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Table 1 Slope case database

Slope parameters

Number H/(m) B/ 2/(KN-m3) ¢/(kPa) 0/(°) r/kPa  Slopestate
1 10 45 22.4 10 35 0.4 F
2 110 41 27.3 14 31 0.25 S
3 115 40 16 10 35 0.35 F
4 115 40 16 70.9 20 0.4 F
5 135 41 27.3 315 29.7 0.25 S
6 220 30 26 150 45 0.29 S
7 289 4 27 32 33 0.25 S
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8 305 47 313 68.6 37 0.25 F
339 320 42.6 27 32 33 0.29 F
340 359 42 27 35 35 0.25
341 420 43 27 40 35 0.25

1.2 tHXMED
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experienced whales W,
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_________________
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Bl 3 SR RGBT
Fig.3 The cooperative migration system and its‘eptimization
2.2.1 WMA HACSE b e 3 b A

AWFFCIEE TR B EYE (Particle  Swarm  Optimization, PSO) . BEMFS L (Dung  Beetle
Optimizer, DBO) . WlE5 % (Bat Algorithm, BA) A&5 WMA FykistAT HRe b, RNAFEXE, &4
FERIRIAEFRE IR I E N 50, SOKBARIREB B Z, - =1000, RRASCEGIATIZAT 30 X LATH ERBEAL
PERE o

BERT A ARG E PEFINX — B A AR LA TR, VA S B CEC-2005 ZEAENNA L F1 1) 8 MU
BT A RAERY, B RBCAAE B IR 2.

*2 HXRNLRBIER

Table 2 Specifications of the related test functions

Optimal
solution

Initial
population

Function name Type Range Dimension Theoretical Optimum
f1: Shifted Sphere Unimodal [-100,100] 30 -450
f>: Shifted Schwefel’s 1.2 Unimodal [-100,100] 30 -450
f3: Shifted Rotated Elliptic Unimodal [-100,100] 30 -450
f+: Shifted Schwefel’s 1.2 with Noise Unimodal [-100,100] 30 -450
fo: Shifted Rastrigin’s Multimodal [-5.12,5.12] 30 -330
f10: Shifted Rotated Ackley?s Multimodal [-32,32] 30 -140
f1:: Shifted Retated Griewank’s Multimodal [-600,600] 30 -130
f13: Shifted Penalized/Function 2 Multimodal [-50,50] 30 -130

NEHEFERNZRETERE, WK B 7 PR SER, gt (fi~0): M TR SR T R i i
P HSORE S FIREIE: B IR (fors11f13): T TR BRIR B0 & R IR IR SR AT i

LA PIRBRBIINR, T “RR” 5 OFR” WA RERYEE R AR RE, X0 TIRIE
Fofigp ok B2 0 TRE S PR B G 2, SAMEREMIVPAS L T Geit 4847 CPEY{H Mean MARHEZ Std, W
R 3) S AAFE (LI 4) PR, ~FRMERME T SRRSO, e 22 e 7 5k & b

)|

=

o

*3 BEAMESHIL

Table 3 Performance comparison of the algorithms



[EIE /N2 e 4

CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

Function Indicator WMA WOA BA GWO DBO PSO
fi Mean -450 -202.68 -449.998 1.26E+03 -415.204 2.88E+03
Std 5.99E-14 180.2488 2.79E-04 2.40E-13 15.1724 1.87E+03
¥E) Mean -449.964 8.32E+04 -423.848 1.76E+04 9.08E+03 448.4377
Std 0.0623 1.93E+04 44.1018 3.83E-12 8.35E+03 947.1713
f; Mean -450 8.01E+07 1.07E+06 3.44E+07 1.08E+07 1.38E+07
Std 5.99E-14 4.15E+07 7.13E+05 7.85E-09 6.50E+06 2.70E+07
4 Mean 4.02E+03 1.64E+05 1.38E+05 2.28E+04 2.25E+04 4.10E+03
Std 1.21E+03 6.00E+04 3.71E+04 0 7.13E+03 2.16E+03
fo Mean -258.493 -89.8118 -65.4021 -254.179 -167.004 -270.576
Std 28.5664 59.8542 47.5989 0 283757 15.7052
fio Mean -327.475 -311.632 -310.755 -324.633 »324.773 -327.277
Std 1.2912 0.7667 0.2131 0 33295 4.4153
fi1 Mean 90.0511 91.9102 802.9144 92.8508 91.3767 133.5164
Std 0.0572 0.4661 71.4287 1.50E-14 0.2318 45.7768
fi3 Mean -129.535 -129.957 -58.94 -129.,904 -129.979 -129.991
Std 0.598 0.0481 5.5381 3w00E~14 0.0453 0.0146
X 0t Average convergence curves on F1 (30-D), . 0 It pAverage convergence curves on F2 (30-D) )
B — D30 : ' g —PS0
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(a) Function f; (b) Function f;
L oxlo’ Average convergence cuves on F3 (30-D), ) 55X 10, Average convergence curves on F4 (30-D), .
1 | ! —PsO
/ | = =GW0
5 25 A “D “WMA %
3 | --=WOA E
% ) XA igﬁ(] é"
% 15 ) —% ‘
: p
E 0.5 ‘\ —z
s n_:: Eo g SR ‘—_\_\_H_ 50
-0.5 T T T T T T T T T 0 T T T T T T T T T
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Number of iterations

