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Tab. 1 Evaluation index system and its standards

BRAEiED PPN FEAR ST o
— AR bR Z YRR | I I I\ v
EUWARERE X, (GPa) 0~1.3 6.0~1.3 20.0~6.0 20.0~30.0 33.0~50.0
A TERE AR AL X, 0~0.15 0.15~0.35 0.35~0.55 0.55~0.75 0.75~1
HRIHZ (X)) E‘ﬁ‘fﬁi%‘ﬁ%(%M%;(%) 0~25 25~50 50~75 75~90 90~100
AR R AE (UCS) X, 4(MPa) 0~25 25~50 50~ 100 100~250 >250
T KHBI ) X 5(MPa) 20~25 14~20 8~ 14 2~8 0~2
i) X s(MPa) 0~0.05 0.05~0.08 0.08~0.12 0.12~0.22 0.22~0.32
Bew Xy (m) 80~100 60~ 80 45~60 30~45 0~30
TRMEK,) Yo X0 (°) 60~ 80 45~60 35~45 20~35 0~20
3 X nz A — R U4
HEK Xy R 2% — % 4 R4
A ERERTEE X5 (mm) 1 500~2 000 1 100~1 500 800~1 100 600 ~ 800 0~600
SFHEE () H & KRR i X5, (mm) 100~ 150 70~100 50~70 25~50 0~25
AT K X33( %) 75~100 55~75 40~55 20~40 0~20
HFEAKOF I EE Xy, (m/s?) 0.20~0. 40 0.15~0.20 0.1~0.15 0.05~0. 1 0~0.05
SMBIE AR X, (mm/ ) 8.0~10.0 5.0~8.0 3.0~5.0 2.0~3.0 0~2.0
BEE (X FIRIL AR X, (mm/ ) 2.0~3.0 1.5~2.0 0.8~1.5 0.3~0.8 0~0.3
BEAFI FI B X45( %) 25~30 20~25 15~20 8.0~15.0 0~8.0
FHRLEI X, *% B — B b
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PR IEXHEARAE PO R 2R AR X AR LA A . F AT, B AU I Tk A AR 20, D st i E WU Y
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BABE T oK HL s 6 F R IR ELRUR B BB N HE V0, T A 1 885 m, Il 305 m, HAE R HUS
BEI 3 A S i3, 2 H R KORZK B TR A BE A 3 42 TREZ — o ZE e bR SR 3 P A B, 4 JHR oy 3
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Tab.2 Measured values and standard values for each evaluation index

