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Abstract: Accurate stability evaluation of slope remains a fundamental challenge
in geotechnical engineering and geological hazard mitigation, where the key lies
in accurately identifying the spatial geometry and location of potential slip
surface. Traditional investigation method, which rely on boreholes and subsurface
geophysical exploration, are inherently limited by their “point-to—surface”
nature, making it difficult to obtain real three—dimensional slip surface in an
efficient and cost—effective manner. Moreover, existing three—dimensional limit
equilibrium method commonly depend on idealized slip surface assumptions, which
deviate from actual geological conditions. To address this limitation, this study
proposes a novel collaborative detection and non—contact identification framework
for slip surface by integrating slope radar (deformation detection), three-

dimensional limit equilibrium analysis (mechanical inversion), and video—based
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technique (apparent geological recognition). First, real aperture radar is
employed to acquire millimeter—level precision three—-dimensional surface
deformation field. Potential sliding mass boundaries are delineated using
deformation gradients and spatial clustering, serving as strong constraints for
subsequent three—dimensional inversion. Subsequently, deep learning and image
semantic segmentation techniques are utilized to construct an apparent geological
model, enabling the extraction of lithological zoning, fracture network, and
weak surface distribution. These results provide geological priors and cross—
validation for determining the spatial position of slip surface. Based on these
multi—-source constraints, a three—dimensional critical slip surface analytical
method is introduced to perform optimized searching of parameterized slip surface,
ultimately identifying the most critical three—dimensional slip surface with the
minimum factor of safety. A case study conducted at an open—pit mine in
northwestern China demonstrates the effectiveness of our proposed method
Deformation data capturing the full evolution process of the landslide were
obtained using portable real—aperture radar, and, combined with video recognition
and geological profile data, a three—dimensional slip surface model consistent
with field observations was successfully constructed. The results verify the
feasibility and effectiveness of the proposed approach for non—contact
identification of deep—seated slip surfaces. By incorporating physics—based
three—dimensional analytical modeling under multi-source data constraints, the
proposed method provides a robust solution for detecting complex and high-risk
landslide hazard. It offers critical support for hazard early warning,
reinforcement design, and emergency decision—making, and demonstrates
significant potential for practical engineering applications and industrial
deployment.
Keywords: radar -vision fusion technology; three—dimensional slip surface;
three—dimensional limit equilibrium method; non—contact approach; identification
method
Bl B, BefS DL oK GRS FE SR IOR T Fl i 3 R H
\ — o . =4y, AR T F 5 6 /% %
MR RS TR E )
" T g L R, AEAE R E TR R M R A R
AR AR ORI, FORSHEPEAt 0 B AR e AT R AT BN
b AN AT KR, MR, e e
) . N JB DL E — fify 7 VR B RS T LIRS 5 %
FALTY 11 55 A T LE B R THIAH B 51 IR AE " - i
IO i fr s g s R K, T FhReaE ST <
WRARAL , TG AR A IE B A2 1 . . R ELA AL
DAL, 8 % T FROAS #E Rl 5 TR0l 2 S UL g 3 s A o )
RAFRE SRR R, 5,

KT I I B g S VR v
Heli 664 53 AR  BLASIT 210 vﬁg;gfj%iﬁafiggzﬁfg
HTR, RERMABOMTEE, G » B w9

i P ST i LNy B34 e
ok SR R S e e PRI L IE R B

W5 P AR 45 U %R
WA, EL7E A 2 4 P T 57 7 i JS25 N ER IR AL B S BEMR E « 1Z TR RES

: ! \ ST = T Y, ST 7 b
% [1 2]O jb% , :M‘%@z_ IE'I\ '—\mﬂ‘ i i )
W MR, SRR SRIIRNE b i o e e B0 BB S 27 R

R T E . B, 0 | :
ZQ \‘,EL:[: ‘%‘ V2 AN s N
LETEHANE et mEREnE AR, A A A



AR, Rashid 257RH “REARL”
AT YRR o by, I RGP R E
e R AR B T I T e R T AR T (R AR E
P, ST T RENS PIAG AxdsAR E VE IR B E
REARU =G HTBEARL . Tozato K 24
1R Ei S BB M RAR TR
55 = YRR BT 2 1) X 3802 3R s P A
Jiidie Su SR T — RS A AT IR TR 4
A 5 A0 R~ 1 B 1) = 2 3R 2 R T 5
Jii2s, I Ak AR ER T T AL I S R TR
WEEESCIL T e S RS T R Deng 45
R X2 R R A R E M A TR ST T
S A5 IR SR 2 B AR Y,
NI DN 7 &SI e o K 8% R = A e ot 1]
2 J8 UM T T B ) 77 B9 1515 BT U0 0 A
AR Vin S8 T A R R R
TMWERAT I R SRRV, T T NI
PRV FAR AR 2 MR S A S, RBLNTE
IAYTEAER T EAERCIR, = 4ERS e M R 2L
Sl g RIEER R, RS VET
YRR SRR 2 T i R A T
B T7 R Ko B TR AT, s SR RUE A,
R AT AR AL R 2RO I, 5L T BR
TR T = HER R VS AR P R
PR T B RS T M I T LE S ) 43 A 1
el iiSub & 3 Vil ¥sn ) [WsRr Rl VAT
SEH T — P2 T 3 AR T AR D 3 T )
SHERGEVENIT IR DRSS T B
Z R A (DFND 42 H T 25 18 B AR B
28O A R UL = AR e T s e
PP X BN R M T, B
TR ERRE B, FE = 4ER AL 5
AR EKREE, IR oINS Hn g
AN = a7 R R T
(EPIS i BUR R ACRP RS R S S U TS YR
ERRAE . B =R IR T ERART TS TR
bR, B TREE F AT T P 0R B A
A0 1) RRAE T X T R T R A S S
()24 B 7 S g b S L S B 79
CHPB e MR B T+ A3 B 7 B U AT
Py 5 Wi v g W A2 T ROV Bl S IR, Ho i
25 R AT SRR 58 O T X — BRI
BT S SR, SERRIEI I TE 2 X452
RO A R P, R AR A,

