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Long-term anti-sliding stability analysis of gravity dams based on partitioned finite
element-interface element hybrid algorithm
FU Luying', LIN Chaoning', CHENG Jialin’, DU Xiaohu®, LI Tongchun'

(1. College of Waier Conservancy & Hydropower Engineering, Hohai University, Nanjing 210098, China;
2. China Renewable Energy Engineering Institute, Beijing 100120, China)

Abstract: In order to study the evolution law of the safety factor of gravity dams on soft rock foundations, a shear strength parameter
inversion method of structural plane based on monitoring data was proposed. By establishing a time-varying model of shear strength
parameters and applying a partitioned finite element-interface element hybrid algorithm, the dynamic evaluation of the long-term anti-
slidingstability of gravity dams was achieved. The verification results of engineering examples show that the proposed method effectively
reflects the true variation of engineering parameters, significantly improves the accuracy of analysis results, and ensures dynamic
evaluation of the engineering safety factor.
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Fig.1 Inversion flow chart of shear strength parameters
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Table 2 Mechanical parameters

X 3k BRI/ GPa IARAL  ARHE/ (KN/m®)

Wk 23.41 0.167 24.0
V1 Fefik 3~5 0.29 25.8
L12 1.45 0.30 23.5
1225 2.75 0.23 25.3
L1l 2.75 0.23 25.1




76 IORGIPNE S S QI S D) CHRRE

3.3 BERYERBRR

R T B DR o R B Ay [l SR FH AR BE i ARAA R 3T i R BGHA T A BR T3, B
V2 SR B TT T S8R T A TS | IOUEE S (AR LA 1] FH R P A R ABE 78 A 553 45 g 1 DU 1) P 8 7 2 A2 Jek Al
TEN AN R IBR BT B 00 R 55 2 A TR VB M DX 67 B S KRBy T 7 il an &l 5 o, BBl 5 AT, i 30
B SAE T R o 5o e A AR A5 5 A T 1)L 30 2 T T, B O AR B AN TR K S e i IX 0 ) R Ui B T
P, H R B ES G5 R TH A IR

IR . T R
0.500 i 0.500
0.475 il 0.475
0.450 il 0.450
il N 0.425 Il 0.425
\\§§§§\\ | 0.400 i © 0.400
TN 0375 il - 0.375
NN £ 0350 1 0350
NN : 0325 | 0325
i AN - 0.300 0.300
IR 0275 = 0.275
S 0250 = 0.250
—— 0225 = : 0.225
- Salans 0200 — H 0.200
(a) PHRECH1.0 (b) FrIRFRECH2.0
TR I T IR 2
0.666 67 0.666 67
0.627 79 0.627 79
0.588 89 0.588 89
A 0550 00 [T, 0.550 00
\ - 0.511 11 il - 0.511 11
il ==\I\|\}}\\\\§§\§:\\§\t\§\\ - 0.47222 i - 0.47222
AN £ 043333 £ 043333
\ - 0.394 44 - 0.394 44
HoR £ 0355 56 i £ 0355 56
= j 031667 —— e 0.316 67
= 027779 == 0.27779
= 0.238 89 %2 0.238 89
020000 — — : 0.200 00
(o) PrAREN3.S (d) FrsRHCH4.5

5 ARMBRHTEEREN
Fig. 5 Changes in plastic zone under different reduction factors

3.4 ENNREHRESHRE

IR B LA TR AR ek UL 2 2, SR AR~ FE SR 0 X R 2 T 0 T e B Wt o S G TR, IRE S
B AU 20 , i IR ARUREON 15, PR i KA fe/IMEL2 5104 0. 8.0 2,22 ] [ F ¢, =c, = 1. 5 ¢, =
0.8.,=0.3, T RIEHSEAHUETEFE Jy w e [0.38,0.47], ¢ e [0.08 MPa,1 MPa], #2018 4F 6 J] 26 H1E
IR 2], B 2018—2023 AF S AL RS Kt TSR I PR 1 A THRR SRR AR 3 FlAT 6 s, i3k
3 A, A E RRZE RN S BOR B I 6 Al A Y SN AL B dd RE 2k 45 03 XA BROT-Ft T T
TG i B A — B, AL AL — 2, A0 B 22 A, SR

RO B OO0 W3 E SO R W T FR. 1 %3 smamr REEHEE RN
K7 " ,%Eg%jj TIEE 458 2% BBt I 1] 22 AR R ARG ’ IR 2R N5 Table 3 Evaluation of partitioned finite
Z‘Fﬁ?j(,}é Mt TAaE . Beas R Ul P BY Mo B S50 55 ’ﬂﬁ, element-interface element calculation results
WA WSS W SR, SRR B G | e A T W AR /mm PRI 2 /mm