e FR S FRifEE T EETR S FRifE(E
FARASEELE X, (GPa) 1.90 0.038 HEK Xy, 0.75 0. 750
HAO TR R X, 0.72 0.720 ARSI RERY X (mm) 607. 00 0. 304
FATEARRR X (%) 85. 00 0. 850 H e KT & X5, (mm) 49.20 0.328
ARG R SR EE X, ( MPa) 105. 00 0. 420 HANE KA X3( %) 13. 00 0.130
B KHBR ) X 5(MPa) 21.49 0. 860 HREACEINEE Xy, (m/s?) 0.10 0.250
i X o(MPa) 0. 02 0. 063 HMIETE A X, (mm/ ) 1.89 0. 189
i Xy (m) 110. 00 1..000 IR X, (mm/ ) 0.27 0. 090
P Xy (°) 50. 00 0. 625 BEAFIN 7 HIUE X5 %) 8.73 0.291
A X 0. 70 0. 700 HRMEI X, 0.75 0. 750
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- IR n MY n a % v N V= FRAELE
SRR BE AR Fre SR B T E AR A I R A H 1 gk X BTG
WL 4. HIEHIEIR, LR X, A1, % R e
. . Fig. 1 Evaluation results for index X,
HWRER A, ME 1R,
®3 BUUFMERNE
Tab.3 Weights of each evaluation index
el W 4 W,
X, (0.155,0.158,0.171,0. 173,0. 180,0. 163) (0. 156,0.164,0. 173,0. 168,0. 175,0. 164) (0. 157,0.171,0. 175,0. 163,0. 170,0. 164)
X, (0.207,0.229,0. 288,0.276) (0.229,0.240,0. 268,0. 263) (0.251,0.251,0.249,0. 249)
X, (0.266,0. 240,0. 263,0. 231) (0.261,0. 246,0. 254,0. 239) (0.255,0.252,0. 245 ,0. 248)
Xy (0.236,0.264,0. 239,0. 262) (0.242,0.250,0. 249,0. 259) (0.250,0. 236,0. 257,0. 257)
R4 “REGHERESITNER
Tab. 4 Grade comprehensive evaluation for second class index
HEE T I FHRRE
ZYR bR BRI Z AR W EER
R(I) R(I) R(Il) R(NV) R(V) R(I) R(I) RCI) R(N) R(V)
Xy 0.027  0.973 0 0 0 I Xy 0 0 0.003 0.932 0.065 v
X, 0.018 0.954 0.028 0 0 I Xy 0 0 0.019 0.745 0.236 v
X3 0 0 0 0.107 0.893 Vv X3 0 0.026 0.396 0.550 0.028 v
Xy 0 0 0.003 0.475 0.522 \Y Xy 0 0 0.001 0.025 0.974 \
Xis 0 0 0 0.027 0.973 \Y X3y 0 0.077 0.431 0.458 0.034 v
X6 0.782  0.218 0 0 0 I Xy 0 0 0.035 0.391 0.574 \
Xy 1. 000 0 0 0 0 | Xp 0 0 0.029 0.426  0.545 \
Xy 0.915  0.085 0 0 0 I Xy 0 0 0.002 0.823 0.175 v
Xo3 0 0 0.035 0.930 0.035 v Xy 0 0 0.016 0.616  0.368 v

I3 4 AT, X W0 45 SE RN SRR 43 o . R(V) = 0.368,R(IV )= 0.616,R( 1l )=0.016,R( 11 )=0,
R(1)=0, %% R(V)> R(V)>R(ID>R(I)=R( T ), BEWIEAT X, S8 T 1V SRR, IR T V 4%
A —E AT g, (AR RN, 3K 5 PR SOMAT . B 1 S B T2 a5 R 48 hn X, W iP5 7E IV
Z b EEV RSN R EED VP AREE D RS %5 L,

G553 3 S WITEMAE PRI A GAE , iz R (8) THAE AT 15 4 > — G AR broxt 45 PPN SR 90 i S i i, OF:
Wi — AR B SR, WK S,



1 B, 4 BT AA RN = B Y Rl SR e Y 15

K5 —REGHERESITNER

Tab.5 Grade comprehensive evaluation for first class index

. GAREE o
—RIED e
R(I) R(I) R(IN) R(IV) R(V)

X, 0.1354 0.344 0 0.005 1 0.103 0 0.412 5 v
X, 0.448 6 0.020 4 0.010 2 0.494 4 0.026 5 v
X5 0 0.024 8 0.205 6 0.445 6 0.324 0 v
X, 0 0 0.020 4 0.565 6 0.414 0 v

EAR S R IR bR A E R HAE W= (0.321,0.232,0.221,0.226) 35 = (8) #HAT4E iz &
AT BN G RER GV SR BE 1), DA ITTBA 2 ) S AR M i e A A g L, 2K (6) RN (7) A THEE AT LK i
SR B [ ORI B, e A5 B R e v T AR S R (L, E) . HEERIEIN SRR 6,

F 6 AEAESBLHEREEITNERIILE

Tab. 6 Comparison between evaluation results of high slope stability obtained from different approaches

T I s I II il| v \ PEA &5 R
AT (GRIRE) 0.147 5 0.120 6 0.054 1 0.374 1 0.303 7 (IV,0.908 0)
ATFPEA 7 L4 (IR ) -0. 669 -0.558 -0.322 0.075 -0. 099 v

