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A dynamic simulation analysis method of high-steep slopes based on real-time
numerical model and its applications

WANG Chao, ZHANG She-rong, ZHANG Feng-hua, DU Cheng-bo
(State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin 300072, China)

Abstract: In hydropower engineering, engineering slopes on both river sides have characteristics of large scale, high and steep
geometry, long service life and high stabilization requirement. Due to real-time changes of geological parameters, slope structure and
excavation support, real-time evaluation of slope safety is a key technical issue in hydropower projects. A real-time simulation
method based on numerical method is developed by considering the change of excavation progress during slope construction process,
the new geological information disclosure, the modification of supporting plans and the correction of numerical parameters. This
procedure focuses on real-time analysis and control of the safety of high-steep slopes, which is seldom reported in the previous
studies. Based on database technology and secondary development of ABAQUS software, the information of dynamic mapping the
construction schedule, geology and support is implemented into the numerical model. Finally, a real-time analysis and control system
for slope safety is developed to realize the simulation and forecast of the real-time slope safety status.
Keywords: slope engineering; real-time numerical model; dynamic mapping method; slope system development
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Fig.1 Real-time numerical simulation analysis framework for high-steep rock slopes
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Fig.2 General mapping method of real-time state information for slopes
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Fig.3 Mapping method for the progress of slope excavation

CIHZER IR TR R CRTHZETR
FIG T RERAR AT HIIR T30 TR SEPr T2 4
WHII BT TR, AR O SN2 2 R 0 T 1
PEAZ AL BAS R CRIRE AR S D, AL
TR P AT TR T R R T AT T
REMIRERY A TT, K 0 N R B e i 5 A7 A 21 2
THERR TR .

IEAETHZRROCTRRE R EAATHZ T
TREZIR T H N o0 TR SE P THZE A H
W HOK T 0 TRER S B T2 T 46 H 911 o0 T
P, MU 2 MEAETHE R o0 TREEI TR, 1%
RIME TARITT TR BR RIS, JRRRIR A us
SAEANCTHEB R R RS .

T4 K T PR . HRAE COT2 R
R ICER G IR B TT g 5 R 5 BIAE A (1
T, EHUE T, SRAVESERICE, ACTTHE#
L

(2) SRR

SCHPEPE AR 53 T2 1k R (KIS {24 R
L HFXSLLT 3 AT OFRR Y4
FAEAESCY RTC TR, R 570 TRESE RS
PITAANGT A HHIREAT W, QAL R T TR
IO SZH R BTN, R B T TR M AR S
PHEEIE S, AEILBAUE T AR 0 BT AT SCH A5k

FTCANSIEAR SRR BT R R L 58 ST DX Ao
W RTE, fRIRIcsE S ORI S B 2
BBV SR, AERE TR NER 328 S
SCH TR RHE P IR

2.3.2 TREH AR S SR A ik

SN BT B B ¢ AR B 1A BRI AN S o T
FEMGE DL, BV R i JLP- AN AT RET I A 42 44
T (R TR 0 o 00 T3 Tt v 2 AN T e 1
FE DL, Un SRR Ea 1 ST DR TR 22 4k T
LYW, SR ISR A G . B
R A S EBUE TR T USSR
AERARLILL I ) 22 ARA o T EE I A 7 5 0 A
RIS 2y, HARANE, s TRt
Ji.

b 5T SR JE ISR A0 ) it T R 4 e ) M5
CRIGHr BT A5 W SIEE TR . ARTCR
PR AR BR300« COMRHE It T HhoBr b i ) 07 A
SRR, TSR A 2T ot DI Y
(AR R, i, X YRR, R
b DX S 22 B XIHE Y, 4% 2 B8N IL
M E 2T RS R 2 I T R Y o5, BEm 4R
BTN RRRY T, AL ORT L O TR A @
AR i SR BIRR  o 2 FoBT i T B AR
s OM IS FPIR B iR S 4.