R) B R RN BOB LA HHZ 3000 ¢ = 0,935 176 0 981 T80
= 0. 4487 Jorp ¢ HEHIURET %1 (2018 4F 6 A 26 H ) I P10 0.814 0.619
4 H 1%L PL2 1.233 1.062

3.5 ENMKBMBRESH

R XA BROG- P RDTIR S 5k AT i . AU RERENLIE AT 1 Bl 28 i), D3 4, 315
SR 4 U I R BORCUE 4. 8353 MG, T Sl i LAY 88 X4 fi 5 % A AR A%, ey st n] LU SE 1%
FIIGFR A5 BN TE S AR B PR TR E L2 R RN 4. 8353, %5 1 ) I fh sOxT Ay R A W i Sl 1



4 fHER% 55 ST DA RO TR & 5 12 1 H O I I AR 2 i 77

G A i

2R 22 /mm

(a) IP6 A5,

4.0
35
30 £ g
25 £ £ 4%
i E o
205 & E
- = >
15 E | 2
1.0
0.5
0
o
(b) P10 2% (e) PL2
6 7 SR AGIBLE ML
Fig. 6 Displacement fitting curves for measurement point along dam section No. 7
SR — i
0.8 0451
0.7r.
L 0.6
g 05 &
2 04 N
% S
g‘; 03 o
0.2
0.1F
0 1 1 1 1 1 |
o o (S o (Y (3
OOIQ@ ¢ ¢ ¢ & & w“bﬁ)
A i
Hi H
(a) #%) (b) FEEZREL
E7 RIFRBIHEHEWEE S AR gk
Fig.7 Time-dependent curve of shear strength parameters of inverted sliding surface
P A, A2 NIRRT
N X M2 N S 4y =] _ s . o
K B A R R A SR R B A AT T, 4531 2018 B4 ThRBEMAE
e % N < P
2023 4F 44 4 R P s ] E/‘J/}Eﬂﬁﬂaﬁ( K8), Table 4 Iterative process of safety factor

I 8 AT B BB R A E S RS S T aen Bmin

s s

AR U636 2R 5 20 4 Z MR RIS, R RAAIE IR IREY o 58
BERHC, J5 W B R0/, SR TS, K% SL 319—2018 2 4.1225  4.7088 17 88
IR+ T IS ) P T e 17 1028 4 R, Fa A4 j j;ggj j-:igj ‘8‘3 ::

PN AL S 2z A + B ot Ju. W =
IR EREY 3.0, LRI BITRAR, KERBE e cu, r pRmR 0GR,
IME 4. 44 FFEREEOR Z TR 7 S B RZ BTl i

FEVERERS A B R UETE 4



78 WK E el (AR RS R ) CURRE

MR ¢ =0.9350 % w =0. 448 "I EGTIY W B AR, PEIGE B &K BN XARR A 22 42 R 40

A8 P R 9 Fro, & 9 mIHn BEE S8 8.0r o 170
SRH, LAF AN R, RIETRERN Tl A A Ay A 10
ST FETATI PR SR T R FH s o) \-[V LY e
KLIHE 100 a J5/NF 3.0, AR SL 319—2018 IRk + Eﬁggw\ K k =
T ) sk R s sl U N A L
TSR SO s W x4 T VL8
BT R E MEHEF T IS4 AT A S N
\ SENC I O A

4 % i LR A

a. 73 DXATBRIT-AH o A 55k m] UR ] RO 42 B8 7SHIR 2018—2023 £RERH
FCER S I DT 255 ) 2 5 1 A PR ST iy ﬂj(?E,ﬂ%EjJ IR Z Fig.8 Safety factor of dam section No. 7
U [r0) R 255 P A M )AL, )90 A A 8 ok T om0, L from 2018 to 2023
A IR PP B L Or sz

b. B5 ) FIEE R BBE (] A2 AR, LIS 45
Bhf ARSI AR . A8 MR R BR300 3 B i
BTIE,

c. 7 SHBHRIEDUIR TR E %2 R BORK A R 5

RIS R, 24 2R AR 1T K TN , T A 106 28} AT IR
BR,JG BT Fe ., 2018—2023 4F % 4 R BUR/INME K N
4. 44 FFAEEER . RPRm N TR R S SR E P P O P o
HURA R B ITEBA MR S HUB LA T 24 & S