H12 6 AR AR SCIP 5 EE VP SRR B v A2 R(IV ) EARXS IR, 295 0. 374 1, BUZ m s e 5%
PAFREN IV G, WSRIBEERI RN, HIFr 16 bn (R RE I (8] A A2 224k, A @ PR A al BE B JH o v
oo SR MAPEUEA SR IR AR, 3% 6 158 H SCHRL 4 1 F 0 75 3 BTS2 2R AU W, AR B 243t
SRR AT SF R IV 9, RN Z AR a2 e A W A, [ IR LB AR SCREAR J7 125 9 T A7 1
Rl HRARE AT . OFEX RS E AT S GO Sl 5 AR, 2087 T SR E G TP a1
FAERE ST 20 T AER LR S VPN S R A BRI, ]I 0. 908, X MR A5 S IVt 45 SR 55 BORIIR 14 %) 17 ¢ R IX
[ 5 R T WL G0, Bl WA IR 418 b S5 G U i 22 1 /1N USSP 45 R i 2 2 R RE AR . AR
BB T R AR E PE PP R A TP FE AR SR A — B DL T IR R IE | IR AN AR SCHR H 7 1%
ORRAE 0 SRR E VPP ph B — AR SN % 2 O oh AR5 SR 2R AR BE LRI LA BN B, @ TR
PR DT IR AL PR T SRS PEPP A DRIV (LR, (B 220 1 AN S R R R AR A BEAILE e 5 | RO
S R 2 A A S R i AR M A A v B BEATLPE AR PR 5 A E B SRR BEE |, 225 5 18 T 1T
AR BELIE AR . QM T LR — 7 B E A IO R AR A U7 3, AR & T R IR A A
WA WAL AT ORI T 4 TPEAR 48 b SR , DRAIE T 48 PR AU A 2 WL o SR R 45 AS B T2 o 45 0
PR TEARAL AN Bl T A 0N TR AR 0 R LN R

4 4% B

e

BN TSR MEIEA P B TR B AR S s P2 55 A (AL, 4R K T3 T AR e e AL 5
WA 2 PO 7 i , (RIS Bl IR0t 1 4LA B IE AN X =25 o R R SO R BEE , ER45E T .

(1) PR 5 IEAEAR PR AS S J2 52 B AN I A A3, X 45 2 PRI R i 2 ml il b i AL PP 45

(2) WRGEAT BRI T 4 HFAH8 bR SR | PRAIE 1 HE bR A I 20U PE , A5 Bl /M5 R S B ) A 2
AU BERR S VRN AR P S IR AR 0 L B WL 2 (A A 8 B A S AT 5 TR 5P

(3) R X=Z5MF m AL, 55 75 BB AR E MLk G VRN I BELIE FIBORIPE | DABORIR VR ol B 217 &
AT RER G PPN A R S 2R AR SCBL T R A e P — e PP AR SR T, IR 07 IR Al 4 BT
Foflok TRESIY) 220



16

ing

KoOH K T B o 2017 4E 2 A

i

[10]

[11]

[12]

[15]

[16]

