantly during the stage of intensifying instability. From the initial drop in water level to the
onset of instability, the crack area ratio generally increased from 3.760% to 11.168%; however, the number of ef-
fective connected components generally decreased and the average connected—component area increased signifi-
cantly, indicating that surface cracks evolved from a fine and dispersed state toward expansion, coalescence, and
breakthrough. The M3C2 deformation indicators and image—based crack indicators show a good correspondence
in terms of stage—wise changes. A combined analysis of the two can identify the progressive failure process of the
bank slope from the perspectives of overall deformation and surface fracturing.

Keywords: slope stability, reservoir water level changes, point cloud ranging, image processing, crack extrac-

tion; physical model
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