BRI 2AE 100  JSHEE MG AF(E ., B2 I 6] O RS BY RMRLRHLLAE

Fig.9 Long-term safety factor variation pattern

IR0 iwa RV 1LY 4RI
SENW:

[ 1] Zn. IR FHLERRTT[T]. EZKH],2000(9) :55-57. (WU Zhongru. Analysis on pathological change and mechanism
of old dams[ J]. China Water Resources,2000(9) :55-57. (in Chinese) )

[ 2] Bro, B R BE S, A5, Bla SR B4 5 DLt 307 0 4% 54 35t 00 e PR XU 20 [0 ] i DR 22 22 4 ( FHAR B4 i)
2024,52(4) :13-21. (CHEN Yun, WANG Yijun,ZHENG Xiazhong, et al. Risk analysis of dam break accident combining case
mining and Bayesian network[ J]. Journal of Hohai University ( Natural Sciences) ,2024,52(4) ;13-21. (in Chinese) )

[ 3] 2965, B IR X0, 4. IRt L T Tt OV R AT 7 [ ] TR~ 4 (A ARABH#E ) ,2022,50(5) :98-104. (LI
Zhaoyu, JTA Jinsheng,SU Anshuang, et al. Experimental study on overtopping and dam break model of cemented soil dam[J].
Journal of Hohai University ( Natural Sciences) ,2022,50(5) ;:98-104. (in Chinese) )

(4] #BE SR AL, RO I8 TS5 O A5 R il [ 1], AKFDK iR ,2023,43(5) :45-52. (ZHAI
Weikun, YI Fu, DU Changbo, et al. Longitudinal evolution of breach and erosion tests for tailings dam overtopping failure[ J ].
Advances in Science and Technology of Water Resources,2023,43(5) :45-52. (in Chinese) )

[ 5] REN Q W,XUL Y,WAN Y H. Research advance in safety analysis methods for high concrete dam[ J]. Science in China Series
E:Technological Sciences,2007,50( Supl) :62-78.

[ 6] Folh, TS, IRAL. R K X AL MK (7] 9B 2 Bo i e e PR B ) ] VAR Be Bedl , 2020, 37(8) £ 170-174.
( WEI Zhenjing, YU Jingzong,ZHANG Dongdong. Deep anti-sliding stability of release sluice segment of Datengxia hydro-project
[J]. Journal of Yangtze River Scientific Research Institute,2020,37(8) :170-174. (in Chinese) )

[ 7] g, XUBETs , FRRLHS . 56T 03 IX WA — S mI T 7 s i oy SR 2 BT Fa € e [ 1] /K i RE IR, 2024 ,42(4) 123~
127. (GAO Xuhang,LIU Xiaoging, DU Xiaohu. Stability analysis of deep anti-sliding of gravity dam based on partitioned rigid
body and interface element method[ J]. Water Resources and Power,2024,42(4) :123-127. (in Chinese) )

[ 8] hid BRI, MR 55 Rk ) 300t 7 301 B I0URE R 8 BRI 5T [ 1] M T 2 0] 5 AR 2 41, 2022, 18 (1) £ 179-189.
(SUN Tao,CHEN Yuan, CHEN Jianye, et al. Model experimental study on foundation stability of typical section of Datengxia



4 fHER% 55 ST DO IR OT-S TR 5 5 s i B UL A2 2 0 79

sluice dam[ J]. Chinese Journal of Underground Space and Engineering,2022,18( 1) :179-189. (in Chinese) )

[ 9] JHSH, Bowk, sk, 5. RS 5 2 100 e ) 3008 (AR 1 Bt ) 2 BB IR B9 [ T ] K 7 & Ha,,2017,43 (6) : 105-109.
(TANG Maoying, DUAN Bin, ZHANG Lin, et al. Experimental study on global stability of high gate dam founded on deep
overburden by geomechanical model[ J]. Water Power,2017,43(6) ;:105-109. (in Chinese) )

(107 BREE, Kbk, A5 54, A5, PR E R 0 A0 B o ST X A g iR 9 [ 0] TR B B4l , 2018 ,35(3) :144-150. (CHEN
Yuan,ZHANG Lin, YANG Baoquan,et al. Stability of the left bank high slope in strong unloading area of Baihetan hydropower
station[ J ]. Journal of Yangtze River Scientific Research Institute,2018,35(3) :144-150. (in Chinese) )

[11] XU Bo, WANG Shida. Sensitivity analysis of factors affecting gravity dam anti-sliding stability along a foundation surface using
Sobol method[ J ]. Water Science and Engineering, 2023, 16(4) ; 399-407.