% X W

TN, kA, RITR, S FERTAB R L Bl AR E PR (0], K ADKGE T RS2, 2014(3) : 98- 103. (XING
Xiaodi, ZHANG Lei, TAN Yefei, et al. Calculation method for soil slope stability under the action of precipitation infiltration[ J].
Hydro-Science and Engineering, 2014(3) ; 98- 103. (in Chinese) )
B BT, ARk, AF. BT R TE BB E P R AR AR [ T ] DU ORI, 2015, 50(2) @ 325-
330. (ZHAO Jianjun, HE Yuhang, HUANG Rungqiu, et al. Weights of slope stability evaluation indexes based on factor analysis
method[ J]. Journal of Southwest Jiaotong University, 2015, 50(2) : 325-330. (in Chinese) )
R, Rdn, e, AF SWOR AR S BEIL SO AT E R Z RGN [T ]. A 15 TR E, 2005,
24(1): 23-32. (SU Huaizhi, WU Zhongru, DAI Huichao, et al. Multiple-index assessment for global stability of high-steep rock
slope of the Three Gorges project permanent shiplock[ J]. Chinese Journal of Rock Mechanics and Engineering, 2005, 24(1) :
23-32. (in Chinese) )
BN, BRIV, BRI AR A A R W PR B[] A0 T35S TARRA, 2000, 28(12) + 2503-
2509. (TAN Xiaolong, XU Weiya, LIANG Guilan. Application of extenics method to comprehensive safety evaluation of rock
slope[ J]. Chinese Journal of Rock Mechanics and Engineering, 2009, 28(12) ; 2503-2509. (in Chinese) )
ZAtiE, ZEMG. R AR ENE PO BRI R S X TR SRR [ 1], A £ TR AR, 2010, 32(5) : 706- 711 (QIN
Zhihai, QIN Peng. Evaluation coupling model for high slope stability based on fuzzy analytical hierarchy process-set pair analysis
method[ J]. Chinese Journal of Geotechnical Engineering, 2010, 32(5): 706-711. (in Chinese) )
K, I, XA, . 25T PSO-PP BUIAMARE EIAN (], & £ TREA=4, 2011, 33(11): 1708-1713. (XU Fei,
XU Weiya, LIU Zaobao, et al. Slope stability evaluation based on PSO-PP[J]. Chinese Journal of Geotechnical Engineering,
2011, 33(11): 1708-1713. (in Chinese) )
BH. RIGE 88 KR BUA R E A R 50 s se [ D], s BT AR, 2012, (LUO Yong. A
study of evaluation system and stability analysis of rock slope in the open pit of Daye Iron Mine[ D]. Wuhan; Wuhan Institute of
Technology, 2012. (in Chinese) )
RS, BT, B 5T AHP 693 TEDS R PR PRI R (D). RIASEFAR (I ARIZRD) | 2012, 43(7) : 2861-
2868. (HE Haiying, HU Tian, ZHAO Jian. Risk assessment indexes system of high rock slope based on AHP[J]. Journal of
Central South University (Science and Technology) , 2012, 43(7) : 2861-2868. (in Chinese) )
FHR, REE, BEE, & BRI SRR S PO E M 2N Th R [ )] TR K24 H AR
fR), 2013, 44(6) : 2455-2462. (WANG Xinmin, KANG Qian, QIN Jianchun, et al. Application of AHP-extenics model to
safety evaluation of rock slope stability[ J]. Journal of Central South University ( Science and Technology) , 2013, 44(6) : 2455-
2462. (in Chinese) )
LIU Z, SHAO J, XU W, et al. Comprehensive stability evaluation of rock slope using the cloud model-based approach[ J]. Rock
Mechanics and Rock Engineering, 2013, 47(6) . 2239-2252.
SU H, LI J,CAO J, et al. Macro-comprehensive evaluation method of high rock slope stability in hydropower projects[ J].
Stochastic Environmental Research and Risk Assessment, 2014, 28(2): 2111-2116.
EPA], SRSCHL SIIERRE A BT Yt 48 W 45 I BOR S Al TR LD ], A 2%, 2015, 36(7) @ 349-361. (SHU Suxun,
GONG Wenhui. An improved fuzzy point estimate method for slope stability analysis based on neural network[ J]. Rock and Soil
Mechanics, 2015, 36(7) : 349-361. (in Chinese) )
D%, EAR, XMk, 55 B TR R0 A BULBO R E 2 B4 PPN [ 1], A 1015, 2011, 32(4 1) : 624-
629. (MA Yi, WANG Xiliang, LIU Zhen, et al. Multiple model combination evaluation of seismic stability of rock slope based
on fuzzy factors[ J]. Chinese Journal of Rock and Soil Mechanics, 2011, 32(Suppll) : 624-629. (in Chinese) )
WhiES, ARALRE, ZAKPY, 5. SREUIA S & BU OB I R AR SRGEMEEM [T]. A A J1% 5 TR, 2015, 34(3 1) .
2607-2616. ( CHEN Tao, DENG Jianhui, LI Linrui, et al. Deformation characteristics and stability evaluation of a heavily
loosened rock slope[ J]. Chinese Journal of Rock Mechanics and Engineering, 2015, 34(Suppll) ; 2607-2616. (in Chinese) )
DAFTARIBESHELIA A, ATAEIB M, SERESHKIB F. Assessment of rock slope stability using the Fuzzy Slope Mass Rating
(FSMR) system[ J]. Applied Soft Computing, 2011, 11(8) ; 4465-4473.
BEL, BRI, FETWRGE AR G S  Hrik () i i 9 L D7 S8 2R B kL1 ). MR, 2013, 37(1) : 76-80. (LUO