5% 8 31 T BT RO S I e BB A 7 B A T i S N 2387

2.3.3 SCPMBHIMN U5k

FEILBOE T, T SCP AN BERUEL A
SEIY, RIS S VAT AL B . AL A
P SR A B RE R, 2 R o B M R P i
17 U0 AEBE R SERLS ST AT R
INAME L, LAREAT SEBm i Tl mh AR 884 n S 4 A
M.
2.4 IBIHZE R S R

SN S BB E R LIS R A B AR 2
HAE Tt T R AN W AR A 10 S B R D i 2EAT (19 T
Fo

A BER A A LR 2 ETHE, A AR &
PN CARTE . KA TR LSS ) e BT A1
HTFZ APt T R A WARAG . B4 52T
RIS I A AT ORI, HH e AN R 5k
AR TS, IXIN T2 AR AR TR iR
Rl TR, S R L bR
SR e AR 25 A ks LT 0 7™
U SRATYERR P BT T2 (0 2 B S s 4 R ATV
P AL, SRR IR A AR 1224 . I
b, g E AR R AT A A S S
S o

UBCEAR ) 2 SR RO, R AR %
A P 4 8 B RS 43 WT 7 1P S B 1A 88 T4
BAT LR AP KA AR A 2 AT S s el A
¥ RIS W I 3 ASCA LR .

3 AN BT ARG A

N T SR SIS E AR LA, R B SCER
i Bk, FE T ABAQUS A FRIT/ AR
Microsoft SQL Server £ 4 FE 444, K C#A Python
PFRIE ST R TSN BT R % . A
SRS . SHURE . D3 v SE i oE
M B AN 12135 A8 T ) 2 W AR HE S AT 4 M

S, T3 SIZ ISR AR RS o SN B R A% S
g5 JEPRBLSERT PR OCHE . R B L I s
WA BT CRERE . TR A B s, RS
DL PR S — Rl TRk R B . T
it 13k P S AR I AE 1 3 B T O R R A T
A, it CHE RS U AR S S TR S .
SEHUTUE T B S B BRI . X
YTt RGP AT OpenGL EIELHIHIA,
S A AMLAS B ERAE (0 77 X AR A7 8 % T
SEEETE E R REMKSE T CAD BAt, SR
CAD RIS U0 3 B BB T H SR AR [ L

FCARE I $ BT 3 s A U BB AT 7
AR S, AR . B T
SCH AR S WL PRI A 3 = 2 AR — 2 B T SR Ty
WAL T I 4 s @ EUIE, REeh =4
BT ASEUAE YT, 4(0) i) 4E T 2
M 4(a) = HERERFIDTII R . TR AT LU {8 TR
N GHEE TR, AR BT S i W A T 428
e

Qo0 HERME 000 SRERES: weo RANE: ows [ DFME U2REM

(a) T JE BT R Y A A

(b) W TR S SR () — A W T A Y

(SRR &S & USRI LR e 25
Fig.4 Mapping method for geological information
updating and support information change

4 TS A FL A BN

DA H st il 04 L s, A A
SCHITHF R ZR 8P 6 SE I R SC D REXT A %3
PRl R AT ST LR, XA I IS St T AR
PRI
4.1 TEMR

(1) T3 41t

SEK AT RS HLIA e KR 2R 178 m,
OB LR 265 m; FIARYEEE R 40° ~55° , )&
HOABERE, AR A ERREAG, WU R,
s 70° ~85° 5 FHMEAB T KILAIRA . K
L A BRSSP JTRE A, 78 UK L R A e,
ZRYURE N, 0 IREIR, A TR I )2 B 1



2388 b +

b 2016 4F

TR, 2 BEER, 99 A& ROD {20 50%~
70%, FRAE AR ROD (B T340 70%~80% . 113
WA 2 R A st A o A, SLSERE R 70~
150 m, KFJEREH 20~70 m, HEZAN 120x
10* ~150% 10* m’,

(2) I WA B

A7 R B IRV AT 32 AR IR TE I A
11 EZ i, 30 8RN . #ul 2013 4
04 H 20 H, 1755 m @2 Ll BB M
KA M T 19 4, Z il 6 &, 8RN
120 G VEAIAEE SN 5 BTos CEIFR S g
BT LI-RBP).

B 5 ETEARENLS SN R E R E
Fig.5 Layout diagram of monitoring points at the right
cable machine platform

< papER ECLEN s =1 =

Copyright(Q) 2013 F2A% TIUDAMLIEE.