M Lg i i B LA AR Y T 25 7 o IR P A
RORZ” AE “Hup akEh” Kjaal, ST
BOES 2, v, B A S
50 T, 785 B TR A 3 LR iAs g vl
SE I PEAL RE

S[R3 30 A A S 2
T T HEE S LR R 5K 0k
FEREF R, XEAE BT AR
T HE VAL B 2 SRR 23 BT ()3 5 2% A L
HARTTEACMI B B Farmakis 2 $2H
T Mo iE R R AR R LA S R
YERE PRGN R R, Mg TR TR
TR o BT, SIHIL 6 0 S Rk 5
1 1 B4k KU TR 5 o Xu 8 R T — R T
A R BB IR B 2 IR RS T IR T
o ST IEIB I LG AR 2 I 45 45 1,
GBI 5 o) 5 B 3 R B R R iy R A
BB 2 A MEPUE IR A TR oK, A& RIFI
ZAERE S TS P L1 25 R — Pk
T 22 IR M T O T RS I s B
DFEA, 8t e 4 B B SRR UM AN e e X3k,
456 H sh S5 R ) 5 i~ A2 e il 7 i,
SEHL T AR A RS B R S =4k 18 )
B BRI TR N ER R, 1E
e e 13 I R B IE T AR A AR AR R
B PP o A A o R R R TR 2
SIERR, Mg T Mg SRR, it T
28I R EAE R B R AL BE L 2 F5 4
W2 25 S 45 SR/ VPN S50 B, SRBL T AR T
i 5T G R BH s 5 MR . R iR g
TP R AR WA [R] 28 ) 5 A B AR e o 2 AT
Him, ST AT R RN, AR
PR 2R N 83. 5%CRFH . af 1 EHZ R )
REE 90. 5%, M LI T %A, A
T AERCESE 6 MR WAE A MR
%, B2 1000 sKEMGAE Ncie s, T
THAHR M V66 8, Zid 9 Jikil
)5, MR R 2R 2] T 82%. TKET
ST Theeption—v3 T4 25 B 2 o 2%
TR, ST T A A U B 3 i IR B2 25 21
R, I HITB Y ) TR T AR At
I E SRS, RS BESRT AN
R S AR HR DA R LB 5 2B B R R 4%
AR, $E 7P BUER R E TR, &I7E]



DUAR - (1) 5 S AR JBE 0 A1 5 ME AR AR
AT 2 R T BRI R, W & A
B AR B AT 21 PR m IS T
o — P AR R K B RIS R =
K F UL K S PR 3 Bl A 4R e T
IR B2, BETIRES M EGE
RER TN BIA, i a5 AT 123 2 W
BRI A M BB KSRGS TH 5y
BT (E S, MRS 2 IREdE T
T4 = RS A A0 T A TR 4 T IR S B
PRIER SR KBRS ™, BERTHT
TR Stof A 4 M Jof 2% 14 221 1 D 94 A 1 5 T S
PEo 2R b, IXEEHRIURE, DLHLERARTE N
A EME AR CE AT IRt Z R g =
W KR L TEE A, Re R AL 10 i
TN TR GAR T, RIS TE R T R R %
IR R HIXLRF 7 EERAE TN
D, TR BB F TR AL T 1)) AR
5 Efa e iV . Rk, KE—FELAE
R I = AN, SO T AR S A AR E M
SN B BRI IR .

BT, ASCHLRE H— PP AR R B Ik
CRIEERMD  =4EM RSP (7% )
ERUEA (MR i % T b R 2R
SO0 % AR 0B R ok
) FH 321 33 R A 3 A SR v R B = 4R T
BIHAE, e AT i Ll
VERFREELIHR, SR = 4ER PR b7,
B E R fER S eSS E; 76
I AR A [R5 R A AR 3 3
PR e M AT R Re R 5 328, A
T T P 7S ) 58 67 $2 A A Bh 3R IE 5 12 5 2
e
L. RERIE R HE A A B T v

TR E PG HETE S5 B, O T
o VB A I THI 1) 2 TR PR 25 5 0 B AT R
WU FESE B — R F B Clnth g #h 5%, B
— WIS AR R BR I 2R TG E
IERZ VN ORISRtk S i ibvl
LV, T b 5 U %5 DU e DA A AR )
R AR IR, AT —Fh 4
BT I3 EEIL (SBR) = 4EMRFR T4 (3D-
LE) Z3#1 5 MUATUR B8 1R S+ A 13 7% T Bk R)
BRI 5 R B8 71 o 1207 VR R O BARLE T

It 2 RS BRR R G 5AH B E, SEB
MCRE” B R O g\ B =
Y7 (PR TR HEE I . AT VE AR HESE
R NZWEL. E B EE R, H
o FEanE 1 FR .

B O R .
VRIE ST U RS BT CETA N
L S '

! !

‘ PR B ‘ﬁﬁ?{:‘ﬁﬁ&\mﬁfﬁﬁifu‘

=/PUE: Bl B
SERPIN]

AT AL S P S T E
HWHAEEB_SBR

o
= U

IR RIS I

S fER R

FasE HEVPAN 5 T

Bl 1 R RRA 5 A EHER
Fig.1 Collaborative framework for
slip surface detection and
determination
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Fig. 2 Precise delineation process of surface deformation fields based on slope radar
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Fig.11 Training flowchart
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Table 1 Calculation of stability parameters for different cross—sections
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surface calculation
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