1 B, 4 BT AA RN = B Y Rl SR e Y 17

Yi, LI Yulong. Comprehensive decision-making of transmission network planning based on entropy weight and grey relational
analysis[ J]. Power System Technology, 2013, 37(1); 76-80. (in Chinese) )

[17] RKE. MG BREMM]. Jbal. ERKE AL, 2001 . (ZHU Xuelong. Fundamentals of applied information theory
[M]. Beijing: Tsinghua University Press, 2001. (in Chinese) )

(18] ZRfd, VEWIR, TRMS, 4. ST RBAL A A RUEEF [T ). 5 £ TR AR, 2014, 36(1) : 83-87. (LI Jian, WANG
Mingwu, XU Peng, et al. Classification of stability of surrounding rock using cloud model[ J]. Chinese Journal of Geotechnical
Engineering, 2014, 36(1) : 83-87. (in Chinese) )

[19] I35, fir. 2T m B A AR BRSO [ J]. AR R 224 ( AARBHARR) , 2013, 43 (B4 1) 54-58.
(SHUAI Qingyan, HE Yabo. Comprehensive evaluation on rock quality of dam foundation based on cloud model[ J]. Journal of
Southeast University ( Natural Science Edition) , 2013, 43( Suppll) ; 54-58. (in Chinese) )

[20] XU, BOCHE. JTIK ORI KA TR B[], K3k s 4k, 2012, 31(1): 10- 14, 26. (LIU Feng, WEI
Guanghui. Fuzzy optimization of hydraulic project scheme based on improved grey relation analysis[ J]. Journal of Hydroelectric
Engineering, 2012, 31(1); 10- 14, 26. (in Chinese) )

[21] B, XSO, WREE, 45, JET A BAIR BRI 35 7 WS S0P [ )], e =Rk | 2015, 11(6) @ 95- 101,
(YANG Guang, LIU Dunwen, CHU Fujiao, et al. Evaluation on risk grade of tunnel collapse based on cloud model[ J]. Journal
of Safety Science and Technology, 2015, 11(6): 95-101. (in Chinese) )

[22] SUN P, LIU Y, QIU X, et al. Hybrid multiple attribute group decision-making for power system restoration[ J . Expert Systems
with Applications, 2015, 42, 6795-6805.

(23] JAZIAy. BTty AHP-PP BRI I L3 3 WM ik [ 1], KL REIRAY%, 2014, 32(2): 59, 90-92. (ZHOU
Hongmei. Comprehensive evaluation of dam safety based on improved AHP-PP mode[ J]. Water Resources and Power, 2014,
32(2): 59, 90-92. (in Chinese) )

Stability evaluation method for high slope based on
fuzzy cloud theory combined with weights

XU Zhenkai, WEN Yongbing, WEI Bowen, JIANG Shuihua
(School of Civil Engineering and Architecture, Nanchang University, Nanchang 330031, China)

Abstract: The high slope of the hydropower project is a complex system jointly affected by many internal and
external factors. There are different kinds of methods used for overall stability evaluation of high slopes, but these
traditional methods usually have some shortcomings. A high slope stability evaluation method is proposed in view of
the difficulties in determining the weights of the index and the fuzzy membership degree. Constructing a multi-factor
coordination index system and grading the standards for the high slope stability evaluation, comprehensively utilizing
the combined subjective and objective weighting methods of the ladder level index, and considering the fuzzy and
stochastic characteristics of the evaluation indices, a cloud model suitable for high slope stability multidimensional
cascade evaluation is established with the aid of the fuzzy entropy and cloud theory. The left bank of the Jinping
hydropower station ( the first cascade) is taken as a case history to study and analyse in order to demonstrate the
validity of the proposed method mentioned above, comparing with the calculated results given by various evaluation

methods.

Key words: high slope; stability evaluation; cloud model; fuzzy entropy