B 6 vHEM

Fig.6 A profile of numerical model

(3) T3t 1 38 B Y i

FRE AT 7 DAL () W U 5 o A, 03 e
1770 m BA B3R Ml AR koK, I H R FEak
BRKAEH. #Hulk 2013 44 H20 H, 1740~1770 m
e B U I B KR T S 200 187.4 mm
(TP-07X Wl 25D, Fe KIS BEFHAIR A B T 2R 4k
4.8 mm/d (TP-07X 5D, W AAOER; TR
RATEE AT E N 1.31 £ (PR-08X I £1), Hek
BB AR 2] 10.2 kKN/d (PR-08X ¥l £1), A4b T35
ORI 4 AYILICR 2 — e KR, 1L

A 4] 0.93 mm/d. MBI IAKE, 1 830 m
i FE S IL L AR I TR AR AL L
JE R I T ISR S, R KB AR
PR .

iR A ALK, A7 RGN0 T L
WA TERFEIE N o IEFP T 0 1) A 4 1R T
AP TR T RS, N B DL TSy
FIRAFEH
4.2 ET LR EHRHEER DS E T

(1 THEWTIR L $E

R AT WU O] W I ) o T a5 SR, TAEd
PRV TP-07X I pet I 1AV " 1 4% 0 20 1 0 1T Ay
THE, PHERT A E AR 5 PRI
Bl 6 Ay TS0 T (9 A o3 MRS 28 S I 4% T 4y X
B AN I 2 s AN ) R b s SRR S 34 S8 g o
TR

(2) T3k > S RS g

Fo A ST (1) B A B A (P T R BT
2, MR I SERRE L, IR E R
SPIAS TR RIS AR B WU O3 it s,
BT IR 1) R B 0 S s
S OHRIISCY, BRI SC Y 1 ) 22 2 5 WUl
f RO IR 2 D3, RIS FH WS b 545 R ) 7 2K
UL, Wik 6 Bk

(3) IR )2 S50 IR B 8

BT CRESERR b i 1 830 m AL DL B3
PR TTRE. RS R ZE ., KA L2 R ISy
MBBCRGE, INZ KB, RE i,
SHENTT 7 IR T R SRR O Rk AR
1, HXYE e AN A R, TR T
LTS

R DRI 1T 3 X3 00 ) 000 5k A
S Z X IR R L P B A RS kAT
S, REGSEIUE RS W& 7 B . RIS RN
Ry ORGSRl 5 GPa, B
BN 31° , Fi% I 0.32 MPa.

(4) WS 5 e

AR LS 7 2] 1) B 1 M B v SR R N 24
SHEE R, 0t T 7 0 (1 5 SR T2 S 4 A BT
J AP L7 AT T ST S SRR L
TG T A 4 NIRRT R TEE R, K
Pt S g R Lr B R LTt T B T 252
MR, BAME T 7 RN 7 RIAT 5850
WTFFZ 3 TAE . ARSCRSE SR BB S 2
Friman il 8 frow. By e de Bt SR A i B



%8

AR BT SN SRR R (1 BEL S S AT A W 5 R N 2389

SERR N I TR R B o XS A bt AT’ X,

(a) L+%il;*ﬁﬁ J'Jﬂéi«m D M A (b)
&7 SERESITEERFIR

Fig.7 Inversion analysis for mechanics parameters

e - - =l C e . 3 - = oo « BEEH —-— —
‘f*":’" . = SR —— . Bpicf — - —
R (petams A T ] py— srigsas [
BEE SRR === —_— sa
e 3 s T - AT Sl ] B~ [ .11 s
st ERfAEaNLDR - (SREEAS: WSE ORSEHEL |« SuER L ASER CUEEDE aiD 08 P * Do [44. 50001 = issmes
SEENRE \@!—'B ERRN A R SN AR RS a4 - HH: S e I— ‘ 3 [mwR. b heaii WEHESE: T
E B [P il T T— S e
ey p— SHEEER RVGEEDRFFHEL SRS E: 201113 00000 o [ e e
B2 =3 ®ME - :&ﬂ . 2. ey
- | :  2013F ¢B20BR B~ & 7
W E R e S -
: : > T T I ey & - :
£ ) e e gmraa | TRl R
S | o SRR R (J-REP-TP-0TX) (1/0/2) | & s/amsemmn Tz EIFME: 05 fripimE i
| (a2 L B ] PR FIEAe: 05 st i
= — £
EREE ErreT) i e e
e
ERAR = VIR IR ~  UESLemEE: 0000225
0/QINGDAD_KVOYT) 1/QINGDAD_RVOXT) 4/QINGDAO_RUOXII 3/QINGD: » © EiTE [ERlE i) VIEEFHRE:  0.0000%
o BT [ ) -
+ e e Jormon oo |1 = « [ e
s o | = [T BE | T
« | [ HH || e | | heaRsi
= I =2 & (= E T 500075000 SopyrightC) 2012 RRAE TIDAM