[12] SRo%EE, 1 RAE, i 3CHe 45 SCTE Ay 480 T LA B S EOR R VIS IE PSO-BP fii22 (M 28 BAE AU [ J ] /K MK e R E i
2024,44(2) :87-91. (ZHANG Zongtang, XIAO Tianxiang, GAO Wenhua, et al. PSO-BP neural network prediction model for
cumulative deformation of coal gangue subgrade filler under traffic loading[ J]. Advances in Science and Technology of Water
Resources ,2024 ,44(2) :87-91. (in Chinese) )

[13] FRACR. 30 A8 S80S K 5 BE40Ar [ D] sl AR 7 2022.

(14] f&ZE fzile , XK. Hardfill 3R S (RS S 22 20 2 [ )] DV 2 224 (1 AR B2 ) , 2011,39(5) : 550-555. ( XIONG
Kun,HE Yunlong, LIU Junlin. Integral stability of Hardfill dam[ J]. Journal of Hohai University ( Natural Sciences) ,2011,39
(5) :550-555. (in Chinese) )

[15] hag i, Sefil. % W2 e RCC B3l S B Hriroe [ )] K L RERAR %, 2021,39(11) :132-135. (MA
Qiang, WEN Lifeng, DANG Kan. Static and dynamic analysis of RCC high arch dam considering influence of faults[ J]. Water
Resources and Power,2021,39(11) :132-135. (in Chinese) )

[16] J5SC 2540 BT, 45, B2 TR BR T T A R 7K i) ) 28 2548 22 2 S AT 5T [ 1] K RDK LR (3 50) 2022, 53 (44 1)
2) :158-164. (FANG Wenjie,LI Yan, QI Xiangyu,et al. Research on structural safety recheck of intake sluice chamber structure
based on finite element method[ J]. Water Resources and Hydropower Engineering,2022,53(Sup2) ;158-164. (in Chinese) )

[17] LI Tongchun,LIU Xiaoqing,ZHAO Lanhao. An interactive method of interface boundary elements and partitioned finite elements

—

for local continuous/discontinuous deformation problems|[ J ]. International Journal for Numerical Methods in Engineering,2014,
100(7) :534-554.

[18] LI Tongchun,HE Jinwen,ZHAO Lanhao, et al. Strength reduction method for stability analysis of local discontinuous rock mass
with iterative method of partitioned finite element and interface boundary element[ J]. Mathematical Problems in Engineering,
2015,2015:872834.

[19] EBL, 2R B 3T KA BRI 5P SR Do & 5k 9 O R Z ST A8 E e [ 1] ER A K AR L, 2020
(5):98-102. ( WANG Kai, LI Tongchun, CHENG Jing. Deep sliding stability analysis of gravity dams based on the iterative
method of partitioned finite elements and interface boundary elements[ J]. China Rural Water and Hydropower, 2020 (5) ; 98-
102. (in Chinese) )

[20] QI Huijun, LI Tongchun, LIU Xiaoqing, et al. A fast local nonlinear solution technique based on the partitioned finite element and
interface element method[ J]. International Journal for Numerical Methods in Engineering,2022,123(10) ;2214-2236.

[21] KRB, Bt 2x A, 45, 5T XGBoost-PSO AR BE -5 Jy VAR 2 B AR AL BTt [ )], 0 K2 224 ( FARBLA 1)
2023,51(3) :91-98. (TONG Dawei, YANG Chuanhui, YU Jia, et al. Multi-objective shape optimization of concrete gravity dam
based on XGBoost-PSO[ J]. Journal of Hohai University ( Natural Sciences) ,2023,51(3) :91-98. (iin Chinese) )

(22] FhAFCE, S B ST, S5 T DL S0y ) 2% 1) HE ZESDURG E PR DR PP R RL [ )] JK K AL BHEE g ,2023,43(4) £ 37-45.
(DU Zhenhan, ZHONG Qiming, DONG Haizhou, et al. Rapid evaluation method of landslide dam stability based on Bayesian
network[ J]. Advances in Science and Technology of Water Resources,2023,43(4) ;37-45. (in Chinese) )

[23] SHI Yuhui, EBERHART R. A modified particle swarm optimizer [ C]//1998 IEEE International Conference on Evolutionary
Computation Proceedings. IEEE World Congress on Computational Intelligence. Anchorage: IEEE ;1998 .69-73.

(WeHs B #.2024 -07 - 24 Z%R . X )