(¢) Function f;

Number of iterations

(d) Function f;
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&l 4 SRS 25
Fig:4 Conyergence curve of the algorithm
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WSO R AR SR MSE R 2 R b, ARSI I NS, WMA I REfR4F T I0E %

25 b, WMA BLVEI 1 H06 o S0 ik BETT A RE I AN 2 W e B 2 R AR R BE 0, IX— itk 5L 3Ae
JE VE TN R Z A K R R A

2.2.2 HET WMA ] SVM S8R 5

IR SRR (SVMD BRI T TERE, A SCK WMA kRIS IHLE S SVM 192 8043 (8] 34T

BRI, Xt SVM BRI ET [K 7 C MIZ e B S8 ¢ AT IAL: e BRI IRIRE . S 8Os B L PR IR

T (1) SEYSSIEETEE: WMA FRAMERRE R, = (v, ) BB N4 SVM 2H(C, g

)i LEEHEIETIR T C MR B S H g MR GBS o, B EBE 2 e AL BEAR AL SVM 1))
. filtn, IREEEE SVM R C 1 g B E A[0.1,100]122, R, AWTRIEE SVM SHik
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JaHE AN, TR C=[0.01,1000],4% R #0221 ¢=[0.0001,1000]. 1% %572 o[ 5 78 R HE ) 2 /i &R
Re/), DLFAS IS B S5 AR I IR S HAH &

(2) ENERE: ERSHIFNTGINENZRE, AL NFimess(Wi) = 1 - Accuracy, B WMA &
VR H FR A2 4R 3258 N AR B AR I AMA, X R 7 R R d = IS HU & .

(3) I WMA FE & BYIEFHE N N=30, S RERRECH 150, fEiEREREF, FikEt
HR A B AR PR HE T, A “Biess” F1 “IBBEE " Wy IBREE PREE S A E
A R AR A7 I #3), DA S 405 A U i 3 InBEN L sh i A7 IR %R, DB B N R e

ML ZOUE T TR, 3R E TR S o I B A AR A MM AR (C @) 19 SVM BRI [y 225 5
.,
2.3 WMA-SVM 1= 8I#5E

WMA-SVM Tl 8 BAR K A2 an &l 5 frw o

e s

Random division

Training sct (80%)

Tnitialize the range of
SVM parameters

Calculate the a
of leader

Train the SVM model

and calculate the fitness
Update non-leader and

leader positions

Search for new fields

Get whale
optimal fitn
Satisfy Terminal
condition

Optimal WMA-SVM
Model

Engincering Verification

PFI feature importance

analysis

5 WMA-SVM # # ifitf
Fig.5 Workflow of the WMA-SVM model
VELHZ SRR -
(1D XU R R AR AT Govt 2 o i A — AL AL 3, BENLR 2 M IIZRER (80%) FliliAE
(20%) ;
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(2) WE SVM BSH M EEEE (ETFRD |

(3) X} WMA LT S50 ia 4k, 3 B P g

(4) HIER (D ~ (1) BEATAL B IEACTE #r

(5) BER&ILE, HRARRESEAEG, ETIMERKL WMA-SVM A, 5] F {4 o xt
LT P AT 90 00F 5

(6) XF WMA-SVM MR BEHEAT VPAL, 28 T B 4R i o S 3 ) g i S 28 0 45 R 1) oG &
KO AT BURAE 7375

(7) EEOMAL I TRE B 55E i R B AT 2 AL R R, DU I8 AR R ILAEAS B A T e 0«

2.4 HEEIMEREITEAE
NAE VS WMA-SVM A TERE, JEH T 5 N REHERS: #ER (4 IR (P) o AR
(R) « FI 08 (Frseore) VALBZIE TARFFIEIIZ R HIAR (AUC) , XESIEARIAUER =, Rt

']'i ﬁ%@'ﬁt Error! Reference source not found.