SRR () W ’HEFQ £

R1 AETRRGESTER

Tablel Numerical schemes and results

BRI ITE S T3 %

I HTEE R

DT TRE 1725 m, SERRSCP R RFE 1755 m (LR
JRSCH 75D

WP THZ R SR 1725 m, Ehrscd R mfE 1725 m, fEJR
D7 AL E, R 1 740~1 755 mBiHg 1 800 kN 24 &K,

L=50 m,

[B)HE#E 5 mxS m

iﬂiﬁﬁ?‘*frﬁ?ﬁ 1725 m, SERRSCPREFE 1725 m, fEJR
FHEALE, SR 1 740~1 755 m P4 1 000 kKN 4%,

L=40 m,

[B)HEHE 5 mx5 m

iﬂiﬁﬁ?‘*frﬁ?ﬁ 1725 m, SERRSCPREFE 1725 m, fEJR
FIEALE, wFE 1740~ 1755m Fr 1 800 kN 224,

L=50 m,

[A]HE#E 4 mx4 m

i FRBHLIT & T WL B 1 740~1 785 m HIAZTEAE 140~ 160 mm 35 [l
W, KN 159.35 mm, AR CRAA RICERETTETH, FRD
119, AT ARE PR .

JRAEHLE S R 3w R 1 740~1 785 m S JEAE 100~120 mm (175
Vﬂ, WRBTE N 116.24 mm, “ZARFRECH 1.26, AT oFE MREA.

JRAEHLE G R 3w R 1 740~1 785 m S JEAE 110~130 mm 175
Vﬂ, WRBTE N 126,46 mm, ZARECH 1.14, WA FATE RS .

Fi BN G T HAL S 1 740~1 785 m (A TEAE 70~90 mm I35
W, KA N 88.21 mm, “LARECN 1.33, b FoaRe k.

Bimas
o SEHE O HEE

g w1001
[HER | @mos\

o EERSRARE [ESET=
B e [ 28 | =EAE |H W v o - it | SENES 4 SEAE - SHEN

B )

'
58

dasnadsaRsce
8gaaddgiiiiis

URRAE oo MMAME 000 MHERWE: awe BANE: oos  C RTHE (Y RTEN

« ZEHIFN
HESHRE | HId

Step-3 E

| [ Egmui

(a) TR T RT3 AR R =

—_— ==

SRR

© vt )
B
FEH
HEERA 511
© YRERA 522)

O B=EEHED

[TEAHEER

i) il

v

R A | SRS |

E/H 61
1) (52)

PR

(c) THEZJETUIALR S35 1L

P asme WipE (78| dFesR | WsesE | aEEn | [ RTEs b ki

B BuER
s | L v e
WE: [T oo v | ] et
RS (1 v oEeia

Lo
S

I 6t
ikt
0065700 ‘«(!

BRAE

B (2015 aze ]
OitEEE O samE
TEAE |

w0 =
ATRE o v
Figs [ I
L I T —

SHISITRRAE 1 20959613 SHIHTRENME 0 20 . =

(b) JFZHE LTI — ey A f =

[l ) |

XFJIE[UJ 11,
6 yrm_m s22)

0D Jbsz1-sag el Absa

O netEgR
I 1 BERERNE

sup 5
Py o PR

(d) THE G IBYEX AT DL

B8 FETAXRGEHIL BT E LI

Fig.8 Numerical process and results

of the real-time numerical simulation system



2390 b +

2 2016 4F

AICRGLE N IR B B L
A W IE Tl TR TRE 2 A B2 AL,
STt T A A A O T I S A, R
KB EOL B WL 1S4 AR T SR SR
TN IR o A SN BB e A, (7S
JEUAS 5 BB A T ) AR RO, ORIIE T3
Yyt e

5 4 @

% IO TR RE T P2 AR R, L Ot o
B ST R BN B S HINE IS
(EF SN AR DN TP i B S MR I SR T
(MY R I3 B &S T LT i 58 B T AH AR S
WAL B ITT R T ASCTAE— 2R L vk
TN TEPTE A FLIR R L 2 5w T REEE (1 1)
L, AT HT PPN T B ARt R LA T AR
M T RIAN A, O KRR TR e B
B iy A 0 2 g T ) it AR 3 T AN
5 B IR e B BE AN 2 2% . FESBr TR IS T R
L RN ISR o

(1) SN SEOFT BB AR (1 e 3 DL S TR A S
SR AR AR N BB R (K R S v SE B T2t A2
AN TR 224 ¥ AT R 1 SR 20 BT (R S B 1 i

(2) RANR A i RESARMBAE T AT 0T
KBRS e T BB B oA JEL K BT i) 7,
Pt T T HEE . Sy SO TR S 3 A&
WS, SEBL T I v SR B S PR
SRS SOFT o RIS, R SN v SR Sl (£
FILRMEE . MEHMER. BondfE ) bAe 2 5dE
PERR, 2SI Eh A BB A R SN S P B i

(3) TRESEBI W], ASCHTIT R (Rl
S EAEL AT AR S8 AT R IR SN A 1) 3 # D e
&8 T THEREN TR 2 2 ah &3eft, Bl
T TR AL B AT IS4, O R
it Tt 7 SRR PSR, ORUE Tt TR

2 % 3 MR

(1] ORMESS, W2, Ay, &% PR R BES A L8
TRERBBARBIII]. A0 23S TREER, 2011,
30(1): 1—22.
SONG Sheng-wu, FENG Xue-min, XIANG Bo-yu, et al
Research on key technologies foe high and steep rock
slope of hydropower engineering in southwest Chinal[J].
Chinese Journal of Rock Mechanics and Engineering,
2011, 30(1): 1—22

2] JAGIEe. KR e e I A A i J ) 22 4 U 5

4

[3]

[4]

(3]

(6]

(8]

ZRIR[)]. A % TREAER, 2013, 32(6): 1081 —
1093.

ZHOU Chuang-bing. A prospect of researches on
life-cycle safety control on high-steep rock slopes in
hydropower engineering[J]. Chinese Journal of Rock
Mechanics and Engineering, 2013, 32(6): 1081—1093.
HICKR, M. I3RS PPN T VAR 9T M S a3
U] AA 1% 5 TREAAR, 2002, 21(7): 1087—1091.
XIA Yuan-you, LI Mei. Evaluation method research of
slope stability and its developing trend[J]. Chinese
Journal of Rock Mechanics and Engineering, 2002,
21(7): 1087 —1091.

ARG, PR T, He T AR PR (1 T 3 2 AR e T2
BV [I]. A S TR AR, 2007, 26(H T 1):
2707—2712.

ZHAO Zhi-feng, XU Wei-ya. Comprehensive assessment
of slope safety and stability based on catastrophe
theory[J]. Chinese Journal of Rock Mechanics and
Engineering, 2007, 26(Supp.1): 2707—2712.

TRDAE, ¥ W], frdet. BT ROR SR B IR AR e
PEIIHTI]. A TREAR, 2003, 25(4): 409—413.

XU Wei-ya, JIANG Zhong-ming, SHI An-chi. Slope
stability analysis using fuzzy sets theory[J]. Chinese
Journal of Geotechnical Engineering, 2003, 25(4): 409
—413.

PO, AR, AL BT AHPRBOR PEA AR L
WS MV R S (0. A 02 TR AR, 2007,
26(1F1): 2627 —2632.

HUANG Jian-wen, LI Jian-lin, ZHOU Yi-hong.
Application of fuzzy analysis based on AHP to slope
stability evaluation[J]. Chinese Journal of Rock
Mechanics and Engineering, 2007, 26(Supp.1): 2627 —
2632.

MREERL, Rkl VAL, 45 DX QB YIses e 4
P HT]. EAREB S MAETTAR, 2009, 31(3): 66—
71.

LIN Xiao-song, CHEN Hong-kai, XU Jiang, et al. Safety
evaluation of high-cutting slope along highway in
mountainous area[J]. Journal of Civil, Architectural &
Environmental Engineering, 2009, 31(3): 66—71.

BRI, BRI T A B A B S R T AR E
PPUT]. BRIE AR AR, 2008, 118(7): 5—9.

ZHAO Wen,
approach to stability evaluation of structured rock slope[J].

HE Yu-long. Case-based reasoning

Journal of Railway Engineering Society, 2008, 118(7):
5—09.

ST, AR, A, S5 MUBRIRILGU S (Rt A%
PR LA RS [ AT[0]. %5 1052, 2007, 28(10): 2118
—2123.

PENG Jun-long, ZHANG Xue-min, YANG Jun-sheng, et
al. Displacement back analysis of deep foundation pit for
metro based on genetic algorithm and neural network[J].
Rock and Soil Mechanics, 2007, 28(10): 2118 —2123.