BAFEARS LA AR

B TP+TN (12)
TP+TN + FP+ EN
P= {{ (13)
TP ¥HP
R < i (14>
TP+ FN
2PR
I—Score: (15)
P+R
P
R = (16)
TP+ FN
FP
R = 17
TN + FP

A, TN o sebrzids BN R R IAE A%, TP Fonscbrfase HIALE MFEA S, FN &R sehr
e s BT RAGHIPEAR KL, FP Ron LR R FUINAR E IUFEAE . ROC HIZR LA TE =R (FPR) DRk
bRy FEAYESR CRRRON A MR (3 BUEVEREIN[0,1]D) , AUC (HIZE R IRAD Bl 1, A
T RE AL o

3 RS 7

3.1 RBNEKGER SR
KeELJE BEE P B WMA-SVM ARk, JLIR I AR R rT AL 45 R A 6 P o
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Training set confusion matrix Test set confusion matrix

30

Unstablc 100 Unstable 25
2 2

S 80 = 20
] Q
= =3

= 160 = 15

Stable 140 Stable 110
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Table 4 Performance comparison of different classification models
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Model Accuracy Precision R Fl score AUC
WMA-SVM 0.9558 0.9559 0.9563 0.9559 0.9766
WOA-SVM 0.8971 0.8971 0.8974 0.8970 0.9310
SSA-SVM 0.9118 0.9137 0.9108 0.9115 0.9390
PSO-SVM 0.8676 0.8711 0.8662 0.8669 0.8860
GWO-SVM 0.8824 0.8930 0.8848 0.8819 0.9190
DBO-SVM 0.8382 0.8750 0.8429 0.8354 0.8690

BA-SVM 0.8529 0.7949 0.9394 0.8611 0.9230
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Fig.8 Feature importance Analysis
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Table 5 Engineering examples

Slope characteristic parameters Actual state
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Fig.9 Confusion matrices of the model
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A WMA-SVM Model for Slope Stability Prediction

SUN Huafen'2, RAO Hui!2, HOU Kepeng'?, WANG Honglin!?, WANG Zeqi!*
(1. Faculty of Land and Resources Engineering, Kunming University of Science and Technology, Kunming
650093, Yunan, China;
2. Yunnan Key Laboratory of Sino-German Blue Mining and Special Underground SpacesDevelopment and
Utilization, Kunming 650093, Yunan, China)

Abstract: To enhance the prediction accuracy of data-driven models in slop&stability classification, this study
proposes a hybrid intelligent model (WMA-SVM) that integrates a novel“Whale Migration Algorithm (WMA) with
a Support Vector Machine (SVM). First, a heterogeneous dataset of/slope” cases from diverse engineering
backgrounds was constructed. To address its significant class imbalance, a‘e0mbined strategy using the Synthetic
Minority Over-sampling Technique (SMOTE) and the Local \Outliet" Eactor (LOF) algorithm was adopted to
generate a high-quality balanced dataset. Subsequently, they WMA algorithm, which demonstrated superior
optimization performance on eight benchmark test functiods; svas\employed to optimize the hyperparameters of the
SVM adaptively. Evaluation results show that the, proposed/WMA-SVM model significantly outperforms all
benchmark models across various performance metrics{ Moreover, based on the Permutation Feature Importance
(PFI) method, the unit weight (y), slope angle (B), and internal friction angle (¢) were identified as the most critical
features influencing the classification outcomes for this dataset. Finally, the model's generalization capability was
further validated through eight independent engineering case studies, revealing a high consistency between the
predictions and the actual stability /statesy This' research provides a modeling framework with considerable
generalization potential for the intelligént’analysis of slope stability.

Keywords: slope stability; machine, Jéarning; whale migration algorithm (WMA); support vector machine (SVM);
imbalanced data; generalization capability



